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ABSTRACT 
 
Article 7 of the EU Energy Performance of Buildings Directive requires Member States to im-
plement energy certification for buildings, and particularly for large public buildings, requires 
an energy certificate to be displayed in public. This paper outlines a simplified procedure for the 
certification of existing public buildings based on measured energy consumption, which is ap-
plicable even in countries where information on the building stock is not currently available.  
Energy consumption data collected for a number of buildings is used to develop energy bench-
marks for typical and good practice energy performance. The rating procedure is based on a 
comparison between the energy consumption of each building and the derived benchmarks; a 
process that is illustrated in a sample of 88 Irish primary schools. The paper concludes with a 
discussion on the next steps to a more detailed measured rating procedure. 

 
1 INTRODUCTION 

EU Member States are in the process of implementing the Energy Performance of Buildings Di-
rective (EPBD) (European Council 2002) which was transposed to national legislations in Janu-
ary 2006, a requirement of which is to provide buildings with energy certificates when con-
structed, rented, or sold. 
 
Member States have or are in the process of developing tools for the certification of buildings. 
Devising certification tools that are robust and repeatable and at the same time easily applicable 
and cost-effective is a difficult task. This is particularly the case for non-domestic buildings, 
which comprise a full range of types, sizes and usages. A detailed knowledge of the energy per-
formance of the building stock is often a pre-requisite for the development of appropriate tools. 
While some countries have a good tradition of calculating energy performance, conducting en-
ergy audits and processing energy performance data, other Member States are facing the situa-
tion of having to develop tools without previous knowledge of their building stock. 
 
This paper presents a rating methodology that is easily applicable and with only outline knowl-
edge of the building stock energy performance required. The methodology is based on the actual 
measured performance of buildings and is here applied to schools. A rating based on measured 
energy use is appropriate for public buildings as the EPBD requires them to place certificates in 
a prominent place clearly visible to the public and generally experience fewer sale or rent trans-
actions than other non-domestic buildings. 



2 BENCHMARKING ENERGY PERFORMANCE OF PRIMARY SCHOOL BUILDINGS 

From the range of public non-domestic building types this research targeted primary schools. 
Primary schools represent a reasonably homogeneous group with similar building size and con-
struction types and also present similar occupancy profiles and types of usages. This makes 
them a suitable study group for the testing of a simplified rating approach based on measured 
energy usage. 

Energy performance benchmarks for primary schools in Ireland did not exist at the time of 
this research. The data required to establish energy benchmarks was based on the size of the 
buildings and the annual energy use by each energy carrier. The required data was collected for 
primary schools by means of questionnaires. The most effective model of questionnaire proved 
to be one-page in length and with simple data entries that offered the respondents the possibility 
of inputting the annual energy use data in whatever measure they had available (energy costs, li-
ters of oil, etc.). The questionnaire also allowed the number of pupils to be stated as an addi-
tional indication of the size of the building where the area was not known. Post-processing of 
the information was required to help complete the information and included assumptions to 
convert energy costs into energy usage and converting the number of pupils into a correspond-
ing internal floor area based on average figures of pupils per square meter (available for ap-
proximately 50% of the schools). This normalization facilitated the derivation of benchmarks in 
terms of kWh/m2. 

For the purpose of this research, 88 Irish schools for which electricity and fossil fuel indica-
tors were collected is considered as a representative sample of the Irish primary school building 
stock. Figure 1 shows the data for the 88 schools on a cumulative distribution.  
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Figure 1. Cumulative distribution of electricity and fossil fuel energy use in Irish Primary School 
kWh/m2
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Based on this distribution, the following definition of benchmarks was applied for the primary 
school building stock in the Republic of Ireland. 
 

 Typical practice: The performance achieved by 50% of the building sample, which is 
the median of the distribution. 

  Good Practice: The performance achieved by the best 25% of the schools from the 
building sample, which is the lower quartile of our distribution. 



The results from this exercise can then be compared with other existing international bench-
marks with similar climate and construction characteristics (Jones at al. 2000, The Carbon Trust 
2005).  

 
Table 1. Energy performance benchmarks for annual energy use at primary schools (kWh/m ) _____________________________________________________________________________________________ 
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Region        Electricity           Fossil Fuel           _________________________                 ____________________________ 
Typical  Good Practice      Typical  Good  Practice _____________________________________________________________________________________________ 

UK        34     25          157    110 
 
Northern Ireland    18     12          119    91 
 
Republic of Ireland*  14     10          96     65 _____________________________________________________________________________________________ 
* Developed from our building sample of 88 primary schools 
 
 
From this comparison it can be observed that the developed benchmarks in the Republic of Ire-
land are considerably lower than the equivalent in Northern Ireland and in the UK. Possible ex-
planations for those differences, which justify further research, might be variations in occupancy 
hours and holidays, quality of the construction and systems, the indoor environmental condi-
tions, and differences on the climates. 

3 ‘BUILDING ENERGY EFFICIENCY’ AND ‘MEASURED EMISSIONS’ RATINGS  

The draft European standard prEN15217: 2005: Energy performance of buildings- Assessment 
of energy use and definition of energy ratings (CEN 2005) establishes a grading method for 
building energy performance, sub-divided into seven grades as described in Table 2. 

 
Table 2. Grades classification according to prEN 15217:2005 _______________________________________________________________ 
Class A         EP < 0.5 Rr 
Class B         0.5 Rr ≤ EP ≤ Rr 
Class C         Rr ≤ EP ≤ 0.5(Rr+Rs) 
Class D         0.5(Rr+Rs) ≤ EP ≤ Rs 
Class E         Rs ≤ EP ≤ 1 .25Rs
Class F         1.25Rs ≤ EP ≤ 1.5Rs
Class G         1.5Rs ≤ EP _______________________________________________________________ 
 
EP is the energy performance of the building to be graded. The reference values Rr and Rs are 
defined at national or regional level. For this grading exercise, the following were used: 
 

 Rr corresponds to a ‘Good Practice’ benchmark. 
 Rs  corresponds to a ‘Typical Practice’ benchmark.  

 
With this classification and associated reference values, the rating of the primary school build-
ings energy performance is now possible. For this exercise two different types of ratings have 
been defined: the Building Energy Efficiency Rating and the Measured Emissions Rating 

3.1 Building Energy Efficiency Rating 
This rating is based on the separate electricity and fossil fuel energy use and their combined 
weighted overall energy use. A weighting factor of 2.5 has been applied to the electricity sup-
ply, based on the relative thermodynamic efficiency of energy delivered to the buildings, as a 
simplified approach to represent common practice on energy conversion. Table 3 shows an ex-
ample of energy efficiency grades for a selection of schools analysed. 

 
 



Table 3. Energy Efficiency Ratings for sample Irish Primary Schools __________________________________________________________________________________________________________ 
School ID   Energy Use (kWh/m )          Energy Efficiency Grade     ___________________________________  _______________________________________________________ 

2

     Electricity  Fossil Fuel      Electrical    Thermal   Overall Building __________________________________________________________________________________________________________ 
PR_17     8.4   54.2         B      B       B 
PR_21     4.7   73.3         A      C       B 
PR_30     10.3   33.8         B      B       B 
PR_88     29.1   6.1         G      A       B 
 
PR_38     18.9   61.8            E      B       C 
PR_39     13.5   73.3         D      C       C 
 
PR_12     8.8   140.2         B      E       E 
PR_40     34.2   54.8         G      B       E 
PR_45     14.5   128.9         E      E       E __________________________________________________________________________________________________________ 
 
The four schools at the top of the table present an overall building energy efficiency grade B, 
which suggests that the schools are relatively energy efficient and perform better than ‘Good 
Practice’ or, more precisely, that they are within 25% of most energy efficient schools. The two 
samples in the middle, with an overall grading of C, perform in between ‘Good Practice’ and 
‘Typical Practice’. The three sample schools at the bottom, with an overall building energy effi-
ciency grade of E, perform worse than the ‘Typical Practice’.  

We can also observe that thermal and electrical efficiency differs in cases from the overall 
building efficiency. For example, school PR_40, with a relatively low total delivered energy 
consumption, has an overall grade E as it exhibits poor electrical efficiency (Grade G), which is 
weighted at 2.5 in the overall grade. This approach would allow us to quickly identify schools 
with poor overall efficiencies and suggest the issues to be considered in each particular school 
with a view to improving overall energy efficiency. (e.g. lighting controls where there is a bad 
electrical efficiency grade). 

3.2 Measured Emissions Rating 
This rating assesses the overall emissions from a particular building and is particularly useful 
for comparison with building regulations or other policies relevant to an assessment of the 
building’s contribution to national CO2 emissions. 

 
 For the calculation of the grades, carbon dioxide emission factors have been applied to the dif-
ferent fuels used by a particular building.  For this exercise, emission factors of 0.198 kg CO2 
per kWh for natural gas, 0.264 kg CO2 per kWh for oil and 0.651 kg CO2 per kWh for electric-
ity have been applied and are based on national figures (Sustainable Energy Ireland 2005). 

 For the conversion of the ‘Typical Practice’ and ‘Good Practice’ energy performance bench-
marks into emissions benchmarks weighting factors must be defined. In this example, we use 
the same conversion factor for electricity from the national figures and the conversion factor of 
natural gas for fossil fuel. Because of this approach, schools that use any other fossil fuel than 
gas are likely to get a worse rating, as they will be compared with benchmarks calculated using 
the weighting factor of natural gas. This decision has been taken as an approach to demonstrate 
how ratings can encourage the use of cleaner fuels (e.g. gas instead of oil) as well as more effi-
cient technologies.  
Table 4 shows an example of two schools for which the measured emission grades have been 
calculated.  
 
Table 4. Measured Emissions Ratings for two sample Irish Primary Schools __________________________________________________________________________________________________________ 
Sch D   Energy Use (kWh/m )     Emissions (kg COool I  2 2 Measured Emissions  2/m )       ___________________________________       __________________________  
     Electricity  Fossil Fuel     Electricity  Fossil Fuel     Grade    __________________________________________________________________________________________________________ 
PR_38     18.9   61.8           12.3   16.3       E 
PR_39     13.5   73.3        8.8   14.5       C __________________________________________________________________________________________________________ 



School PR_38 used oil for space and water heating and PR_39 used natural gas. This factor, to-
gether with the higher relative use of electricity by PR_38, results in this school exhibiting 
greater emissions and being two grades above PR_39 for the measured emissions rating, despite 
having similar delivered energy use and the same overall building energy efficiency grades as 
was shown in Table 3.  

4 APPLICATION OF THE RATINGS TO THE PRIMARY SCHOOL BUILDING STOCK 

The two rating methods presented have been applied to the building stock sample represented 
by the 88 schools. Figure 2 shows the distribution of grades. For the energy efficiency ratings, 
50% of the schools will have a grade between A and D, and 50% of the schools a grading be-
tween E and F as the limit between grades D and E as defined in pr15217:2005 (CEN 2005) is 
the median of the building stock.  
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Figure 2. Distribution of Grades for the sample of 88 schools. 

 
For the measured emissions grade, we can observe in the figure the influence of the approach of 
promoting cleaner fuels by using the weighting factor of natural gas for the fossil fuel bench-
mark. The measured emission grade is substantially worse than the overall building energy effi-
ciency grade; only 35% having a grade between A and D and the other 65% of the schools in 
the building stock having the poorer rate of E, F or G. This result is due to the fact that, at pre-
sent, most of the schools from the building stock use oil as their main heating source, which has 
more associated emissions than natural gas. 

5 FURTHER DEVELOPMENTS OF MEASURED RATINGS.  

The simple methodology presented in this paper supports the identification of high energy users 
and high polluting buildings in a quick and cost effective way. It is expected that buildings 
which are awarded a poor rating or with a lower rating than expected might undertake a more 
detailed analysis. For further analysis, the methodology can be fine-tuned and expanded to ac-
count for possible particularities of a building. The EPLABEL project (2007) has developed a 
tool for certification including elements that facilitate this further analysis. The first refinement 



is to allow the identification of special energy uses within the buildings (such as car park light-
ing, server rooms, etc), which could have distorted the rating because these end uses are not in-
cluded in the benchmarks. This quantification of a special energy use would help to further re-
fine the comparison between a specific building and the benchmarks for its building type. 
Figure 3 illustrates part of the measured energy being identified as a special energy use that is 
deducted before a comparison is made with the benchmarks. 
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Figure 3. Allowing for identification of energy uses before comparison with benchmarks. 
 
 

A further step also explored by the EPLABEL project (2007) is the  
rating based on a comparison of a building’s performance with customized benchmarks which 
are related to the specific activity and occupancy hours of the building in particular.  
 
Figure 4 shows an example of the use of customized benchmarks for an office building. The 
measured energy use by the actual building, split between the fossil fuel and electricity is com-
pared with typical and good practice benchmarks for a building of the same type, occupation 
and activities as the actual building. 
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Figure 4. Comparison with customized benchmarks for activities and occupancy hours of the 
specific building, segregated in different systems. 



 
In the situation where sub-metering is installed, it is possible to compare a measured individual 
energy end use with its respective benchmark, enabling different efficiency ratings to be applied 
to each energy end-use (heating, cooling, fans, lighting, etc). 

It is also possible to extend this approach to component benchmarks, often expressed in W/m2 
of installed capacity (e.g. for heating, cooling, fans, pumps, lighting and office equipment), 
and/or as efficiency indicators, for example W/(litre per second) for mechanical ventilation sys-
tems and W/m2 per 100 lux for lighting.  

 
Customised benchmarks have two further uses: 

 Simply by knowing the specific activities and intensity of occupation of a building one 
can generate the customised benchmark. Because it is tailored to a specific building, it 
can be used to estimate the relative scale of each energy end-use without any expert in-
put: this is potentially powerful as it allows non-technical people to get more informa-
tion. 

 In a further step, the relative size of each energy end use in the benchmark can be ap-
plied to the measured energy use of the actual building, affording a first estimate of the 
actual energy end use breakdown. This breakdown can be refined by any further knowl-
edge about the building, for example if there is sub-metering available or a robust esti-
mate for one or more energy end uses as the lighting can be made. 

 
Once the analysis has reached the stage of examining the actual energy end use breakdown, the 
assessor has moved towards identifying potential energy saving measures for the different end-
uses. This approach would be particularly robust when sub-metering has been implemented in 
one or more of the major energy uses in a particular building.   

6 DISCUSSION AND CONCLUSIONS 

The advantages or disadvantages of measured versus calculated ratings, which have been exten-
sively discussed in various European Forums, CEN committees and publications (Visier 2006) 
are not discussed in this paper. Instead, a practical methodology to produce energy ratings for 
use in existing public buildings based on measured energy consumption has been presented.  

This simplified methodology aims to serve as a first step towards certification which is cost-
effective, offers a quick implementation and would allow the identification of the worst per-
forming buildings, which can then be encouraged to implement measures for improvement of 
the energy performance.  

A sample representing the Irish building stock of primary schools is used as a practical ex-
ample on how this measured rating could be implemented with very little resources. The method 
allows the identification of both buildings with high-energy use and buildings with high associ-
ated CO2 emissions, by using the ‘energy efficiency’ and ‘measured emissions’ ratings. Each 
building can be provided with suggested priorities for improvement measures, either suggesting 
an improvement in thermal or electrical efficiency, the use of a fuel source with lower associ-
ated emissions (as natural gas or indeed renewable energy resources) or improving both factors.  

Further refinement and fine-tuning of this measured rating approach has also been discussed, 
proposing customized benchmarking, which together with energy sub-metering could ultimately 
lead to a better understanding of the energy performance of the building stock and to identifica-
tion of energy saving measures.  
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Achieving Sustainable Infrastructure in Washington DC 

Margaret Cederoth, AICP, LEED AP 
PB Americas Inc. Washington DC 

ABSTRACT: This paper provides details of the South Capitol Street project, a case study in 
urban sustainability. The planning and design process for the project was geared to achieving 
sustainable infrastructure and involved regular meetings of concerned agencies, selection of 
multidisciplinary consultant teams, regular briefings of politicians at the municipal and federal 
levels, and comprehensive public engagement.  Major thesis of the paper, demonstrated in the 
case study, is that early collaboration between planners, designers, and engineers, with a mix of 
disciplines, and steady coordination with political interests, is crucial to urban sustainability. 
Washington DC, although the capitol of the United States, has been long divided by out-dated 
infrastructure planned and built at a time when the explicit goal was to clear out blight. Little 
thought was given to neighborhoods marginalized in the wake of such building.  In the new mil-
lennium the southeast and southwest quadrants of the city are poised to be redeveloped as thriv-
ing urban nodes, and are among the last few places where major redevelopment can occur. 
However, the existing transportation infrastructure is deteriorated, performs poorly, fails to pro-
vide logical connections, and fences off prime developable parcels. In addition, this infrastruc-
ture is a barrier to access to the city’s unique environmental asset, the Anacostia River. As one 
of the top ten polluted waters in the United States, it must daily absorb untreated urban pollution 
and runoff from roads and development in its watershed. It is in need of immediate attention. 
The Anacostia Waterfront Initiative (AWI) is a unique partnership of federal and local agencies 
and is a significant revitalization effort for Washington DC. The AWI Framework Plan laid out 
specific ways that the corridor could be revitalized, including sustainable infrastructure. Improv-
ing the health of the river, rebuilding the landscape, and creating vibrant, sustainable communi-
ties will contribute to economic development and environmental quality that will be enjoyed by 
all of the city’s residents. South Capitol Street project is underway and part of the AWI. The 
award-winning South Capitol Street project was planned, designed and will be constructed us-
ing several sustainability principles.  As a piece of sustainable transportation infrastructure it 
will address the new context for the corridor while meeting the triple bottom line.  Among other 
innovations, the facilities are designed to treat stormwater runoff onsite and low-impact design 
features are integrated into the streetscape (environmental). The District Department of Trans-
portation has developed new standards and specifications for the AWI area that include perme-
able pavers, planting zones, solar-powered lights, and maintenance practices that improve envi-
ronmental quality. The timing of the infrastructure improvements is carefully coordinated with 
developers to ensure minimum disruption to the completed facilities by future development and 
to maximize service to new development (financial). In addition to environmental benefits to the 
community, project includes training and outreach centers in the project neighborhood (commu-
nity). 
 
 
 



1 PROJECT CONTEXT 

1.1 Anacostia Waterfront Initiative 
The Anacostia Waterfront Initiative (AWI) in 2000 brought renewed attention to the land use 
and environmental character of the southeast and southwest quadrants of Washington DC. The 
Anacostia River, one of the tenth most polluted urban rivers in the United States, flows through 
the southeast portion of the District of Columbia This planning effort was a major partnership 
between federal and District of Columbia agencies to develop a clear vision for the Anacostia 
Waterfront.  The partnership of agencies, all of which owned or controlled land along the water-
front, signed a Memorandum of Understanding that guaranteed their participation and coopera-
tion in the planning effort.  The District of Columbia Office of Planning (OP) created the Ana-
costia Waterfront Initiative Framework Plan in November of 2003. The plan identified major 
themes to guide development and revitalization efforts for the Anacostia waterfront area.  The 
five themes of the Framework Plan are: a cleaner river, strong waterfront neighborhoods, new 
and revitalized waterfront parks, and vibrant cultural attractions. 

1.2 South Capitol Street Case Study 
South Capitol Street is one corridor in AWI. Details about its planning history are useful back-
ground to how parts of the project are being sustainably constructed. The case study also dem-
onstrates some critical components of urban sustainability in addition to how early coordination 
is necessary for later sustainable construction techniques to be implemented.  

1.2.1 History of South Capitol Street 
South Capitol Street was a primary corridor in L’Enfant’s 1791 Plan for the City of Washington 
and has always been envisioned as a symbolic gateway to the city and its Monumental Core.  
South Capitol Street connects downtown Washington to neighborhoods in the southeast and 
southwest quadrants of the District of Columbia and Prince George’s County, Maryland.  The 
L’Enfant plan for the City of Washington positioned the United States Capitol on Jenkins Hill, 
then the highest point in the city. The US Capitol was the focal point of the L’Enfant Plan.  
Three 130-foot wide boulevards, North, South and East Capitol Streets, radiated from it and di-
vided the city into quadrants. Initially, South Capitol Street was the most prominent because it 
served as the primary entrance to the city for those arriving by  boat, the most common means 
of transport in the 18th and 19th Century.  South Capitol Street soon became the backbone of the 
city’s industrial section. Ship building companies and other manufacturing enterprises domi-
nated area and the waterfront, many of which supported the Washington Navy Yard, the city’s 
largest employer during the 19th-century. 
 
South Capitol Street as it is today, was designed and built in the 1950s, conceived as part of a 
network of expressways that would lace the Washington Metropolitan region.  This included 
widening the right of way at M Street to create a grade-separated intersection, and building a 
viaduct which would carry motorists quickly through Southeast and Southwest.  These areas 
were considered blighted and areas to travel through, rather than destinations.  South Capitol 
Street then connected to the new Suitland Parkway, completed in 1944. Connections were also 
built to I-295 in the 1950s.  In the late 1960s, the SE-SW Freeway, which bisects South Capitol 
Street, was completed.  In the 1970s, an additional lane was added to the Frederick Douglass 
Memorial Bridge. This was the last time major physical alterations were made to South Capitol 
Street.   
 
Today, South Capitol Street lacks any characteristics of its historic function as a gateway and 
the street’s present characteristics and conditions are not appropriate to its central place and im-
portant function.  South Capitol Street is an urban freeway that has become a conduit for 
through traffic at the expense of serving the immediate needs of the residents and businesses in 
the corridor.  The transportation infrastructure is unsafe, in deteriorating condition, and fails to 



provide necessary connections to community destinations for pedestrians, bicyclists, transit rid-
ers, or motorists.    

1.2.2 Changing Land Use 
The area surrounding South Capitol Street consists of a variety of land uses. West of the river, 
on the east side of South Capitol Street, land uses are predominantly commercial and consist of 
gas stations, fast food restaurants and vacant lots.  Properties to the west of South Capitol Street 
consist of vacant and underutilized industrial properties, with a few active industrial sites.  East 
of the river, the land use is predominantly federal (parkland and military facilities) with some 
residential along Firth Sterling. 
 
Despite the inadequacies of the transportation infrastructure in the corridor, new development is 
rapidly transforming former industrial and military uses into thriving mixed use communities 
and employment centers.  This public investment has stimulated private investment in new resi-
dential, office, and retail developments throughout the corridor.  The economic development of 
the South Capitol Street Corridor and along the Anacostia River is part of a District of Colum-
bia and regional effort to revitalize the waterfront and clean up the river.  The vision for the 
Anacostia Waterfront is an area that will unite the city economically, physically, and socially as 
the center of 21st century Washington and a cornerstone of the National Capital Region. South 
Capitol Street’s transportation infrastructure must support and enhance this new vision of the 
Anacostia Waterfront. 

1.3 Planning Background of the Project 
As mentioned in the introduction, planning efforts have been underway for more than a decade 
to transform South Capitol Street into an urban boulevard that responds to and serves its local 
context while restoring its function as a symbolic gateway. In 1997, the National Capital Plan-
ning Commission (NCPC) completed a framework plan, Extending the Legacy: Planning Amer-
ica’s Capital for the 21st Century (NCPC 1997), that extended the Monumental Core to include 
South Capitol Street.  In its plan, NCPC envisioned “South Capitol Street as a bustling mix of 
federal, local, and private uses. A major memorial or public building can be located on the im-
portant site where the street meets the river, and the new South Capitol Street can become a 
lively area of shops, restaurants, housing, offices, and open space."  This work continued in the 
South Capitol Street Urban Design Study (NCPC 2003). 

 
As defined in the AWI Framework Plan, the future of the Anacostia Waterfront will include a 
cleaner river, strong waterfront neighborhoods, new and revitalized waterfront parks, and vi-
brant cultural attractions, as well as better access both to and between these neighborhoods and 
destinations.  In 2002, DDOT built upon the AWI Framework Plan, by undertaking a series of 
planning and engineering studies investigating and analyzing the Anacostia Waterfront’s exist-
ing and future transportation patterns, needs, opportunities and constraints.  The effort included 
The South Capitol Gateway and Corridor Improvement Study  (Gateway Study), South Capitol 
Gateway Corridor and Anacostia Access Studies, a tunnel study to determine the feasibility to 
replace the Southeast-Southwest (SE-SW) Freeway, the South Capitol Street Bridge Design 
Workshop, and the Frederick Douglass Memorial Bridge Alignment Study. 
 
The Gateway Study created a vision for transforming South Capitol Street from an unsightly 
freeway into a grand urban gateway.  Performed at the direction of the United States Congress, 
the Gateway Study was “a study of methods to make improvements to promote commercial, rec-
reational, and residential activities and to improve pedestrian and vehicular access on South 
Capitol Street and the Frederick Douglass Memorial Bridge.”  The Gateway Study proposed that 
South Capitol Street would become a gracious urban boulevard that would accommodate bicy-
cles, pedestrians, and transit vehicles, as well as automobiles and commerce.  The study also 
recommended constructing a new Frederick Douglass Memorial Bridge on a southern alignment 
and at a more urban scale than the present bridge.  The transportation improvements would also 
improve access to new activity centers and support economic development and revitalization of 
the Anacostia Waterfront.   



The recommendations from the Gateway Study were examined in more detail in the South Capi-
tol Gateway Corridor and Anacostia Access Studies. As the project developed momentum, the 
Anacostia Crossings Project Memorandum of Understanding (2004) clarified the federal and 
local partnership. As explained in the document, the USDOT would commit technical resources 
to expedite environmental and project development phases, including streamlining assistance.  
At the same time, the District of Columbia would create, through ongoing communication and 
collaboration, a climate among local interests and constituencies that would serve project ad-
vancement. 
The next effort in project history, and one that worked in parallel to the environmental planning, 
was the Frederick Douglass Memorial Bridge Alignment Study ([Alignment Study] DDOT 
2007).  The Alignment Study developed technical constraints for the bridge alignment and 
bridge types. The work accomplished by the Gateway Study (DDOT 2003), the South Capitol 
Gateway Corridor and Anacostia Access Studies (DDOT 2004), and the Frederick Douglass 
Memorial Bridge Alignment Study (DDOT 2006) as well as the positive reactions of the stake-
holders and sponsors to these efforts, established the purpose and need for the South Capitol 
Street project.    

1.4 Why is it “urban sustainability” 
People have historically and will continue to gravitate to cities. Wise civic leaders recognize 
they must improve the infrastructure, social and physical, to attract new residents and inspire the 
private sector with targeted public realm investments. Wise civic leaders also recognize that 
they have limited funds and resources to provide a host of civic goods. Urban sustainability is 
the wise use of civic resources to create dynamic, healthy urban environments that do not hap-
hazardly rob the future of resources. Urban sustainability means that within the context of dense 
urban environments, the triple bottom line is met: people, environment, and money.  Planning, 
designing and building infrastructure that responds to the future context for city districts is an 
important step in urban sustainability.  
 
South Capitol Street will be rebuilt as an urban boulevard, figure below, with signalized at-
grade intersections, a new bridge that provides safe and pleasant pedestrian and bicycle connec-
tions across the river, a new interchange from a parkway to a redeveloping neighborhood, and 
provides missing regional transportation movements which are currently inadequately provided 
by local streets, to the detriment of those neighborhoods. Creating sustainable transportation 
was an important guiding principle throughout the South Capitol Street project development 
process. Instead of just replacing in kind, thoughtful planners and engineers considered how to 
best serve the future population with a transportation facility that meets the needs of multiple 
modes.  
 
New at grade intersections allow future residents and visitors to cross a gracious tree-lined street 
to access new retail, residential, recreational, and commercial uses. An integrated pedestrian 
network will improve pedestrian mobility throughout the area and create safe attractive links to 
transit nodes. The pedestrian network will also provide access to the range of services, jobs and 
recreational activities planned and in construction in the area. Improved conditions are planned 
for cyclists, allowing them to cross the river more safely, and connecting them to a planned 16-
mile riverwalk trail. East of the river, realigning the bridge will free parkland and wetlands and 
provide a more marketable consolidated parcel for development.  Pedestrian and bicycle net-
works will allow residents to access the riverfront recreational opportunities as well as new ser-
vices and jobs. 

2 EARLY COORDINATION: POLICY BASIS FOR SUSTAINABLE CONSTRUCTION 

The federal and local land owners along the Anacostia River discussed how they could develop 
a vision to transform the waterfront. Washington had grown along the Potomac, however, the 
Anacostia riverfront had parks, which were hard for residents in neighborhoods next to them to 
access, and were not well-maintained. Residents considered these parks jewels for their 



neighborhoods, but difficult to access, and in need of improvement.  It was clear that the exist-
ing infrastructure along the Anacostia River failed to serve current needs, and was entirely in-
adequate for the future to come.  At the local and federal level, it was recognized that transpor-
tation infrastructure is an expensive public investment, it was treated as a trememdous public 
asset that should to be strategically used.  This infrastructure, would be built to respond to the 
new context of the area, and would become the spine of the AWI redevelopment.  The District 
Department of Transportation (DDOT) was an early partner in the AWI effort. 
 
DDOT stepped in to coordinate the infrastructure side, and based on experience in other cities, 
recognized that the strong political will and partnership needed to continue. DDOT began host-
ing interagency coordination meetings which would continue to bring together all of the con-
cerned parties to discuss the planning and design of specific infrastructure projects.  These 
monthly meetings were forums for project details to be discussed and criticized and served as a 
regular conduit for project coordination and discussion. In stead of each agency operating in a 
vacuum, or a silo, at the interagency meetings they met face to face with colleagues, voiced 
concerns, set up meetings, discussed criticisms, and received advance notice of projects.  DDOT 
organized and ran these meetings, demonstrating their leadership regarding the major transpor-
tation facilities that were being planned. 
 
For projects to succeed in the District of Columbia, they need to be vetted with a host of local 
and federal agencies, because of its status as the nation’s capital. The process of negotiating just 
city agencies can derail projects. Federal interest adds both challenges and opportunities. For 
example, it was interest in and funding provided by a local representative from Maryland that 
provided the initial funds for the South Capitol Street Gateway Study.  Part of the early coordi-
nation involved consistent information provision, through meetings and briefings, to federal 
partners. By keeping the federal and local partners informed, key political will was available 
and able to be brought to bear at critical junctures in project development, particularly for fund-
ing. 
 
In addition, the Department of Transportation was maturing as an agency. They had been dimin-
ished during previous decades, and the responsibility for major capital projects had been turned 
over to the federal department of transportation. In the late 1990s, they became a full depart-
ment in the city government again and assumed the full authority of other state departments of 
transportations. Given the importance of the AWI, a specific team within DDOT was created in 
the Infrastructure Project Management Administration (IPMA). This team would be responsible 
for planning, designing and managing the construction of these special infrastructure projects 
that make up the AWI.  The people assigned to the AWI team took their responsibility for deliv-
ering innovative sustainable transportation projects very seriously. They consistently imple-
mented the policy direction, first articulated in the AWI Framework plan, and reinforced by the 
Mayor, the City Administrator and the Director of the Department of Transportation.  The regu-
larly articulated this mission to their agency partners, and worked diligently to make sure that 
policy was understood and integrated into the planning and design for the projects.  

3 OTHER POLICIES THAT PROMOTE SUSTAINABLE CONSTRUCTION 

3.1 Context sensitive design 
As described by DDOT, Context Sensitive Design (CSD) is a part of the DDOT design efforts 
and the Context Sensitive Design Guidelines are included as a chapter in the DDOT Design 
Manual. These guidelines provide an additional resource in the design and planning process to 
achieve better and improved designs. CSD is a collaborative, interdisciplinary approach that in-
volves all stakeholders to develop a transportation facility that fits its physical setting and pre-
serves scenic, aesthetic, historic, and environmental resources, while maintaining safety and 
mobility. These are intended to inform the design decisions of staff engineers as well as consult-
ants.  



 
DDOT was not adopting a radical new standard, however, it was simply formalize an approach 
it had always taken. “The District Department of Transportation (DDOT) has always used Con-
text Sensitive Design (CSD) in almost all transportation projects. DDOT’s context sensitive ap-
proach extends from extended public involvement to preserving the historic character of the 
District, from avoiding adverse impacts on the natural parklands to enhancing multi-modal 
transportation options in every transportation project.” (DDOT 2003) The procedures and poli-
cies promulgated internally made CSD a regular part of the design process. DDOT revised its 
Design Guidelines Manual and added Context Sensitive Design guidelines. 

3.2 AWI Architectural Standards 
DDOT created a comprehensive set of architectural and engineering standards for the AWI area, 
a major component of their sustainable transportation agenda. Sustainable transportation relies 
on a balance of landuse and transportation planning, the integration and enhancement of the lo-
cal context--historic, scenic and natural environment, and guidance from community values. In 
essence, sustainable transportation relies on the criteria and goals defined in the Anacostia Wa-
terfront Framework Plan. To help guide the selection of appropriate materials, DDOT created 
the Anacostia Waterfront Transportation Architecture Design Standards. (DDOT 2006).  The 
process for developing the guidelines included a demonstration of sustainable materials and 
techniques previously unused in the District.  A handbook that provided details about materials 
for roadways, streetscape, street furniture, landscape materials was completed in 2006. In addi-
tion, there is an internet based tool that enables planners and designers to consult tear sheets and 
specs for materials. The manual provides tools which are consistent with or exceed existing Dis-
trict policies and standards, provide users the opportunity to incorporate distinctive Anacostia 
Waterfront area features into the public right of way. 

3.3 Public Involvement 
It has been an important policy of DDOT in general, and the AWI team in particular, to consis-
tently engage the concerned public at each step of the project development process. Staff tire-
lessly attend civic meetings, Ward functions, neighborhood functions to listen to the concerns of 
local residents, respond to questions, and engage them in discussion about the projects and how 
they will be implemented. DDOT has employed “town hall” and “civic fair” type all day meet-
ings where every public project in a certain area, whether it is transportation, schools, libraries, 
or other utilities, attend and explain the project. 
 
In addition, in conjunction with the first element of the South Capitol Street project to go to 
construction, the Near Term Improvements and the Frederick Douglass Memorial bridge reha-
bilitation, two outreach and education centers were created in storefronts in the neighborhoods 
both east and west of the river. These are places where the public can obtain up to date informa-
tion on the project and learn about job opportunities.  The Center includes a Visitors and Educa-
tion Center and offices for local agencies. The centers also provide points of contact and serve 
as coordination points for projects being undertaken in the corridor by the Anacostia Waterfront 
Corporation, another important partner in the AWI transformation. DDOT will use the Center to 
manage the Two-Way Street Conversion of Martin Luther King Jr., Avenue, SE Streetscape and 
the 11th Street Bridges project.  
 
DDOT also employed an innovative program to spur greater use of transit and ridesharing by 
commuters affected by the full closure for repairs of the Frederick Douglass Memorial Bridge. 
Modeled after a successful similar effort carried out by the Woodrow Wilson Bridge Project, 
DDOT’s “Bridge Bucks” program will provide fifty dollars per month toward transit fares and 
vanpool fees to encourage commuters to switch out of their cars and into an alternative travel 
mode. By providing financial resources and personal advice on transit services, the program en-
ables individual commuters to utilize alternative travel options that best work for their particular 
lifestyle—whether via rail, bus or vanpool. To raise awareness of Bridge Bucks and the July-
August total closure of the Douglass Bridge, DDOT is launched a major public outreach cam-



paign. This effort to ensure there are no surprises, a broad and aggressive campaign to keep the 
public informed of the closures, promote Bridge Bucks and commuting alternatives, and rec-
ommend detour routes. The campaign featured creative radio ads that are placed to catch the at-
tention of drive-alone commuters who use the Douglass Bridge and to motivate a change in how 
they get to and from work. 

4 PLANNING ACTIONS FOR SUSTAINABLE CONSTRUCTION 

4.1 Anacostia Waterfront Transportation Infrastructure Master Plan 
DDOT undertook to create a master plan for the infrastructure projects along the corridor. This 
step considered environmental impacts, construction impacts, and the most effective and feasi-
ble way to construct the range of projects in the corridor. The Anacostia Waterfront Transporta-
tion Infrastructure Master Plan is an umbrella document under which the collected transporta-
tion infrastructure projects in the Anacostia Waterfront corridor are described and organized.  
The master plan depicts the collective infrastructure projects in the Anacostia Waterfront corri-
dor and lays out the planning and project development coordination that DDOT undertakes to 
accomplish both large and small infrastructure projects in an efficient and synchronized way.  
 
All of the major transportation studies and projects in the corridor were reviewed and analyzed. 
A logical project sequence and timing was developed based on the set of infrastructure projects 
and constraints including cost, construction schedule, environmental impacts, funding and 
community interest. This project sequence provided a snapshot of DDOT’s project development 
activity. DDOT uses this transportation master plan as a tool in continued public outreach and 
agency coordination. A team of planners, financial analysts and experienced engineers created 
and updated the masterplan. This type of integrated team, a hallmark of DDOTs project ap-
proach, contributed to the creation of a plan that considered the range of necessary issues for 
project implementation.  

4.2 Continuous constructability reviews 
The South Capitol Street projects which have begun construction, the Near Term Improvements 
and the Bridge Rehabilitation received continuous constructability reviews during design. 
DDOT engineers from each element of the agency that needed to review plans at specific design 
stages were regularly involved in the process. This review and coordination allowed for more 
innovative stormwater capture techniques to be integrated in to the project. DDOT project engi-
neers were comfortable with consultant designs, and agency coordination meant the utilities rep-
resentatives at ease with more innovative techniques.  
 
Bridge rehabilitation work was undertaken in a swift contracting process to take advantage of 
the limited time available during construction of a major new development in the corridor and 
complete the work prior to the arrival in the corridor of several new residential, entertainment 
and employment destinations.  In keeping with a national effort to minimize the pain of the con-
struction process upon surrounding neighborhoods, DDOT decided to allow full closure of the 
bridge for two summer months. There is a general decrease in traffic in July and August when 
Congress is out of session and related employment tapers off. In addition to careful timing of 
the closure, DDOT devised a suite of transportation mitigation measures and engaged in a com-
prehensive and ongoing public information campaign.  Full closure of the facility during con-
struction enables a shorter construction time, more efficient deconstruction and recycling of 
construction materials, minimizes the need for hauling debris or structures offsite for decon-
struction, and improves worker safety.  



4.3 Financial 
All cities face the difficulty of maintaining aging infrastructure. The AWI is an ambitious capi-
tal program requiring staff resources and significant funding well beyond the level of the stan-
dard transportation program.  Once the feasibility study was complete, and a range of projects 
began to take shape, DDOT began considering innovative means to finance the AWI and South 
Capitol Street. One benefit to the project was positive opinion of it and support by key members 
of Congress and the local government. Consequently in major transportation spending bills, the 
project received portions of discretionary funds.  
 
This provided DDOT with an opportunity to continue project development without dipping into 
their regular program funds. They also “pulled out their pockets” and found projects with sur-
plus or unused funds which could be reallocated to the planning for South Capitol Street pro-
jects. Although they had funds to continue project development, DDOT began to considering 
innovative finance techniques, tools recently approved by the federal government, to fund the 
AWI and South Capitol Street. These included Grant anticipation revenue vehicles 
(GARVEEs), public private partnerships (PPPs), and a loan derived from the Transportation In-
frastructure Finance and Innovation Act of 1998 (TIFIA). This provides Federal credit assis-
tance to large-scale highway, transit, passenger rail and intermodal projects. A TIFIA loan, line 
of credit or loan guarantee can be used by public or private transportation sponsors to complete 
a project's funding package. Other options were looked at including; increased taxes or new 
taxes, including sales taxes; and user fees, including tolling, area charges, cordon charges, and 
commuter taxes. These are politically unpalatable in the District of Columbia. Opportunities for 
development-oriented sources of funds (such as Tax Increment Finance (TIF) and Development 
Impact Fees) on land owned by or to be transferred to the District, particularly in Poplar Point 
were also actively considered.  

5 SUSTAINABLE OUTCOMES 

Early awareness of potential build schedules allowed coordination of schedules to minimize dis-
ruption to the public and provided improve construction staging efficiencies;  
 
Coordination of maintenance of traffic for bridge rehabilitation, coordination with major ball-
park allowed for more aggressive, more cost effective construction with minimal disruption to 
neighborhoods;  
 
Early coordination meant that some contracts could be amended before being let for bid. This 
meant that new elements, such as the lowering of a viaduct structure, could be undertaken. This 
allowed for quicker construction time, less cost, and better access to surrounding new develop-
ment. The sooner new development comes on line, the sooner new tax revenues will be added to 
the District’s general fund and to special assessment areas;  
 
In addition to considering impact fees, coordination with developers has meant that once the 
project is in place, developers will not need to disrupt the new roadway with utility cuts;  
 
Stormwater retention and management. Improved catch basins will filter stormwater before it is 
released into the main system, slowing the rate of discharge and filtering out debris. Currently 
runoff flows into sewers and is treated at a plant. The direct impact of the project on the entire 
Anacostia Watershed is anticipated to be positive because of improved management techniques 
for stormwater. It is likely that the local tidal Anacostia watershed would benefit from decreased 
runoff and improved stormwater management.   
 
 



1 INTRODUCTION 

In a society marked by the adoption of an unsustainable economic and environmental model the 
civil construction industry is one of the most responsible for the environmental impacts. The 
natural resources invested all over the world in the construction industry  absorbs 50% of the 
world resources (EDWARD, 2004). To build using less amounts of natural resources is today 
the biggest challenge in civil construction. This becomes more complex in undeveloped coun-
tries where the housing deficit and coming up constructions are much bigger than in countries 
with advanced economic conditions. 

With the increase of the world population, the cities are also growing extensively and suffer-
ing with higher population densities. This excess is more noticeable in urban areas which are the 
main responsible for environmental problems that threat the Earth (RUANO, 1999). According 
to projections of the United Nations for Human Habitat (UN-HABITAT), in 2030 approxi-
mately 40% of the world population will need houses and basic infrastructure services. There-
fore 96.150 units per day would have to be built to attend this population, most of them low in-
come housing.   

In Brazil, the population deficit reaches 7,7 million of houses, of which 5,5 million are in ur-
ban areas (ONU 2006). This population concentration increases the demand for houses and puts 
pressure on basic infra structure, which tends to be either insufficient or below environmental 
standards, if not inexistent all together (ANDRADE; ROMERO, 2004). 

Strong urban growth has severe impact on the environment. For Bill Dunster (in 
GURFINKERL, 2006) it is necessary to assure that resources are being produced locally, to re-
duce the use of private vehicles and above all to learn to share, therefore contributing to the re-
duction of air pollution, lowering levels of poverty and  traffic jams and consequently helping 
achieve better quality of life . According to John (2000), the use of recycled materials and water 
and energy efficient equipments, as well as the adoption of architectural solutions that takes ad-
vantage of the natural light and ventilation are some of the alternatives that will contribute to the 
sustainability of the construction industry in the future.  
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In the last 50 years, the life expectancy went from 46 to 64 years (EDWARDS, 2004). This 
social aspect indicates it should be expected an increase on the demand for illumination, trans-
port, heat, etc. Going through some aspects with the uncontrollable use of natural resources and 
urbanization growth, we understand that it is necessary to create new ways for men’s life.  

Sachs (1993) understands that for our society to achieve sustainable development we should 
look at five dimensions: social, economic, ecologic, spatial and cultural.  According to Sattler 
(2002) all housing projects should always be built abiding to sustainable standards in all these 
dimensions. In addition, he stresses that these dimensions should go beyond the housing unit 
and encompasses the surrounding environment, as well as the relationship between them.  

To understand the reality of the environment of a city you need to go back to its origins. Vito-
ria, the capital of Espirito Santo, is the third oldest capital of the country, founded on September 
8, 1551. It is located at latitude 20º19’10” and longitude West of Greenwich 40º20’16”. The city 
center is located in an island of 88,77 km². In 2000 its population was 292.304 inhabitants and 
it’s estimated that it will reach 317.085 residents by 2006 (IBGE, 2006). 

In Vitória, problems with urbanization and poverty started to be noticed in the last 50 years, 
when the low income population started occupying areas located in hillside sites, which repre-
sent more than 70% of the total area of the municipality. In the 1960s informal housing had 
multiplied and reached the mangrove areas (MARTINUZZO, 2002).  

 

 

 

  

Figures 01, 02 and 03 – Location of the city of Vitoria in relation to the state of Espírito Santo and 
Brazil.   Images: MARTINUZZO, 2002, p. 18. 

 
In the 1980s it became apparent the polarization between the poor and rich regions. and some 

government actions started in this period proved to be positive experiences.  One of them hap-
pened in the São Pedro Area, which received many prizes and took part of the 2nd United Na-
tions Conference for Human Settlement, Habitat II, in 1996 in Istambul, Turkey. In 1996, the 
municipality of Vitoria (PMV) started an Integrated Program for Social Development, Urban 
and Environmental Preservation of the Areas Occupied by Low Income Population, known as 
“Projeto Terra”. This project aims to work towards inclusion: to include the poor regions into 
the city scene, into a quotidian of civil rights and of good quality public urban spaces. 

The city regions chosen to receive social, economic, urban, cultural and environmental pro-
grams totalize 15 areas called poligonais and are signed in the map. Poligonal 11 presented 
many residents living in wood houses on piles (constructive system for residences located in 
flooded areas, built on top of high pilings to avoid water.) in mangrove areas. The mangrove is 
an important ecosystem for the breeding feeding and growing of various animals, and part of 
bird migration routes, besides being responsible for enriching seawater with salt nutrients and 
organic material. These houses were reclaimed by the government and the residents transferred 
to new houses in a village of 70 twin houses known as Residential Barreiros, This place was 
chosen as a case study to investigate the sustainability of social housing initiatives. 

2 OBJECTIVE AND THEORETICAL FRAMEWORK  

The objective of this paper is to examine the sustainability of the Residential Barreiros. First of 
all a review of literature on social housing, sustainable architecture and sustainable development 
was conducted to identify criteria used for the evaluation of sustainability of construc-
tions..Having identified the criteria, they were used to develop the questions used in the inter-
views with the residents. They were organized in a spreadsheet distributed in 4 themes: relation-
ship with the house; maintenance e protection of natural resources; outdoors; social-economic 



and cultural questions. They were used to described the development of this questionnaire and 
the results of its application at the Residential Barreiros.   

A semi-structured interview was adopted to search information from the population. How-
ever, the comments were left open, so that the perceptions could be expressed. The houses and 
interviewes were randomly selected; one resident per house was chosen to talk to the inter-
viewer. People over 17 years old were targeted. It is necessary to mention that the transcription 
were verbatim, even with orthographic and grammatical mistakes. During the interviews, 56 
residential units were involved, which represents 80% of the total 70 units. 84 questions were 
prepared distributed into the 5 groups: the 4 described above and another one containing per-
sonal information about the interviewee.   

3 DESCRIPTION OF THE OBJECT OF STUDY 

In the swamp area of Poligonal 11 where the Barreiros Residential is located, the invasion began 
in 1960 resulting in shelters alongside the channel, shown in figures 04, 05 and 06. In 1999 they 
began registering families to be re-settled, with priority for families with monthly income be-
tween 0 to 3 minimum salaries. The minimum salary is determined by the Brazilian government 
and refers to the minimum wage one earns for 40hs of work a week. Its value is R$380,00 
which correponds to €139,53 according to the Federal Bank of Brazil (in 04/10/2007, 1 euro = 
R$ 2,72). 

 

   

Figures 04, 05 and 06 – Original shelters in swamps, before the process of intervention proposed by Pro-
jeto Terra. Images: MARTINUZZO, 2002, p. 25. 

 
In an area of 7.440,30 m², 70 residential units were built with lots of 49,5 m² approximately. 

The residential has 70 two-storey row houses. On the main floor there is the living room, 
kitchen and a bathroom; the two bedrooms are located on the upper floor The new constructions 
were approximately 600 meters far from the previous area, therefore within the main objective 
of the Habitar Program – Brasil/BID, that is to promote quality of life for the families, by set-
tling them in the same region of the intervention. The Habitar Program – Brasil/ BID – In-
teramerican Bank of Development - is managed by the Brazilian Ministery of Cities. It funds 
projects that aim to generate income and to improve the living conditions in settlements located 
in risk or poor areas. In this way it funds social housing projects, urban infrastructure, and the 
restoration of degraded areas, among other initiatives (CIDADES, 2006).. By the beginning of 
2002, all the families were already settled in the new urbanized area. In order to help them relo-
cate and get used to the new reality, they received support from a team of social workers of the 
municipality. Up to now the community is the receipient of their support: programs of environ-
mental education and empowerment - income generation and participation - are still offered to 
them.  

4 LITERATURE REVIEW .    

The references used are presented in table 01, together with its main focus, and its thematic. The 
questions on the contents similar to the questionnaire were grouped by topic (column 4 of table 
01).  

 
Table 01: Sustainable architecture: Referential groups and proposed groups 



References Main focus Thematic Proposed groups 
ALVAREZ, 
2002 

Comfort is associated to “well-being on 
thermal, acoustic, ergonomic, tactile, 
psychological and visual aspects.” (AL-
VAREZ, 2002, p. 121). It is emphasized 
the quality of residence and selection of 
materials, and the need to think at the ur-
ban scale. 

Quality of residence 
Ventilation 
Thermal comfort 
Rationalization of natu-
ral resources 
Materials  
Urban Scale 

SATTLER, 
2002 

Solutions prioritize the use of sustainable 
resources, the the minimization of energy 
consumption, the management of solid 
and liquid wastes, the use of low envi-
ronmental impact constructing materials, 
and of productive  landscapes,  and the 
production of local food and as well as 
towards social and educational questions. 

Environmental comfort 
Climate factors 
Reutilization of re-
sources 
Constructions 
Landscaping 
 Social, economic and 
cultural 
Urban Scale  
Sustainable Communi-
ties 

CORBELLA; 
YANNAS, 
2003 

The sustainable architecture is related to 
environmental comfort and points to de-
sign solutions for improving human well-
being and quality of life 

Thermic performance 
Visual Comfort  
Acoustic performance 
 

LEED 
(USGBC, 
2006) 
 

The method outstands  strategies for local 
sustainable development , water savings, 
energetic efficiency, selection of materi-
als and the environment quality of the in-
ternal air besides the evaluating the 
Green Building through a certification. It 
is a sophisticated system for this re-
search. However, the sustainable criteria 
contributed as a theoretical basis.   

Sustainable sites 
Water Efficiency 
Energy & Atmosphere 
Materials & Resources 
Indoor Environmental 
Quality 
 Innovation & Design 
Process 

SAASHA 
(SBAZO et al., 
2005) 

Social Human and Environmental Analy-
sis and Evaluation..  It establishes criteria 
for construction of sustainable buildings 
in developing countries of tropical cli-
mate, namely Brazil, especially in São 
Paulo. 

Surroundings  
Construction 
Materials and tech-
niques  
Human and cultural as-
pects 

1. Identification;  
 
2. Relation with 
residence;  
 
3. Conservation   
and protection 
of natural re-
sources; 
 
4. Surrounding 
of sustainable 
housing;  
 
5. Social, eco-
nomic and cul-
tural questions 

5 THE QUESTIONNAIRE 

In group 1 – identification – questions such as age, gender and level of education help define a 
preliminary portrait of the interviewee.  In group 2, relations with residence, questions relate to 
a comparison between the two residences (old and new), and to the level of involvement and 
participation of the user during the design process and in the effective construction. This group 
also deals with aspects related to environmental comfort: thermal, acoustic and lighting. It is in-
vestigated the presence of natural ventilation and direct illumination on working areas, the exis-
tence or absence of transparent surfaces necessary for letting in sun radiation, and the users’ 
perception of noises, among others. 

Group 3 is comprised of questions related to conservation and protection of natural resources 
with emphasis on its use. It evaluates the knowledge and acceptance of the resident about the 
use of energy efficient equipments and green or recycled products, about recycling of liquid and 
solid wastes, the use of vegetation to improve the local climate and of productive landscaping. 
On group 4, the focus was on the outdoors. Questions refer to the universal accessibility prob-
lem, illumination, cleaning and maintenance of open and collective spaces, the existence or not 
of communal living areas, the access to services, the relation of the residence and the city, etc. 
Finally, group 5 introduces social economic and cultural questions; it looks for information on 
the possibility of generating income through small family businesses or the availability of a 
communal space where this could happen. It also aims at verifying the participation of the resi-



dents in decisions related to the community. In addition, group 5 investigates the respect for cul-
tural, historical and natural features of the population, for the existence, for example identifica-
tion with local architecture. 

6 RESULTS - APPLICATION OF THE QUESTIONNARY 

Of all the interviewees, 7% have never studied and 52% have not finished elementary school. 
Despite the low level of education, the interviewees said they were aware of some aspects of 
“sustainable architecture”. The environmental education programs promoted by the municipality 
may have contributed for this factor. Most interviewees mentioned the workshops and public 
meetings held by the municipality, which indicates the government’s high level of commitment.  

According to the Group 2 questions, the new houses have contributed to a better way of life 
of the residents and community.  Of the interviewees 84% have said that the house of “Projeto 
Terra” (figures 07, 08 and 09) is better than the old one. The interviewee E-02 said “if I look 
back to the old house, I can say that I’m in heaven”. As for E-54 “The house is better because it 
used to be a wooden shelter”. It seems that a masonry house is a dream home that provides a 
better quality of life. The seems to have entitled them with the citizenship forbidden to whom 
live in swamps.  
 

 

 

 
Figure 07 – View of Residencial 
Barreiros Residence. 

Figure 08 – Houses in Residencial 
Barreiros. 

Figure 09 View of one side of 
the road. 

 
As for the participation of the users, it was noted that during the design phase the families 

didn’t have any relevant involvement. Only 20% of the interviewees considered themselves in-
volved in some way. One result of this participation is exemplified by interviewee E-26, “the 
only opinion we gave is that they wanted to make only one room and we asked for two”. The in-
terviewee E-30 ads: “we signed a petition to have two rooms. Only after a long dispute we were 
successful”. Another testimony showed to be eager to contribute: “They didn’t ask our opinion; 
I had a whole lot of requests, it could have been something good that could had helped them” 
(E-35). During the construction stage everyone could visit but not participate. The participation 
would be possible afterwards, as the house did not tiles or plaster. The interviewee E05 that 
works with civil construction had some “savings” and was able to made some improvements be-
fore he moved. It seesm that the residents work force could have been better used during the 
construction phase, because 50% of the interviewees – women included-  said that they had al-
ready helped building houses of friends and relatives, and 66% said that they were familiar with 
the materials used.   

As for ventilation, 43% of the interviewees perceived their houses to have a regular ventila-
tion, while 43% perceived it to be good. It seems to deserve attention the fact that the ventilation 
is not perceived to be evenly distributed between the two floors: “We have more breezes in the 
rooms. Down here we don’t feel” (E-26). For the interviewee E-10: “My room is cold at night”. 
As for lighting, 75% of the interviewees said having good natural lighting. According to inter-
viewee E-15: “Downstairs with the ceiling and walls painted in white makes it is more bright. 
Upstairs it is not as much; I think the brown tiles let the light escape”. We see here a perceived 
relation between visual comfort and the used of light colors.  

Conversely, there is strong dissatisfaction with the houses’ acoustics , Noise from neighbors,  
(mentioned by 36% of  interviewees) and from the bars located too close to the residences (15 
% of interviewees), were pointed as the most annoying sources of noise. Most of the interview-
ees (52%) have mentioned that the noise persists even with the windows and doors shut. Ac-



cording to interviewee E-20, “the problem is the half dividing wall between two houses”. The 
interviewees have made the point that the dividing walls in row houses help the propagation of 
sound. It should be noted that the original project presented double walls that were not built. 
The fact that the walls don’t have plaster and the houses have no ceiling beneath the roof also 
contribute to propagation of noise. Interviewee E-01 said that he got good results in regards to 
acoustics after plastering the internal walls and, he also says “when the other residents do the 
same it will be even better”. But interviewee E-36 says that he “... has no privacy… To talk in 
the rooms you must whisper. For intimacy you must go downstairs; without the roof the comfort 
is affected”.  When questioned about possible improvements, interviewees have ranked the in-
stallation of flooring and burglar bars, and an addition to the existing built area number 01, fol-
lowed by the plastering of walls and main floor ceiling, these last two related to acoustics im-
provements. For interviewee E-06: I would change the roof, plaster the walls and paint the 
living room. But all depends on money.  

In talking about some questions of group 03, 59% of the interviewees said to have knowledge 
of other energy resources. When asked about using equipment with better energetic efficiency, 
the results were encouraging. It was noted for example that 91% knew about the low consump-
tion of fluorescent lights and 81% of the houses have this type of lamp in the 05 rooms. In this 
regard, it is important to acknowledge the joint educational campaign by the municipality and 
the Electricity Company to promote energy efficiency:  they have promoted the use and distrib-
uted lamps and new fridges. Some interviewees showed that even before the campaign they 
were aware. “When we moved here we bought fluorescent lamps at Carrefour for the whole 
house because we saw on TV that they save energy” (E-28). 

Regarding water, at the Residential it is subsidized; the habitants don’t pay proportionally to 
what they use. This is a municipality decision that creates debates among the residents them-
selves. On one side there is the resident concerned in saving it: “People here use  a lot of water, 
they waste” (E-23); “As for me, they should legalize everyone’s energy and water, so that we 
don’t pay for those that don’t pay their bills properly” (E-18). On the other side, there are those 
that don’t worry at all with this: “Sometimes I waste water because here we don’t pay” (E-09). 

As mentioned above, the user’s participation took the form of working on the houses’ finish-
ing, and only after the municipality handed them the keys. It included the pavement of external 
areas, the construction of front walls, plastering and tilling etc. It was observed the used of recy-
cled construction materials. One example is of interviewee E-17 who used remaining tiles of the 
construction company where he worked (figure 10). The problem was that he used it to pave the 
permeable part of the lot, without knowing that he was contributing to future problems in natu-
ral drainage.  Based on this, one can say that it might be necessary to improve efforts and in-
vestments in different aspects of environmental education. 

When analyzing the residences’ surroundings, group 04, it was noted the lack of trees in the 
yards and on the streets, which gives the residence a dull aspect (figure 11). In the lots, we noted 
that 20% of the interviewed residents had some type of vegetation planted directly on the 
ground, mainly productive species. In the small permeable area of approximately 15 sqm were 
found orange, papaya, cocoa and avocado tress, medicinal herbs, pineapple and sugar cane, 
among others (figures 12 and 13). 

    
Figure 10 – Use 
of recycled mate-
rial in backyard. 

Figure 11 – Lack of trees in 
the streets: dull aspect. 

Figures 12, 13 – Example of productive landscape, 
planted in small areas (sugar cane and cocoa).  

 
When questioned about trees, 18% of the interviewees seem to be unaware of the benefits of 

trees planted nearby; 69% believe that trees are important for its shadows in hot sunny days (E-



17). The interviewee E-04 said: I am thinking of breaking this pavement here and planting a 
tree to see if it helps with the heat, because the afternoon sun makes us suffer". On the other 
side, safety concerns has made interviewee E-20 prefer not to have trees: “trees on the street 
work as hiding spot. Thank God we don’t have trees here”.  

As for group 05, we noted that the habitants are still not organized around local leaders, al-
though social assistant services are in place to help create this. In relation to cultural traditions, 
the facades are merely a result of the plan, without any decorative or symbolic element.  

On recycling, 96% were aware that it can generate an extra income; 32% had already worked 
with recycled materials (most were craftwork). Interviewee E48 complemented: “I lived in Cu-
ritiba, and there I worked with trash. Here trash is rich and there they don’t have this. Here you 
can earn money because people throw out many good things that you can recycle”. In answer-
ing a direct question about the word sustainability, 25% of the interviewees mentioned they 
have already heard about this: “yes I have heard about in workshops at CST” (E-31) - CST: a 
steel plant company located in Vitória that is the world biggest producer of steel; “yes I heard 
but I didn’t understand exactly what it meant but I’m going to find out” (E39). It seems that al-
though it is a new and complex topic, environmental problems and their solutions are calling the 
attention of the ordinary citizen  

7 FINAL COMMENTS 

The compilation of sustainability criteria informed the development of the questions used in the 
evaluation of Residential Barreiros. Some recommendations aiming the betterment of resi-
dents’quality of life based on sustainability principles are worthy mentioning: 
• Use of sound proof efficient materials for plastering of walls and ceiling; 

• Use of light colors indoors; 

• Prohibition of 100% pavement on front and backyards; 

• Incentive to productive landscaping; 

• Landscaping in common areas; 

• Creation of specified areas for recycling materials disposal; 

• Creation of a space for workshops and activities that might generate income; 

• Promote more workshops and meetings towards attitudes and environmental consciousness 
water preservation, energy saving, recycling, etc).  
In general, at Residential Barreiros, we identified some actions related to sustainable prac-

tices. Most residents do contribute. Public agents are involved in conducting talk conferences 
and workshops, but still in a modest way. It is necessary to present sustainability initiatives re-
lated to their local reality, in order to improve their quality of life, not to mention the overall en-
vironmental conditions. The results obtained support the idea that it is necessary to involve pub-
lic agents in actions and policies to implement sustainable construction. 
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1 INTRODUCTION 

The complexity of housing sector makes the concept of “sustainable housing” difficult to syn-
thesize. However it is important to have a broad perspective of the issue in order to establish ob-
jectives and choose priorities. 

This paper intends to clarify some fundamental concepts and provide information about dif-
ferent options. For this purpose the paper discusses the following questions: Is the actual devel-
opment model sustainable? Which are the signs of unsustainability? Which guidelines should be 
used for the production of more sustainable housing? At which scales are main decisions for 
housing sustainability taken? What is the contribution of housing rehabilitation? To conclude 
some final remarks are presented. 

The paper is based on the results of the study "Environmental sustainable housing" developed 
at the National Laboratory of Civil Engineering (LNEC), with the support of the Portuguese 
Foundation for Science and Technology (FCT), in the framework of research project “Housing 
for the future”. After the conclusion of the research project the authors continued the research 
on the subject going deeper into some of the previous results. 

2 IS THE ACTUAL DEVELOPMENT MODEL SUSTAINABLE? 

Many signs show that the production and consumption standards of industrialized countries, re-
produced by developing nations, are becoming unsustainable. 

The increasing use of fossil fuels to supply energy for industrialized societies is raising the 
concentration of gases, such as carbon dioxide, in the atmosphere. It is now widely accepted that 
this excess of carbon dioxide intensifies greenhouse effect and is responsible for global warm-
ing. Global warming motivates important environmental changes, such as melting of polar ice 
and glaciers, sea-level rise and a higher frequency of extreme climatic situations (hurricanes, 
torrential rains that cause greater floods and long periods of drought that propitiate the advance 
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of desert areas). Atmosphere is also affected by the presence of other gases that, beyond aggra-
vating greenhouse effect, contribute to the deterioration of air quality, endangering the health of 
human beings.  

Another factor of unsustainability is the exponential increase of population that aggravates 
the pressure over natural resources. Virgin territories are being used for agriculture and being 
occupied by the expansion of human settlements, motivating a progressive change or destruc-
tion of natural habitats, which endanger the survival conditions of natural fauna and flora. The 
population increase and the economic activity acceleration are also increasing the consumption 
of non-renewable resources, such as oil, coal and natural gas. Major cities, where most of the 
population concentrate, produce massive amounts of waste that may contaminate the ground, 
the air and the water, demanding more energy for its recycling. A wider occupation of the terri-
tory is also contributing to contaminate water reserves and to reduce their replacement by natu-
ral infiltration in the ground. 

Finally, regarding social and economic conditions, there is a poor equity in the access to re-
sources and knowledge, what is reflected in the increase of regional asymmetries and local ine-
qualities. Furthermore, cultural heritage faces the risk of homogenization and the built heritage 
faces the risk of destruction, having both to be protected because future generations also have 
the "right to memory". 

As a conclusion, a development model that privileges immediate individual welfare was 
adopted, but environmental, social and economical signs suggest that one day human beings 
may have difficulty in adapting to a habitat mainly shaped by their predecessors' actions. 

Many of the unsustainability signs, observed at a global level, are also becoming evident in 
Portugal. 

Regarding environment, heat waves are becoming more frequent (aggravating the violence of 
forest fires during summer), after more than fifty years of interregnum it snowed in Lisbon in 
two consecutive years, and along the Portuguese line coast erosion is beginning to endanger 
buildings and populations. 

Furthermore, an extensive and undisciplined use of the territory occurred during the last few 
years, being housing construction the prime purpose of this use. However, the repetition of con-
ventional building typologies is dominant, proving that environmental performance and ade-
quacy to new forms of family are still not priorities of housing developers. Meanwhile, a grad-
ual degradation or destruction of the ancient housing stock is continuing, despite some recent 
political initiatives. 

Concerning life style, the majority of the population seeks for more comfortable living condi-
tions even if that requires a high consumption of natural resources, some people wish to live 
surrounded by natural habitats although destroying them in process, private automobile (already 
dominant as the private means of transport) is increasing its importance, and typical habits of a 
consumerist society are becoming the norm. 

Finally, situations of poverty and social exclusion still persist and a gradual ageing of popula-
tion is occurring.  

However, the awareness of public opinion about sustainability problems is increasing as envi-
ronmental and social crises starts to affect comfort and security levels and is evidenced by mass 
media and sensitization campaigns. Nowadays, environmental and social problems are fre-
quently headlines in television news, first page in newspapers and magazines, and subject of 
films and documentaries. Environmentalist movements and non governmental organizations, 
seen in the past as radical or utopian, have today an active role in discussion forums. Informa-
tion and sensitization campaigns about environment and citizenship, mostly directed to young 
persons, are recurrent. 

3 WHICH GUIDELINES SHOULD BE USED FOR THE PRODUCTION OF MORE 
SUSTAINABLE HOUSING? 

The public opinion awareness towards sustainability problems is a capital that should be in-
vested in order to promote more responsible behaviours. It is necessary to capitalize this good-
will credit into concrete actions, leading to a more sustainable development. 



The concept of sustainable development is widely understood as the "development that meets 
the needs of the present without compromising the ability of future generations to meet their 
own need". This concept was accepted internationally, being usually divided into three domains: 
social, economical and environmental. 

The characteristics of our built environment are essential to the achievement of sustainable 
development objectives. These include cutting greenhouse gas emissions, reductions in pollu-
tion, conservation of natural resources, and cohesive and inclusive communities. Housing in 
particular can contribute significantly to sustainability because: it consumes large amounts of 
resources in its construction, maintenance and use; it is a fixed asset with a long life; and it has a 
central importance to life quality of people with implications in other sectors (transports, health, 
employment and community). The concept of sustainable housing can also be divided into three 
domains: environmental sustainability means the reduction of the negative impact in the sur-
roundings and in natural resources; social sustainability means designing for the present and fu-
ture needs of users and community, and economical sustainability means cost efficiency over 
the life of the building. 
Having established the concept of housing sustainability and recognized its benefits, the next 
step is to set up appropriate design and construction guidelines. The following sections briefly 
present some guidelines to improve environmental sustainability of housing. 

3.1 Settlement as balanced use of soil  
Soil is a limited resource, moving in cycles of erosion and sedimentation which are slow on 
time. To accelerate erosion of soil means to consume the biological time that keeps this natural 
resource available. Occupying and urbanizing soil in a sustainable way demands to respect its 
vulnerabilities and to predict forms of restitution of its original quality and state. Such intents 
are not compatible with the current tendency of occupation of coastal areas and river margins 
under flood risk. 

Construction and infrastructure affects the use of soil for long periods of time, so it is strate-
gical to use already infrastructured soil (brownfield) to (re)construct housing, consolidating old 
urban grids or transforming obsolete industrial areas. To densify and rehabilitate, renewing or 
replacing buildings is one form of actualizing the existent city profiting from compromised soil, 
infrastructures and nets of transport that serve it.  

The way each housing settlement occupies land not only has consequences over soil con-
sumption as physical resource, but also indirect effects on climate and transport nets efficiency 
with important consequences of energy demand of residential areas: 

a) The relation between climate and soil occupation is complex and dual. In one hand each 
territory has its specific microclimatic conditions that have to be known, in the other hand this 
microclimate is mutable and options taken on land occupation and urbanization will directly in-
fluence it.  

b) The relationship between housing settlement and transport is fundamental, and each time 
more important for urban sustainability. Reducing energy used for travelling inside the city, 
minimizing distances with higher urban densities and mixed uses of soil, promoting the use of 
public transports, and creating conditions for using clean means of transport are guidelines to 
plan uses of soil that can increase the quality and sustainability from housing settlements. 

3.2 Energetic efficiency and autonomy 
Morphology, typology and construction of residential buildings allow improving energy effi-
ciency of housing, achieving high reductions on the use of energy, minimizing the emission of 
Green Housing Effect Gases and providing a bigger self reliance on energy.  

Improving energy efficiency and autonomy in housing depends on two main aspects: the re-
duction of energy demand (that implies conservation, protection and rational management) and 
the use of local sources of renewable energy (which implies self-generation in passive and ac-
tive forms of renewable energy). 

Diminishing energy used in buildings requires the improvement of local microclimate, assur-
ing solar protection and right orientation of buildings (reducing shadows and benefiting from 
solar gains and natural ventilation), building with high thermal inertia, providing adequate ther-



mal insulation, integrating more economical equipments and control devices. However, even if 
demand is reduced in housing through the above guidelines, it is still very relevant the use of re-
newable and local energy. Self-generation of usable renewable energy requires the integration 
of spaces and equipments that take advantage of natural energy sources, benefiting from passive 
solar energy, privileging natural ventilation, and incorporating technologies for solar water heat-
ing and electric energy production.  

3.3 Hydric cycle management 
Rational management of water cycle and protection of hydric resources on the urban environ-
ment depends on the characteristics of the supply, drainage and sewage system. On these fields 
alternative procedures can offer a better hydric balance, through the following strategies: 

a) Increasing natural water retention through green surfaces (horizontal as vertical ones) and 
direct infiltration through the assurance of minimum levels of permeability of soil in connection 
with the net of aquifers; 

b) Collecting and reusing rain and drainage water is one of the most ancient strategies of sus-
tainability, in particular, at the dry regions. The integration of rain water collectors on buildings 
further than to allow the water reuse on irrigation can also permit the energetic efficiency, pro-
viding passive cooling and allows neutralizing strong effects of internal micro climate. 

c) Sorting out waters with different levels of contamination, managing sewage on eco-
efficient ways is crucial for sustainable management of this resource. Grey water and black wa-
ters are not only waste but they are also resources. Grey water can easily be treated by biologi-
cal processes where organic substances are absorbed by the action of aquatic plants. Black water 
can be treated on compost centrals that can provide gas for domestic use. Further on, black wa-
ter includes also other resource, not energetic but material: the organic substances that can be of 
much use on local agriculture since their availability on the Planet is reduced. 

d) Reducing consumption and waste of drinkable water is another good practice of hydric cy-
cle management, and it is possible to implement it through the use of more efficient equipments, 
of intelligent systems of supply and management and also through campaigns near from the lo-
cal communities. There are still many things that we do at home and at our residential area with 
high quality drinkable water, which could be done with recycled water, mostly on washing and 
cleaning tasks. 

3.4 Materials-waste cycle management 
Half of the total of raw materials extracted from the Planet is used to construction and more than 
half of the waste we produce comes from this sector, where housing has a great role. Reducing 
such an impact demands strategies that follow the example from the biosphere and intend to 
close the cycle of materials, minimizing losses during the life time of a housing unit as from a 
global residential area. These strategies are the following: 

a) Ecologically selecting building construction materials: Only materials of low environ-
mental impact during the totality of there life cycle (production, transport, use, maintenance, de-
struction, elimination) should be used in housing construction and use. Several factors are im-
plied on the environmental impact of a certain material like the direct impact of its extraction, 
the nature of the resources requested on its production, the CO2 emissions produced, distances 
and ways of transport used to distribute, risks for health, possibility of its direct reuse, the recy-
cling potential and the “environmental performance potential” (contribution of the material for 
the environmental performance of the building during its use); 

b) Converting waste on resources, “closing the loop” of construction materials: Waste is one 
of the biggest problems of our industrialized society and it will be the resource of the future. 
Housing as human activity implies the use and waste of several materials consumed in daily life, 
but also the materials applied on housing main physical infra-structure (buildings and public 
space). These materials are converted in waste after producing the utility of housing. “Closing 
the loop” means to make from construction waste useable materials again, recycling on an in-
tensive and global way, from the stones of the sidewalk to the glass of the windows. For this 
purpose efficient recycling systems on construction and deconstruction sites are needed as spe-
cific strategies for maintenance, reconstruction, rehabilitation and demolition of residential 



buildings. Obsolete residential buildings can be seen not as waste but as resources, reusable 
through housing rehabilitation projects; 

c) Minimizing domestic waste: Management of waste produced on daily life is a growing 
problem with increasing costs. On residential areas separation and efficient collecting are big 
steps, but these strategies are not enough and should be complemented with incentives for waste 
reduction and direct self recycling. Local recycling allows production of organic compost on 
green areas as transformation of waste and energy or fertilizers, reducing waste in general even 
before needing recycling.  

3.5 Optimization of constructive and spatial solutions  
Since housing production consumes big quantities of materials and results on big quantities of 
waste, more efficient construction systems using pre-fabricated elements on assembling and dis-
assembling housing units, while assuring comfort and a good energetic performance during use, 
are also one aim of sustainability. Such aim can be accomplished through several ways: 

a) Industrialized prefabricated constructive systems for housing production can optimize 
processes of project, construction, maintenance and deconstruction. This type of construction al-
lows constructing housing units, or housing compartments, assembled on construction site. 
However, industrialized construction needs to be light-weight, for what it can achieve lower en-
ergy efficiency than conventional one, mostly in warm climates, due to occupation performance. 
Prefabrication is not necessarily a high tech tendency, and it can be of big utility in situations of 
limited resources, as on post catastrophe scenarios. 

b) On design, the modulation of housing allows to study, design and to produce with big pre-
cision the module and assure its optimal environmental performance. Also during construction 
time there are advantages, for modulation allows standardization, reduction of work needs, 
minimization of material waste and better control of contamination of the building site. During 
maintenance and on the final of the useful life of the building the deconstruction of modular 
construction can also be more efficient on materials management and on its subsequent reutili-
zation. 

c) Flexibility from housing spaces can increase the time life of the building, extending mate-
rials life cycle. Housing square meters are a scarce resource that should be optimized as others. 
Flexibility can be achieved through neutral and polyvalent spaces – passive flexibility – or 
through mobile elements that allow the transformation of the housing unit – active flexibility. 
The second strategy can produce daily, seasonal or annual transformations of the housing unit 
that increase its adaptability to the user and its changeable needs. This allows saving energy and 
resources, since people can use their home during larger periods of time and in ways more ade-
quate to variations of seasonal climate. These strategies of physical flexibility can eventually be 
replaced by policies of interchangeable housing units according to phases of familiar life-cycles, 
even that such task nowadays faces the problem of the absence of linearity on the stages of fa-
miliar life. 

3.6 Health and Comfort 
Until now we have being pointing out biophysical aspects from housing related to the main 
natural resources: soil, energy, water, waste, materials and space. However, there remain no 
doubts that the idea of relating housing production to this environmental resources results from 
the need of improving mankind quality of life on long term. In this sense, sustainable buildings 
and residential areas to offer quality of life must provide permanent conditions of comfort and 
health to its inhabitants. Assuring housing quality is then an aim of sustainability, which can be 
achieved through the following strategies: 

a) To assure interior environmental quality (IEQ): Toxical substances, VOCs, dust and radia-
tions are the main contaminants of interior environment. Further than controlling the presence of 
such substances, ventilation is the way to avoid higher concentrations and eventual risk situa-
tions. Security, salubrity, comfort, relation with the exterior, sky visibility and tranquillity are 
the main requisites of a healthy interior. Comfort, however, is the most complex requisite and its 
evaluation demands parameters of air and surfaces temperature, moisture, air velocity, noise, 
light and smell, adaptable to personal relativity. 



b) To minimize consumption while maximizing comfort: Although Western ways of life 
show the opposite, comfort conditions should be achieved with a minimum consumption of non 
renewable resources and with an appropriate management of renewable and local resources. Ex-
tensive use of air-conditioning and extensive irrigation of gardens with drinkable water, are 
clear examples of wrong attitudes. However, with the increasing environmental conscience, in-
habitants start to get aware of collective and individual advantages of alternative ways to obtain 
desired levels of comfort. 

3.7 Adaptability and Identity 
On the last decades ways of life have suffered mutations produced by several social factors. The 
improvement of living conditions, the diversification of forms of co-housing, the increase of di-
vorce rates, the “informatization” of daily life and the spreading of new ethical values trans-
formed contemporary housing needs. 

Sustainable housing aims to satisfy needs on long term, for it should be adaptive to contem-
porary ways of life and responsive to inhabitants’ desires and to their changes on time. Conven-
tional housing models should be reviewed, and flexibility should be one way to respond to in-
creasing diversity of the population needs, as to its accelerated rhythm of change. 

Adaptability increases inhabitants’ appropriation of their neighbourhoods and houses, which 
can also be encouraged through the availability of collective spaces, elements of self identifica-
tion, and through processes of public participation on the decisions about planning and manag-
ing the neighbourhood. This challenge demands the creation of a strong identity, on the 
neighbourhood as on the region.  

Identity can be reinforced by housing quality and adaptability but also with collective infra-
structures, starting with planning of transport nets and new mobility strategies (car sharing or 
car pooling, for example), integration of communitarian urban agriculture, and arriving to the 
implementation of centralized or generalized passive and active systems of renewable energy 
(as co-generation or solar or wind energy generation) that can work as community symbols. 

4 AT WHAT SCALES ARE MAIN DECISIONS TAKEN? 

In order to promote housing sustainability the above listed guidelines should be taken into ac-
count in three main scales of decision: urban, architectonic, and construction. 

4.1 Urban scale: density and territorial integration 
Housing is not only a matter of buildings but also an important part of the territorial system and 
of the social community. Thinking on these scales allows understanding the resources supply, as 
well as how residential areas and their housing units are used. 

Housing is a form of urbanization that brings human pressure to a certain land, according to 
its settlement size, density, soil permeability, nets of transport and mobility, and also from the 
relationship established with agriculture and food supply. Density of land urban use assumes a 
critical role on the environmental impacts of urbanization because it interferes on the efficiency 
of natural resources use and on the mobility model. 

However, low density developments are increasing, although implying high use of land and 
infrastructure. This happens due to the demand of wealthy urban families for bigger houses and 
green spaces, and in reply to the needs of semi-rural societies. 

Density is a major problem of housing production, deeply related to territory management but 
also with the success of residential areas and with its urbanity. Density, as numeric rate between 
housing units and land area, should not be confused with the compacity as propriety from urban 
form. Compact cities, as defended for several authors, can exist in urban uses of soil with quite 
different densities, and with more or less sustainable relations with the territory that supplies 
them. 

Increase of density is a strategy for neighbourhoods regeneration, because it allows to profit 
from infrastructured soil. To increase density the number of housing units for land unit can be 
increased, or the size of the houses can be enlarged (keeping the same number of units). 



4.2 Architectonic scale: morphology, orientation and typology 
Although it is proved for long that buildings with North - South orientation achieve the best en-
ergy performance, the practice shows that buildings with other orientations can have economic 
and urban advantages, and that to produce sustainable housing doesn’t mean to build always ex-
clusively North-South. 

The model of the classical urban block delimitated by four streets implies buildings with dif-
ferent orientations, being impossible to assure that all the apartments have theoretically an opti-
mal energetic performance. However, this urban morphology is considered one of the more 
permanent and sustainable ones with advantages of flexibility, adaptability and efficiency on the 
creation of urban complexity and coherence. The right orientation of a building depends on a 
group of interrelated strategies that allow it achieving high rates of thermal, visual and lighting 
comfort. In reality, if orientation would be an exclusive guideline of urban morphology, cities 
would go back to the Athens Chart Model, whose debilities are largely demonstrated. Such ex-
amples are being produced nowadays, where solar efficiency is elected as the main objective of 
architecture neglecting the needs of urban coherence, diversity and public space quality. 

At the same time, orientation East-West, in general with worst energetic performance, shows 
also advantages, allowing designing flats with more natural light (morning and afternoon). 
About this last solution it has, however, to be said that mono orientated flats neglect the impor-
tance of cross ventilation, demanding higher consumption of energy for cooling and control of 
indoor air quality and of lighting conditions. 

4.3 Constructive scale: construction systems and technology 
Planning housing production, further than decisions on density or on morphology, requires 
electing the right construction system for a certain housing demand. As known, construction 
systems according to their materials and processes can have very different environmental per-
formances. In one hand the materials used incorporate directly certain consumption of re-
sources, and on the other hand, they interfere on the energy demand of the building and of its 
spatial use. 

There are two typical constructive systems on the production of housing, which are: the con-
crete structured and brick filled with generous surfaces of glass (“conventional heavy weight 
system”); and, the wood structure and panel filled with reduced surfaces of glass (“experimental 
light weight system”). On the first system thermal mass is more important and the second the 
focus is on thermal insulation. 

The light weight system is frequently pointed out as the system for the future, mostly from 
the high-tech side and from the defenders of housing prefabrication. The heavy system by its 
turn is pointed as the ideal for solar energy conservation due to its higher thermal inertia. Nei-
ther one, nor the other is universally ideal, and a compromise should be made between the two 
combining insulation and mass according to climate, seasonal uses, materials and resources 
available. 

Sustainable housing construction systems should allow an optimized use of solar gains. Ori-
entation, at the scale of architectonic decision, has a role on achieving this objective, but also 
materials used on construction systems, and the relation between transparent and opaque walls, 
determine hit balance, energetic needs, and so sustainability from the building stock. Finally it 
should be said that appropriate technology has a role on housing sustainability at the construc-
tion level. High technology used in other industries can have punctual benefits on housing envi-
ronmental performance but low technology, with its reduced resources use, and profiting from 
traditional knowledge, can in certain contexts respond to housing demand in an efficient way. 

5 WHAT IS THE CONTRIBUTION OF HOUSING REHABILITATION? 

Construction of new housing is no longer a political priority, since recent statistics showed that 
in Portugal there are already more houses than families. Importance of housing rehabilitation 
will certainly increase in the future, so it is important to analyse its contribution to sustainabil-
ity. 



Rehabilitation of residential buildings, ancient or recent, constitutes a privileged way to 
achieve sustainability objectives, having advantages from the environmental, social and eco-
nomical points of view. 

As an alternative to construction of new buildings, rehabilitation interventions prevent the 
occupation of more soil and unnecessary use of more energy and materials. In addition, it in-
creases the working service life of existing buildings, and so the rentability of the resources al-
ready applied. Housing rehabilitation also contributes for social cohesion, since it improves 
dwellings and urban spaces quality, strengthens user's identity by preserving the community cul-
tural and built heritage, and contributes to reduction of social asymmetries. Finally, housing re-
habilitation helps to preserve cultural and building heritage of cities, which are crucial factors 
for their vitality, contributing for their economic performance and competitiveness. 

However it is important to remember that housing rehabilitation also constitutes a crucial op-
portunity to integrate some of the above mentioned guidelines in order to improve its perform-
ance. For example, a rehabilitation operation may be used to improve comfort conditions by re-
inforcing the thermal insulation, assure a healthy environment by removing hazards materials, 
integrate energy efficient equipments, diversify dwellings size and internal organization of 
spaces, and guarantee accessibility to all users. 

6 FINAL REMARKS 

1. During recent years housing was produced to answer the short term needs of a consumerist 
society, compromising the future of residential areas, cities and regions. However, the develop-
ment of more sustainable ways of living, assuring the optimization of natural resources use and 
the satisfaction of housing needs, seems to be finally recognized as an important collective ob-
jective to fulfil.  

2. Sustainable architecture started as a utopia and originated a vanguard, but currently it is 
starting to be a fashion adopted by the real estate market. If we are optimist we can argue that 
ecology ethics reached public opinion. But, if we are pessimists, we can argue that sustainability 
is condemned to a superficial approach, with negligible environmental and social benefits. 

3. It is widely spread the idea of “green architecture”, which is not necessarily architecture 
with good environmental performance. This stereotype is associated with images of great visual 
strength, such as buildings surrounded by vegetation, semi-buried, with large glasses and green 
roofs. This “green” stereotype gained a strong visibility in mass media and due to it sustainable 
buildings became a popular tendency. But this quick popularization also brings the danger of re-
jection, if sustainable buildings are simply understood as a fashion experience. It is important to 
underline that the environmental sustainability of a building lays on its performance and does 
not have necessarily an architectonic expression. 

4. The awareness of public opinion about sustainability problems is increasing. However, as 
individuals, most people seek for better living conditions and short term satisfaction. To solve 
the apparent contraction between environmental consciousness and life quality we deposit an 
almost unshakeable faith in technological progress. It is important to bear in mind that technol-
ogy may help reaching some of the sustainability objectives by developing new materials and 
systems. However there are no technological miracles. To reach more sustainable solutions 
changes in the way we build and use housing are necessary. 

5. The application of the above mentioned guidelines in Portuguese housing developments is 
no longer a distant utopia. There are few examples of new housing developments, some of low 
cost, that successfully apply many of those guidelines. Scientific and technical expertise already 
exists, being now necessary to move from exception to rule. Incorporating strategies of sustain-
ability into housing construction and rehabilitation proved to have two advantages: not only 
does it have a significant contribution to the achievement of sustainable development objectives, 
but it will also provide important advances in housing quality, durability and cost effectiveness. 
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1 RESIDENTIAL BUILDINGS IN THE EU-25 

A synopsis of residential buildings throughout Europe provides the adequate basis for investi-
gating the impacts of residential dwellings and for identifying environmental improvement op-
tions. This synopsis has to be laid out in a way that it can be directly adopted to model the life 
cycles of residential buildings.  

A first division into ‘single-, two-family-, and terrace-houses’, ‘multi-family-houses’ and 
‘high-rise buildings’ is used to allow for the individual buildings to be ordered according to 
their architectural design and to constructional and material criteria into building types. This or-
dering is conducted within three geographical zones, namely north-, middle- and south- Euro-
pean countries, and yields a total of 73 individual building types, of which 54 types represent 
existing buildings and 19 types represent newly constructed buildings. These 73 building types 
cover more than 80 % of all residential buildings in the EU-25. The geographical zones are as-
sembled from EU-25 member-countries on the basis of average heating degree days per year.  

This overview of European residential buildings is based on comprehensive databases con-
taining technical information of buildings for an extensive building stock throughout Europe. 
These databases have been set up to analyze the technical state of the European building stock. 

The impacts of residential buildings –  
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ABSTRACT: The environmental performance of new and existing buildings can best be im-
proved by respecting the life cycle perspective. Conducting a Life Cycle Assessment efficiently 
supports the identification of environmental improvement potentials.  
The research project “Environmental Improvement Potentials for Residential Buildings” (IM-
PRO-Building) was initiated by the European Commission (JRC-IPTS). It aims at reducing the 
environmental impacts from residential dwellings throughout their life cycle, evaluating the cur-
rent situation of residential buildings in the EU-25, before analyzing improvement options. 
A generic life cycle model for buildings has been developed to address this question efficiently. 
It is used to identify the environmental hotspots and to evaluate improvement options. More 
than 70 building types are assessed consistently. The LCA model makes a distinction between 
existing (use phase and end-of-life) and planned buildings (construction phase included as well), 
accounting for different perspectives.  
Results are demonstrated for examples of different building types from different geographical 
zones. 



2 ANALYSIS OF LIFE CYCLE-BASED ENVIRONMENTAL HOTSPOTS OF 
RESIDENTIAL BUILDINGS 

The extensive basis of 73 residential building types to perform life cycle assessments, address-
ing the impacts of residential buildings as well as the challenging task of identifying environ-
mental improvement options from a European perspective, demands for consistency and mecha-
nisms to automate certain procedures when modeling the life cycle of buildings. 

To meet these challenges, a generic building model, providing a common structure for all in-
dividual building types, has been developed. Within its common building structure, this generic 
model contains all relevant construction materials that are found in either of the building types 
to be modeled. Parameters are extensively used to define the actual life cycle model and to effi-
ciently adjust the generic model to fit to the respective building type.  

The life cycle model divides into two distinct model versions. One represents the life cycle of 
an existing building, where the construction phase is not considered, but the use phase and the 
end of life (see Figure 1). The second version represents new buildings, where the construction 
phase is also incorporated into the building’s life cycle (see Figure 2). This distinction into two 
model versions supports the identification of the decisions that can be made today. Promoting 
retrofit measures with existing buildings, for instance, presents a feasible decision to be made, 
while past construction actions do not provide space for any improvement today. Consequently, 
the construction phase is not considered for existing buildings. It is, however, important to con-
sider the structure and the materials used for construction, in order to be able to give statements 
considering retrofit options and to be able to account for the building’s demolition. 

  
The generic model, and consequently the individual building type models, bear a common 

structure of construction elements that assemble the required building materials of the respective 
part of the building. These construction elements are the roof, the exterior walls, the interior 
walls, the floors and ceilings, the windows and finally the basement. The life cycle phase of the 
construction of new buildings considers the construction materials used, as well as the transpor-
tation of the materials on the level of the construction elements of the building. 

Following the objective of the study of investigating improvement options for residential 
buildings that are based on decisions considering the selection of constructional alternatives or 
constructional practices to be encouraged, the construction materials stand for European average 
datasets. The use of such European datasets that represent average technology data for the 
manufacturing of construction materials and European boundary conditions, assures that deriva-
tions in background data do not bias the basis for the decisions to be made within the scope of 
the study. 

Within the use phase, two major aspects of the utilization of a building are considered. These 
are, on the one hand, refurbishment actions that are conducted to maintain the function of the 
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Figure 1. System boundaries and considered life 
cycle phases for existing buildings. 

Figure 2. System boundaries and considered life 
cycle phases for new buildings. 



building, in general without changing the energy performance of the building. While retrofit 
measures describe actions that are taken with the aim to improve the performance of the build-
ing, it is known that some retrofit actions are taken in conjunction with refurbishment actions 
that have to be conducted in order to maintain the buildings’ function. An example of such ret-
rofit actions that go in line with refurbishment actions are the regular exchange of windows, 
where the existing windows are replaced with ‘modern’ windows that reduced heat transmission 
values. Another example is the insulation of the roof at a point, when the battening and the tiles 
have to be replaced. These measures are handled as refurbishment, in order not to overestimate 
certain retrofit actions as improvement options. 

On the other hand, the heating energy demand, as well as the cooling energy demand, which 
is believed to gain significance in the future, is considered. Within the model, the heating energy 
demand is calculated from the energy balance that is based on heat transmission coefficients for 
the individual construction elements of the building type. The cooling energy demand, on the 
other hand, is provided as average values for each geographical zone, thus incorporating the fact 
that most indoor cooling devices within residential buildings work on a per-room basis. This 
means that the use of indoor cooling equipment in different building types does not generally 
differ. 

The end-of-life phase of the models considers both, wastes from the demolition of the entire 
building, as well as wastes from the exchange of materials due to refurbishment actions. Recy-
cling rates, shares for the deposition onto inert materials landfills, as well as incineration and 
other end of life routes are considered on the basis of average data for the construction sector 
throughout Europe. 

One objective of the study is to provide information upon which recommendations for favor-
able actions, related to the improvement of the overall environmental performance of residential 
buildings may be given. Therefore, a maximum timeframe for the life cycle assessment of 40 
years has been chosen. While this does not implicate that all buildings are expected to be demol-
ished no later than 40 years from now, it is believed that no statement upon the development of 
the residential building sector beyond these 40 years can be made. 

For both, existing, as well as new buildings, the impact assessment of the life cycle models is 
conducted and environmental hotspots within each building type need to be identified. The im-
pact assessment is conducted using the CML 2001 characterization model (CML 2001) and the 
considered environmental indicators are the use of fossil primary energy, the use of renewable 
primary energy, as well as the impact categories ‘global warming potential’ (GWP100), ‘acidifi-
cation potential’ (AP), ‘eutrophication potential’ (EP), ‘photochemical oxidant formation poten-
tial’ (POCP) and ‘ozone layer depletion potential’ (ODP). These environmental indicators de-
scribe environmental effects that are, among others, generally considered as relevant within the 
current environmental discussions (JOLLIET ET AL. 2003).  

3 LIFE CYCLE IMPACT ASSESSMENT OF THREE EXEMPLARY BUILDING TYPES 

The life cycle impact assessment (LCIA) of three building types is displayed in order to demon-
strate the outcome of the analysis of the current situation of residential buildings in Europe. 
Those examples are: 
− A ten-storey high-rise building type (concrete-based structure) from the south of Europe that 

has been built in the 1970s and is expected to be in use for another 20 years, 
− A single-family building type with a brick masonry structure from central Europe that has 

typically been built between the 1940s and 1980s and that is expected to used for at least an-
other 40 years, and 

− A four-storey multi-family building type with an insulated brick masonry structure from the 
north of Europe that is planned to be built in the near future and on the basis of the current 
construction practice. 

For the comparison of different building types, as well as of different construction elements 
within one building type, the results of the LCIA are presented on a per-square-metre-and-year-
basis.  

Figure 3 illustrates the contribution from different life cycle phases to the global warming po-
tentials of the described building types. As described above, neither the high-rise building (left), 



nor the single family building (centre) contain a construction phase, as they represent existing 
buildings. The multi-family building (right), on the other hand, includes a construction phase. 
From Figure 3 it is clear that the heating and cooling energy consumption has the by far greatest 
impact on the building’s life cycle. The construction phase, as well as the refurbishment meas-
ures taken and the end-of-life, on the contrary have rather minor impacts on the GWP100. The 
‘incorporated GWP’, having negative values, is in part due to wood, which is, in some sections 
of residential buildings, extensively used as a construction material. Another source for incorpo-
rated GWP is the use of renewable materials as fuel in residential heating. Consequently, the net 
value of the GWP100 is clearly below the currently displayed values. 

From this graph (Figure 3), it can be stated that these building types, especially the single-
family building type and the multi-family building type do not represent current best practice in 
construction, where the energy consumption for heating were significantly lower. For existing 
buildings, taking refurbishment measures usually reduces heat losses significantly. The reduc-
tions in heating energy losses due to refurbishment actions are considered in the displayed fig-
ure. 
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Figure 3. LCIA results for the global warming potential from the life cycles from three residential build-
ing types throughout Europe. Displayed: contribution from different life cycle phases to GWP100 in 
kg CO2-Equivalent/(m²*a). 
 

Following the objective of the study to identify environmental improvement options, the in-
dividual building types are evaluated in a way that identifies the life cycle impacts from indi-
vidual construction elements. Figure 4 displays the contributions from all construction elements 
to the global warming potential for the above described multi-family house from northern 
Europe. Some types of energy losses may not be allocated to individual construction elements 
within the context of an entire building and are presented separately. 

From the graph in Figure 4, the impact from the manufacturing and demolition of construc-
tion elements, especially of those with high masses can be identified. The major impacts, how-
ever originate in ventilation, which stands for energy losses due to leaking window- and door-
frames and other structural weak points. While the effects of ventilation may not be directly 
allocated to the windows, the heating losses of ventilation may be reduced by choosing adequate 
window types. Other highly significant impacts originate in losses from the heating system. 
These losses are directly related to the overall energy consumption of the building.  
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Figure 4. Contributions from construction elements and energy consumption to the global warming poten-
tial of the above described multi-family building type (North Europe). Note that the energy consumption 
from 'ventilation', 'others' and 'cooling energy' may not be allocated to individual construction elements 
and are therefore presented separately. Displayed: contribution from construction elements to GWP100 in 
kg CO2-Equiv./(m²*a). 

4 CONCLUSIONS 

Choosing the approach of developing a generic, parameterized building model that has been 
specifically designed to incorporate the relevant aspects of residential building practice in 
Europe, proved to be a demanding, yet viable way to approach the task of addressing the envi-
ronmental impacts of residential buildings. Aiming at evaluating residential buildings through-
out 25 European countries, the clustering into 73 building types and a consistent set of back-
ground data is an essential precondition for the approach chosen. 

The results of the life cycle impact assessment of three exemplary building types show 
clearly that the use phase is the predominant life cycle phase for residential buildings and that 
special attention needs to be addressed to the reduction of losses of heating and cooling energy. 
Especially the high environmental impacts from the consumption of cooling energy directs at-
tention to an issue that is believed to gain significance in the future as indoor cooling devices 
will become more available and will be more often used. As the protection from heat can not be 
accomplished with the same means as protection from cold, strategies and materials specifically 
designed for serving as summerly heat protection may provide feasible means for improving the 
environmental performance of the building. 

For at least some of the analyzed building types, losses of heating energy due to ventilation 
appear to be a major aspect to be addressed in the future. In general, the study shows clearly that 
options to improve the environmental situation of residential dwellings in Europe exist and that 
adequate measures can be and have to be taken. 
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The contribution of the National Laboratory of Civil Engineering 
(LNEC) to a sustainable built environment 
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ABSTRACT: As a research and development institution, integrated in the Portuguese National 
System of Science and Technology, the National Laboratory of Civil Engineering (LNEC) is 
well positioned and fitted with human and material resources to develop studies and other ac-
tions towards the improvement of construction sustainability. 

The multiple skills in diversified scientific areas (engineering, physics, chemistry, geology, 
architecture, urbanism, social sciences) of LNEC researchers are particularly suitable to the in-
terdisciplinary and multidisciplinary approach required by environmental sustainability matters. 
Besides a brief reference to past pioneering studies on this area, the paper describes LNEC pre-
sent and future research lines on sustainable construction. These research lines include studies 
carried out on several transversal themes such as environment and sustainability, conservation 
and rehabilitation, quality in construction, human and social-economic dimensions, and risk and 
safety. To conclude, some final remarks are presented. 

  

1 INTRODUCTION 

It is well known that the construction sector represents one of the largest and most significant 
driving forces in fast-growing economies. The activity of this sector traditionally led to the ex-
traction, transformation and use of massive amounts of material resources, as a response to the 
increasing demand for higher quality of life standards, namely in its different aspects related to 
housing, working environment and urban areas. Looking at another reality, the continuous 
growing of urban areas’ population (migrant and immigrant) created unbalanced and degraded 
urban settlements where basic needs and minimum quality of life are not assured to all citizens. 
There is an understanding and acceptance of the pressing need to question the basis of the 
“growing as usual” social, economical and environmental scenarios. In the built environment, as 
in all other society “environments”, inflecting and, if necessary, correcting the way environ-
mental, social and economic issues are dealt with, or have been inherited, is a recognized task 
for the present and future generations. 

In view of this reality, sustainability quickly became a dominant issue and keyword, although 
the effective shift from theory to reality may in many aspects be questionable. 

As a research and development institution integrated in the Portuguese National System of 
Science and Technology, LNEC has revealed to be well positioned and fitted with human re-
sources and physical infrastructures to develop studies and other actions that may support the 
improvement of the country’s situation, quite unsatisfactory regarding sustainable construction.  

Multiple skills in diversified scientific areas – engineering (civil, mechanical, chemical, elec-
tronics and computer), physics and technological physics, chemistry, geology, architecture, ur-
ban planning, environment, social sciences (sociology, social and environmental psychology, 



anthropology, geography) – are particularly suitable to the multidisciplinary and interdiscipli-
nary approach required by sustainability matters.   

The many activities described herewith comprise programmed and contracted research; tech-
nical assessment of traditional and innovative solutions; and dissemination of technical, scien-
tific and practical knowledge. 

LNEC`s programmed research related to construction sustainability is located in several pro-
jects and studies connected with five transversal domains: Environment and Sustainability, 
Conservation and Rehabilitation, Quality in Construction, Human and Social-economic Dimen-
sions, and Risk and Safety. These projects and studies are developed in different LNEC depart-
ments and divisions; several of them are co-financed by external grants and are being carried 
out in partnership with other institutions. A significant number of research studies are also sup-
porting MSc and PhD theses, undertaken by either in-house assistant researchers or fellowship 
researchers. Research by contract, technical assessment and dissemination of knowledge is usu-
ally requested by public and private entities including industry. 

In the following sections are present some of the most relevant areas of LNEC past and pre-
sent involvement for improving the construction and urban environment sustainability. Refer-
ence is also made to LNEC commitment to future actions on the field. 

2 MATERIALS, PRODUCTS AND SYSTEMS 

The assessment of sustainable building materials, products and systems should focus on envi-
ronmental, economic and social aspects, putting the accent on the corresponding environmental 
impacts, but their global performance, including durability, should not be overlooked. 

LNEC has a long tradition of technical assessment and qualification of building products and 
systems, being a member of the European Union for Agrément (UEAtc) and the European Or-
ganisation for Technical Approvals (EOTA). For many years LNEC has been the Portuguese 
reference technical assessment body, issuing technical agréments (“documentos de homologa-
ção”) for building products, components and systems. The range includes, just to name a few, 
prefabricated structural floor systems, masonry units, window systems, wall, ceiling and floor 
coverings and finishes, roofing coverings, roof waterproofing systems, thermal insulation prod-
ucts and systems (such as ETICS and inverted roof systems) and plastic water supply and drain-
age piping systems. All these products, components and systems, in one way or the other, have 
an important role to play in building sustainability. 

Besides the current technical assessment activities, researchers of different Departments of 
LNEC have been involved in programmed research and research by contract (Santos 1994, 
Nunes et al. 2004, Moita et al. 2005, Esteves et al. 2006, Gonçalves et al. 2006, Martins et al. 
2006, Velosa et al. 2007, Vieira et al. 2007) concerning the characterization, improvement, 
technical viability or end-use performance of natural materials, industrial waste and by-products 
and demolition materials. Natural and recycled wood and cork, coconut and plastic fibres, 
sheep’s wool, plastics, autoclaved aerated concrete, ceramics and stone resulting from demoli-
tion and industrial waste, are only a few examples of such materials. It should be recognized 
that there is still a great potential, demand and need for environmental conscious interventions 
in this area, requiring support and incentives at technical, industrial, financial and consumer 
level.  

The next (ongoing) step is to complement the technical assessment currently carried out with 
an environmental approach, which will supply relevant, technically robust and non-ambiguous 
information to consumers. A whole life evaluation of building products and systems is required 
in order to attain a complete and meaningful sustainable evaluation of buildings. This is a com-
plex and demanding task. A reliable, comprehensive and updated amount of information will be 
needed in the near future. Besides the use of LNEC expertise, research and experimental capaci-
ties (mainly embedded in three departments: Building, Materials and Structures Departments), it 
is necessary to have the fair and participative collaboration and support from all those involved: 
raw materials suppliers, manufacturers and their associations; building promoters, builders and 
owners; building services and maintenance managers; and central and local authorities. To en-
able and to profit from LNEC multidisciplinary capacities, a stronger collaboration with all 
these entities is sought, namely through partnerships in co-financed research projects. 



 As a first step forward, it is intended to introduce gradually in LNEC technical agréments the 
environmental qualification of building products, components and systems. More detailed life 
cycle assessment (LCA) data and methods are needed and will be developed. Glazing/window 
systems, prefabricated structural floor systems and thermal insulation products have been tar-
geted as priority issues. 

Other important related areas of interest will be addressed at a further stage: 
− Sustainable site management, comprising not only materials and products waste reduction, 

but also the rational use of energy and water, and pollution control; 
− Required skills (teaching and qualification of technicians and workers) and improvement of 

workmanship quality. 

3 ENERGY EFFICIENCY AND INDOOR ENVIRONMENTAL QUALITY 

Meeting the needs of people and providing quality of life and work are closely related to an 
healthy and comfortable indoor environments. Sustainable development requires that this target 
should be reached with minimum acceptable energy impacts.  

LNEC has pioneered in Portugal the study and practical implementation of such matters as 
building’s energy efficiency and indoor environmental quality (thermal, acoustical and visual 
comfort, air quality). 

As far as 1979 LNEC established thermal performance requirements for school buildings 
(LNEC 1979) which preceded the first Portuguese thermal regulations (issued in 1990). 

More recently, LNEC actively participated in the drafting of the new 2006 Portuguese build-
ing thermal regulations and energy certification scheme, and proposed the creation of a Surveil-
lance and Revision Committee. This committee would be able, on the one hand, to detect and 
propose, in due time, solutions for major problems which may hinder and jeopardize the appli-
cation of the regulations and, on the other hand, to influence in a sustainable way the future re-
vision of the present regulations within an expected five years period. The need for such com-
mittee is becoming more and more evident as the application of the mentioned regulations 
proceeds. 

Understanding, applying and practicing sustainability, whatever the field of activity, require 
competent technicians and experts. The correct application of new regulations, either at design 
or execution stages, demands adequate dissemination of knowledge and training of designers, 
experts and technical managers. For several decades LNEC organizes specialized training 
courses and technical knowledge dissemination. Time allocated and technical expertise, appeal-
ing to the collaboration of external experts if necessary, is a key factor in the LNEC involve-
ment in this field. From January to June 2007 LNEC organized comprehensive courses on tech-
nical dissemination and practical application of the new thermal regulations. It is intended the 
recognition of these training courses as a technical basis for the qualification of experts required 
for the application of the energy certification scheme derived from the implementation in Portu-
gal of the European Directive on Energy Performance of Buildings. 

Indoor environmental quality – from the thermal, visual, air quality and acoustical points of 
view – and energy related impact issues have, since long, been areas where LNEC develops re-
search activities of experimental nature (Matias et al. 2006; Santos 2002, 2006; Pinto 2006). In 
2007 several PhD theses are under way: development of climate, social and economically con-
cerned adaptive thermal comfort approach based on field research (Development of an adaptive 
thermal comfort model adapted to Portuguese conditions, ongoing PhD thesis); day lighting and 
sustainability in Southern Europe (Energy impacts of natural day lighting of buildings, ongoing 
PhD thesis); influential parameters on indoor air quality (Buildings indoor environment quality, 
ongoing PhD thesis). In the acoustics field research and experimental work is being extended to 
the outdoor environment, focusing on the integration of qualitative aspects of the acoustic envi-
ronment of urban spaces (Acoustic environment assessment in urban areas. Integration of quali-
tative aspects, ongoing PhD thesis). The results of these research works will be hopefully inte-
grated in guidelines promoting and supporting a sustainability-oriented approach. 

Many new and existing Portuguese buildings show weaknesses to face what is typically a 
Southern Europe problem (but is also becoming a Northern Europe one): summer and mid sea-
son overheating. This situation is already partly responsible for the noticeable increase of energy 



consuming air conditioning equipment installed in the residential sector. Poor flat and pitched 
roof thermal “protection” (solar reflectance, thermal insulation and ventilation) and, more re-
cently, poor windows characteristics (significant glazed area and inappropriate solar protection) 
are responsible for unacceptably high indoor temperatures. In the near future a significant de-
crease in the Portuguese buildings traditional high thermal mass may also be predicted, due to a 
perceived tendency for lightweight constructive solutions namely in internal partitions and lin-
ings, application of internal thermal insulation, and internal wall and ceiling finishings with 
acoustic properties and moderate thermal resistance. 

LNEC contribution on this field covers the establishment of better criteria for assessing and 
characterizing external glazing (Pinto 1997), sun-shading devices and roof solar “protection” al-
ternatives (Matias 2001) post-occupancy evaluation, dissemination of good practice and re-
evaluation of thermal regulation requirements. 

Another important area of research, technical assessment and dissemination is strongly 
emerging. With the new building energy efficiency regulations, the use of thermal solar collec-
tors has become mandatory for many new buildings. Barriers to the implementation of this 
measure are related to integration aspects, performance reliability and durability. Besides ther-
mal solar collectors, microgeneration systems integrated in new buildings should be promoted 
and best solutions and practices should be identified and monitored. 

A greater challenge will be the integration of these renewable energy technologies in existing 
buildings, which by far represent the largest part of the built environment. Reasonable and vi-
able solutions and options should be studied, supported and disseminated. 

For the future the forefront of LNEC work program will continue to emphasize energy effi-
ciency and indoor environmental quality aspects. The following issues are considered of high 
priority:   
− Summer cooling loads minimization through solar radiation protection strategies, and inte-

gration of thermal capacity to counterbalance the increase of lightweight construction meth-
ods; 

− Green roofs impact on solar loads; 
− Advanced day lighting and artificial lighting solutions and respective impacts; 
− Natural and hybrid ventilation, indoor comfort, outdoor noise and air pollution; 
− Double skin façades; 
− Integration of microgeneration technologies in buildings. 

4 WATER USE IN URBAN AREAS AND BUILDINGS 

LNEC activity on the efficient use of water in urban areas and buildings is centered in the Hy-
draulics and Environment Department, whose researchers participate in many different research 
and good practice dissemination projects (Almeida et al. 2006). 

The efficient use of water in buildings will continue to be a key subject in building sustain-
ability research and dissemination activities. The following areas will deserve special attention 
in the near future: 
− Characterization and qualification of fixed water appliances; 
− Feasibility and options for rainwater recovery and use; 
− Rainwater surface flow reduction through the use of good design and maintenance of green 

roofs and porous urban surfaces. 

5 BUILDING MAINTENANCE AND REHABILITATION 

Maintenance and rehabilitation issues are closely related to sustainability concerns of rational 
use of existing built resources, the preservation and identity of present and future cultural heri-
tage, energy efficiency and reduction of energy consumption, quality of life and well being of 
the users. 

Materials degradation and durability, service life, performance analysis, maintenance and re-
habilitation issues (Veiga et al. 2004) are responsible for a significant and wide spectrum of di-
versified research and dissemination activities carried out at LNEC for many years. 



These activities embrace the appraisal of the state of conservation, and the contribution to 
better maintenance and rehabilitation interventions, not only of today’s built heritage, but also 
of the recent built environment (tomorrow’s built heritage).  

Just to refer a few major LNEC research lines or collaborations within this extensive scope: 
− Diagnostic procedures and methodologies for evaluating the degradation processes and im-

proving rehabilitation interventions (Study of degradation processes of wall renders of an-
cient buildings in Portugal, ongoing PhD thesis; Development of methodologies for the as-
sessment of moisture effects in old buildings, ongoing co-financed research project; 
Characterization and conservation of traditional historical mortars from Alentejo´s religious 
buildings, ongoing co-financed research project); 

− Study of materials processes and techniques for repairing and rehabilitating existing buildings 
(Conservation of lime mortar renders. Improvement of architectural rehabilitation tech-
niques and materials, ongoing co-financed research project);  

− Building maintenance strategies and activities (Managing maintenance activities in public 
buildings, ongoing PhD thesis); 

− Integration of advanced IT in existing buildings (Housing and information society. Study on 
the integration of information and communication technologies in the existing housing stock, 
ongoing PhD thesis); 

− Development of an evaluation method (Pedro et al. 2006) of the state of conservation of 
buildings, applied in the framework of the new Portuguese urban renting law. Following the 
development of this evaluation method and its official implementation, LNEC is preparing 
training courses for future recognized auditors and is initiating the development of comple-
mentary tools for the definition of rehabilitation strategies (Evaluation method of buildings' 
state of conservation. Contributes for the method improvement and extension, ongoing PhD 
thesis). 

A good example demonstrating the accumulated experience and expertise in this field is the 
recent comprehensive Housing Rehabilitation Technical Guide (Paiva et al. 2006) produced and 
issued by LNEC on behalf of the National Housing Institute (INH). 

Thermal quality and rehabilitation of the building envelope has also deserved a special atten-
tion for many years. It is foreseen that it will have a major part to play in LNEC’s research and 
dissemination activities in the near future. Social and economical evolution (well being expecta-
tions, changing market trends) and sustainability concerns (energy efficiency, energy certifica-
tion, user dictated upgrading needs of existing building stock) will require sound basic data and 
expertise knowledge in order to enable the definition and assessment of the best economic and 
technically viable options. 

6 URBAN SUSTAINABILITY 

To achieve a more sustainable built environment, decisive changes should happen, not only at 
the building level, but also at urban scale. It is important to catalyze the public opinion momen-
tum toward alternative or more coherent strategies, based upon sustainable development princi-
ples that improve the quality of life and competitiveness of cities and urban regions. 

Taking account of this priority, an intensive research activity has been developed at LNEC in 
recent years, aiming at contributing to a broad understanding of urban sustainability. The studies 
covered some major areas within this subject: 
− Urban design: public spaces of residential areas (Coelho 1992), quality program for residen-

tial areas (Pedro 1999); 
− Environmental quality: setting up of climatic principles in urban planning (research project 

in co-operation with the Centro de Estudos Geográficos of the University of Lisbon); 
− Social aspects of the urban environment: empowerment processes regarding relational con-

flicts management (Freitas, 2001), uses and appropriation of urban space (Menezes, 2003), 
ageing and old age in the urban environment (Machado, 2005), environmental conflicts re-
lated to land occupation (Craveiro, 2006); 

− Transport, sustainable development and quality of life: transport related environmental ex-
ternalities and estimation of environmental values for use in road pricing and cost-benefit 
analysis of transport and mobility plans, policies and programmes; use of revealed and stated 



preference data collected in Lisbon and discrete choice modelling (Arsenio 2002; Arsenio et 
al. 2006); 

− Patterns of human coping with environmental extremes: public risk perception of popula-
tions at risk (Lima et al. 1991, Silva 1996), patterns of integration of low probability, high 
catastrophic risks in land-use management and governance (Silva 2006); 
Other research studies are at present under way, namely: a systematic analysis of the patterns 

of integration of risk mitigation and emergency preparedness on land-use policies and govern-
ance, aiming at conceiving a tool to support practioners in their periodical assessment of 
achievements concerning risk management (Risk management and governance, ongoing PhD 
thesis); a state of the art on urban rehabilitation and evaluation of the local technical cabinets 
experience (The activity of the local technical cabinets in urban rehabilitation. Analysis, diag-
nosis and methodological contributes to an integrated intervention in historic areas, ongoing 
PhD thesis); the development of a qualitative analysis method of urban environment sustainabil-
ity (Urban morphology and metabolism. New strategies of urban ecology to minimize collective 
costs of contemporary Portuguese city, ongoing PhD thesis); a state-of-the-art on the social 
costs of transport, including road/rail/air/cycling/other modes; sustainable mobility focusing in 
greener transport for urban areas and planning for sustainable land use and transport (ongoing 
research studies at the Transportation Department, within the scope of LNEC programmed re-
search plan). 

For the near future, LNEC considers a priority to develop studies integrating different fields 
of knowledge and to have results oriented for practical application. The following subjects 
emerge as promising: 
− Development of indicators to evaluate the urban environmental sustainability; 
− Establishment of guidelines for sustainable housing neighbourhoods design, considering en-

vironmental, social and economic perspectives; 
− Development of a procedure for more effective consideration of safety issues in the decision 

making process of urban transportation networks, especially concerning the road infrastruc-
ture maintenance and putting a special emphasis on vulnerable road users’ safety. 

7 CONSTRUCTION AND SOCIAL CHANGE 

Society is in a permanent and fast transformation stimulated by several factors among which the 
social change. Population growth, population ageing, migrations increase, social and ethnic di-
versification, new forms of family aggregation, reduction of family dimension, longer and more 
varied life cycles, segmentation of the homogeneity in ways of life, weakening of the collective 
values, are all signs of that social change. 

Social change should be understood as an expected condition of social life and a challenge to 
public policies, urban development and built environment. To understand this evolution and lay 
down guidelines for construing the built environment several studies have been carried out at 
LNEC in the following areas: 
− Equal opportunities and social cohesion: "Accessible housing" (Pedro 2002), aimed at setting 

up specifications to the design of housing for occupants with mobility strains; 
− Adequacy to different lifestyles: "Emergent housing types" (Morgado 2005) aimed at sup-

porting the development of housing models more suitable to new ways of life; "New tech-
nologies in housing" (Eloy 2005) aimed at supporting IT use in housing and residential ar-
eas; "Flexible housing" (Paiva 2002) and "Evolutive and adaptive housing” (Coelho 2003) 
aimed at studying strategies to improve the housing adaptability to different lifestyles; 

− Participation and appropriation: "Humanized housing" (Coelho 2006) aimed at making a state 
of the art on the subject and setting research priorities for the future. 

For the near future LNEC intends to develop studies on the following research subjects: 
− Housing design strategies considering specific types of occupants, in particular aged people, 

youngsters and minority ethnic groups; 
− Identification of barriers and opportunities, attitudes and behaviour changes, concerning sus-

tainable construction. 



8 CONCLUSIONS AND FUTURE RESEARCH ACTIVITIES 

LNEC contribution and activity in built environment sustainability issues presented in this paper 
may be summarized as follows:  
− Recent programmed research activity is characterized by an expressive, embracing and mul-

tidisciplinary approach covering many relevant areas. The objective interest of the results of 
this research is confirmed by their application in research studies by contract, and by LNEC 
researchers’ participation in several related technical committees at national and European 
level. 

− Several studies are either at the execution stage or planned for the near future, an evident sign 
of confidence on the continuation and increase of the LNEC commitment on sustainable 
construction issues. A broader and better integration and coordination of efforts is under way 
along with a wider and more structured policy towards the dissemination of the outcome of 
this activity. In this sense, the following actions are already planned: training courses, dis-
semination events and the organization of a national seminar centred on “standardization, 
regulations and sustainability”. 

− The focus on sustainable construction issues is a strategic option of LNEC. A special project 
called “Sustainable Buildings” has been recently initiated, intending to obtain external sup-
port, promote partnerships and attract young researchers interested in developing MSc and 
PhD theses in this field, besides other specific aims. 

− The broad and multidisciplinary character of sustainable construction requires the coordi-
nated efforts of the greatest number of the involved institutions. It is our understanding that 
this approach maximizes the potential of human and technical resources available in the na-
tional system of science and technology, leading to the progress of knowledge required by 
the construction sector.  

 
The collection and presentation of the information contained in this paper was possible 

through the collaboration of the LNEC researchers who dedicate many of their activity to the 
progress of knowledge in this field. The authors express their gratitude for such valuable col-
laboration. 
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1 GENERAL PRESENTATION 
 
An essential element of the sustained development of constructions is the promotion of effi-
ciency and the rational use of energy. As the specific heat consumption and the consumptions 
involved in the hot water preparation in Romania are rather double compared to the ones found 
in the Western countries of the European Union, it seems of outmost necessity that special pro-
grammes designed for the increase of the energetic efficiency of buildings should be developed.  

The experience of Western European countries, and especially Northern countries, that have 
carried out, after the energetic crisis they had to face in 1973, national programmes designed for 
thermal protection, stand out as real examples for the national politics regarding the implemen-
tation of thermal rehabilitation of the Romanian housing stock.  

Based on the statistic data gathered through the census survey carried out for population and 
residences in Romania in 2002, the total number of housing stock is 4,846,572 buildings that 
practically comprise 8,110,407 residences. Out of the mentioned number, 1,138,945 buildings 
that comprise 4,257,964 residences are situated in the urban areas. 97% of the residences are 
private property. Most of the residences are situated in buildings aged between 15 and 55 years, 
with a reduced level of thermal insulation and a high degree of run-out. The structure of the 
Romanian housing stock depending on the age is illustrated in Figure 1. 

The heating supply is being ensured for blocks of flats, at a rather high rate (90%), through a 
centralized system. In large Romanian cities, there have been created and extended, along the 
latest 40 years, centralized heating systems, that have as a source either thermal-electric power 
plants (urban central heating), or a local heating plant, responsible for the area, the neighbor-
hood or a group of blocks. Most of the urban heating supply is connected to sources of heating 
production that belong to the national private power plant, the rest of the systems belonging to 
the local administrations and being managed by specialized enterprises controlled by the mu-
nicipalities. 

Thermal insulation of old and new buildings in Romania 
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Politehnica University of Timisoara 

 

ABSTRACT: Once Romania has joined the European Community, environmental protection 
and energy saving have become top priority domains. European standards have become Roma-
nian reference standards and norms. The present-day housing stock in Romania was mostly built 
between 1960 and 1989, without the adoption of any efficient solutions for thermal insulation. 
The operation of buildings more than 30 years old, has led to the occurrence of certain damages, 
because of the condense phenomenon into the walls. In Romania a governmental programme is 
carried out for the thermal rehabilitation of blocks of flats built before 1989. The investment for 
the thermal rehabilitation of buildings is financed equally by the government and the owners. 
This paper presents the situation of the housing stock in Romania, the requirements regarding 
the resistance to heat flow for the elements of the building envelope as well as the latest tenden-
cies concerning the erection of durable constructions.  
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Figure 1. Status of the Romanian housing stock 

2 STRUCTURE OF THE ENERGY CONSUMPTION WITHIN THE RESIDENTIAL 
SYSTEM 
 
The weight of the energy consumption within the annual energetic balance of a medium-size 
apartment built between 1970-1985 is shown in Figure 2: 
 
  

a. Romania b. Western European countries 
Figure 2. Structure of energy consumptions for an apartment 
 

Considering the whole Romanian housing stock, the efficiency of the heat use for heating, hot 
water and cooking rises to only 43% from the total quantity of heat supplied by the sources. 
There can be noticed that the heating of the space is by far the largest final consumer of energy, 
both in Romanian and in Western European buildings. 

3 TYPES OF ENVELOPE ELEMENTS USED FOR RESIDENTIAL BUILDINGS 
BETWEEN 1960-1989  
 
The types of walls used for civil buildings until 1984 are different, therefore there are different 
thermal performances that depend on the composition of the walls. The main types of design 
used for the envelope walls of buildings built until 1984 are presented in Fig.3. A comparative 
study of the minimum resistances to heat flow required and the effective resistances to heat flow 
of the types of exterior walls used shows that the latter didn't meet the minimum requirements of 
thermal insulation. The walls show resistances to heat flow between the limits Ro=0,54...0,97 
m2K/W, that is 45...81% from Ro,nec. Table 1 shows the ratios between the effective resistances 
to heat flow and the resistances to heat flow required by the standards in force on the mentioned 
date, for each type of wall.  
 
Tabel 1 The ratios between the effective resistances to heat flow and the resistances to heat flow required 
Exterior wall type A B C D E F G 
Thermal resistance  
R0,ef [m2K/W] 

0.68 0.57 0.54 0.57 0.97 0.93 0.67 

Ratio  
R0,ef / R0,nec 

0.57 0.48 0.45 0.48 0.81 0.77 0.56 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Design details for walls used until 1984 
 
 
After 1984, the imposing of energy saving has led to a change of the design solutions for ex-

terior walls used in residential buildings. The new solutions adopted have led to the exceeding 
of the minimum resistances required for envelope elements. Fig.4 gives the design details for 
exterior walls used for residence buildings starting with 1985. 
 
 
 
 
 
 

 
 

 
 

 
 
 

 
 
 

 
 

 

Figure 4. Design details for walls after 1984 
 
Table 2 Comparative ratios between the effective and required resistances to heat flow  
Exterior wall type A B C D E F 
Thermal resistance R0,ef [m2K/W] 1.84 1.38 1.63 2.43 1.56 1.61 
Ratio R0,ef / R0,nec 1.53 1.15 1.35 2.02 1.30 1.34 
 

Table 2 shows the comparative ratios between the effective resistances to heat flow and the 
resistances to heat flow required according to the standards in force on the given date. There can 
be noticed that the principle solutions proposed for the improvement of the heat flow resistance 
exceeded the minimum resistance required, but in practice the solutions were not observed, this 
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resulting in short-comings of the envelope elements, regarding energetic and comfort perform-
ances. The thermal insulation materials used were the cellular autoclaved concrete and the min-
eral wool, with various hygro-thermal characteristics. Polystyrene was considered as an expen-
sive material at the time. 

Therefore, we can conclude that, for most of the buildings, the elements of the envelope in 
contact with the exterior do not meet the thermal and hygro-thermal requirements, and a general 
rehabilitation is needed, with consequences on the hygro-thermal comfort and the energy sav-
ing.  

4 THE EVOLUTION OF ROMANIAN STANDARDS REGARDING THERMAL 
INSULATION  
 
Along the years, the Romanian standards that concern thermo-technics have introduced different 
values for the minimum resistances to heat flow, but also additional conditions regarding the 
diffusion of moisture within the constructional elements. The codes valid until 1989 comprised 
the following requirements regarding the envelope elements: 
- the effective resistance to heat flow should be higher than the minimum resistance required de-
termined upon the climate zone that the building is being erected and interior climate parame-
ters; 

(1) 
 
Ro –Total resistance to heat flow [m2K/W]; 
Roc –Total resistance to heat flow taking into account the massiveness of the material 

[m2K/W]; 
m – massiveness coefficient in function of the thermal inertia; 
Ro nec – Minimum required resistance to heat flow [m2K/W]. 

 
- preventing the condense to occur on the interior surface of the envelope element, meaning to 
satisfy the following condition: 

 
(2) 

 
Tsi –Temperature on interior surface [°C]; 
tr – Temperature of dew point [°C]. 

 
- limiting the mass of condensed water inside the exterior envelope element, that corresponds to 
the satisfying of the following conditions:  

 
(3) 

 
(4) 

mw – Mass of water condensed during the cold period of the year; 
mv – Mass of water evaporated during the hot period of the year. 
∆Wef – Increase of water percentage condensed during the cold period of the year; 
∆Wallowed – Increase of water percentage allowed. 
 
Tables 3 shows the time variation of the requirements regarding the resistance to heat flow of 

the envelope elements of Romanian buildings. 
In the past 10 years, there have been developed in Romania a series of new standards, along 

with their specific guidelines for application. It is essential that there has been introduced a new 
concept regarding the thermal insulation of buildings, through the evaluation of the global insu-
lating coefficient of the building, respectively through energetic certification. 
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Table 3 Time variation of the requirements regarding the resistance to heat flow 
Rmin [m2K/W] R’ [m2K/W] PERIOD CODE 
Exterior  
walls 

Flat 
roof 

Floors 
over 
base-
ment 

Exterior 
walls 

Flat 
roof 

Floors 
over 
base-
ment 

1950 … 1961 - - - - - - - 
1962 … 1968 STAS 6472 – 61 0.76 0.96 0.82 - - - 
1969 … 1973 STAS 6472 – 68 0.80 1.02 0.87 0.60 - - 
1974 … 1975 STAS 6472/3 – 73 0.80 1.02 0.87 0.60 - - 
1976 … 1984 STAS 6472/3 – 75 0.80 1.02 0.87 0.60 - - 
1985 … 1987 STAS 6472/3 – 84 0.76 0.87 0.56 0.76 0.87 0.56 
 NP 15 - 84 1.20 1.55 1.08 1.20 1.55 1.08 
1988 … 1989 STAS 6472/3 – 84 0.76 0.87 0.56 0.76 0.87 0.56 
 NP 15 – 87 1.20 1.55 1.08 1.20 1.55 1.08 
1990 … 1997 STAS 6472/3 – 89 1.00 1.24 0.67 1.00 1.24 0.67 
1998 … 2000 C107/3 – 1997 - - - 1.09 1.46 1.25 
 C107/1 – 1997 - - - 1.40 3.00 1.65 

 
The Romanian law states that, until the year 2010, all buildings should be energetically certi-

fied. Based on the energetic certification, advantages will be obtained concerning the systems of 
insurance, loans, taxes etc. The graph shown in Figure 5 presents the variation of the standards 
number and design guides that refer to the requirements of energetic performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Variation of the standards number in the field of energetic efficiency in Romania 
 

4.1 Politics regarding the energetic efficiency. National programme for the rehabilitation of 
residence buildings 
 
From the analysis of the graph presented in Figure 5, there can be clearly noticed the last dec-
ade’s trend to also introduce in Romania the concept of sustainable development directly refer-
ring to the energetic efficiency of new and existing buildings. 

The Romanian Government has issued the Government Order no. 29/2000 regarding the 
thermal rehabilitation of the existing buildings and the stimulation of thermal energy saving; the 
provision sets up the legal framework for the thermal rehabilitation and modernization of all ex-
isting buildings and the installations thereof, aiming to the improvement of the conditions of 
hygiene and thermal comfort, to the decrease of the heat flow, the energetic consumptions, the 
cost of heating and hot water, and the polluting emissions generated by the production, the 
transportation and the consumption of energy. It is about the buildings situated in urban and ru-
ral areas (residences, public buildings, productions halls, etc.), where there are performed activi-
ties that require a certain degree of thermal comfort, according to the technical requirements in 
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force. Based on the legislation in force, the local administrations financially support the invest-
ments that aim to the thermal rehabilitation of the housing stock, by supporting 50% of the in-
vestment, the other half being imposed on the owner. 

The Government's programme for thermal rehabilitation of the existing housing stock also 
comprises some fiscal facilities for the owners. Thus, the ones who decide to rehabilitate their 
building shall beneficiate of an expertise, an energetic audit and projected design for thermal re-
habilitation funded by the state budget, the relief from taxation when it comes to the issuing of 
the energetic certificate of the building and of the construction permit regarding the thermal re-
habilitation works, respectively the relief from taxation regarding the residence all along the pe-
riod of reimbursement of the credit obtained for the purpose of thermal rehabilitation. 

5 EFFICIENT SOLUTIONS USED IN THE CONSTRUCTION OF THE „IULIUS MALL” 
COMMERCIAL CENTRE OF TIMISOARA 
 
After 1989, one of the most important investment in the Western part of Romania is the "Iulius 
Mall” commercial centre. The completion of the building structure was a decisive stage of the 
investment. The quality control of the building erection is a component of the quality system.  

The commercial centre is made up of several sections, each of them with an independent struc-
ture. The first development stage of the area and the building of the commercial centre consists 
in the construction of 15 blocks and one technical block. The building has a constructed area of 
73, 000 square meters distributed on 3 levels and one terrace, hosting over 200 shops. Beside 
the shops, there is a movie theatre with several halls, a supermarket, restaurants, food courts, 
bars, kids land and sports centers. 

A general view of the “Iulius Mall” Commercial Centre at the end of the construction works is 
presented in Figure 6. 
 
 

 
Figure 6. General view of the main entrance of “Iulius Mall” Centre of Timişoara 
 
 
The photos included in Figure 7 show aspects from the execution of the exterior walls. 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

a. Detail from the installation of the envelope walls 
on the Southern facade 

b. General view of the Southern facade 

Figure 7. Aspects from the execution of the exterior walls 
 

The application of the thermal protection and hydro-protection on the terrace is shown in 
Figure 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

a. Terrace hydro protection  b. Terrace thermal protection 
Figure 8. Details from the execution of the terrace hydro and thermal protection. 

 
 

The most important material used for the constructional work of Iulius Mall Center is pre-
sented in the table 4. 
 
Table 4 Materials used for the constructional work of Iulius Mall Center 
No. Material Quantity 
1. Reinforcements and structural steel > 3.000 t 
2. Concrete cast in site > 80.000 m3 
3. Mineral wool 5 cm thickness 13.847 m2 
4. Sandwich panels 6 cm thickness 13.847 m2 
5. Polystyrene 10 cm thickness 18.500 m2 
6. Windows and doors > 4.200 m2 
 
 

Based on the characteristics of the materials used and on the execution details of the „Iulius 
Mall” commercial centre, there was drafted the certificate of energetic performance of the build-
ing, presented in Figure 9.  
 
 



 

Figure 9. The certificate of energetic performance of the building 

6 CONCLUSIONS 
 
 

The reduction of heat loss through the construction elements is necessary in order to increase 
the energetic efficiency of a building. National and international programmes now in force aim 
to the thermal rehabilitation of residence buildings, as a priority measure within the sustained 
development of constructions. 

The energetic performances of residential buildings are being evaluated in Romania by au-
thorized energy experts who issue the certificates of energetic performances of a building. The 
energetic audit of a building requires, beside the energetic certification, the establishment of in-
tervention measures and execution details designed for the improvement of thermal comfort.  

The reduction of heat loss leads to the reduction of pollution and of the costs caused by the 
building maintenance.  
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1 INTRODUCTION 

In the Historical City Centres (HCC) the negative effects of the construction projects have yet 
more relevance, given that they are urban areas with very particular characteristics. As they are 
touristic locations, it’s necessary to maintain them as much as possible pleasant to live, work 
and enjoy. Furthermore, these areas frequently have significant restrictions regarding available 
space, bringing about more difficulties for the construction projects. Therefore the HCC, in view 
of their specificness, require from the intervenients of the construction sector a special attention 
in order to minimize the impacts of the construction projects.  

2 CONSTRUCTION SITES INCONVENIENCES 

The resulting inconveniences of the activities of a construction project are numerous. Regarding 
this theme, an attempt was made to order each impact by the importance given to each one in 
scientific publications, being the following the most frequently mentioned (Couto 
2002)(Teixeira & Couto 2000):  
− Production of residue 
− Mud on streets 
− Production of dust 
− Soil and water contamination and damaging of the public drainage system 
− Damaging of trees 
− Visual impact 
− Noise 
− Increase in traffic volume and occupation of public roads 
− Damaging of public space 
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ABSTRACT: In the last few years, the impact of construction industry on the environment has 
been increasingly recognized. Construction sites activities in urban areas may cause damage to 
the environment, interfering in the day to day of local residents, that frequently claim against 
dust, mud, noise, traffic delay, space reduction, materials or waste deposition in public space, 
etc. In a time that we see with pleasure improvements in construction process techniques, in ma-
terials innovation and in safety and healthy conditions, it is also necessary to take care of our 
environment. In this paper a review is made on the several inconveniences of construction im-
pacts both on the sites and on the surroundings using literature and data from a survey carried 
out to National Association of Historical Centres. The impact analysis focus in detail the noise 
and waste impact. Forms to minimize these impacts are suggested. 



3 SHORT DESCRIPTION OF THE INCONVENIENCES 
3.1 Waste production 
Like any other economic activity, construction uses natural resources and generates waste. The 
amount of waste generated by construction and demolition activity is substantial. Surveys con-
ducted in several countries found that it is as high as 20% to 30% of the total waste entering 
landfills throughout the world. Moreover, the weight of generated demolition waste is more than 
twice the weight of the generated construction waste. Other studies compared new construction 
to refurbishment, and concluded that the later accounts with more than 80% of the total amount 
of waste produced by construction activity as a whole. The building activity at historical city 
centres tends to be an important waste generator because both refurbishment projects and new 
projects often include demolition (Teixeira & Couto 2000). 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Construction waste left in Lisbon surroundings. 

3.2 Mud in streets 
Earth movements taking place in raining days often lead to the deposition of mud if tyres of lor-
ries are not cleaned when leaving the construction area. Consequences are unpleasant aspect of 
streets, increased risk of car accidents and bigger maintenance costs for public space and private 
properties. 

3.3 Dust production 
Earth movements and demolitions often encompass the production of blowing clouds of dust 
with pernicious effects in the increasing number of those suffering from breathing diseases and 
unpleasant effects in deposition surfaces. 

3.4 Contamination of land and water and damaging of the public drainage system 
Construction makes use of a set of pollutant fluids that may spoil the land and adjacent pave-
ments. Direct evacuation to the sewing system is inconvenient and should in some cases be for-
bidden because they may damage pipes and treatment plants. Paints, solvents, oils and washing 
water from construction sites are some examples of dangerous products. Pavements in historical 
city centres are sometimes of considerable value and the risk of degradation should therefore be 
avoided. Sewers are often very old and quite sensitive to possible aggressions. Repairing costs 
of such infrastructures tend to be high for several reasons and cause severe inconveniences both 
in living and visiting population. 

3.5 Damaging of trees 
The activity of construction sites may damage trees within the site and its vicinity. Trees being 
important natural elements in the urban landscape, as they beautify it, provide shades, shelter for 
birds, purify the air and retain moisture, among other things, their preservation is a must. In 
spite of their bulk, trees are delicate living beings; therefore, construction sites must be carefully 



prepared. Many times, the damage caused only becomes apparent a full year, or years after 
completion of the construction project.  

Many actions may damage and even kill trees (City of Huntsville Urban Forestry Section 
2000)(Gary 1999): soil compacting, increase in soil height, opening ditches and trenches, re-
moval of topsoil, loss or damage to the roots, damage to trunks and leaves, and more.  

3.6 Visual impact 
Fences not preserved with bad graffiti or deteriorated placards contributes for environment deg-
radation and may constitute a form of visual aggression. 

3.7 Noise 
Noise produced by a construction site may affect the right to silence, comfort and health of resi-
dent and visiting population and may influence normal activity of near by schools, hospitals and 
other economic activity. Main sources of noise in a construction site are pneumatic hammers, 
compressors, concrete mixers, operating machinery, several types of horns and acoustic signals, 
communication among workers, etc.  

3.8 Increasing car traffic and reduction of parking spaces 
Traffic of vehicles and machinery from the site or related to the site may introduce a significant 
increase in local traffic. Moreover, this type of traffic and typical narrow streets of historical 
city centres are often difficult to conciliate. Parking spaces usually available are often reduced 
due to the increase of demand of workers and suppliers. 

3.9 Public spaces damaging 
A análise dos impactos incluiu ainda a danificação do espaço público, uma vez que pode ser 
seriamente afectado caso não sejam tomadas precauções. Os danos mais frequentes são a 
danificação dos pavimentos, das zonas ajardinadas, dos lancis e grelhas dos sumidouros, e a 
acumulação de restos de argamassas e tintas nos pavimentos.  

4 NOISE IMPACT  
4.1 National inquiry results 
The national inquiry carried out to the Portuguese association of cities with historic centers 
(Couto 2002), which 50% of the members answered had the following results regarding the 
most habitual prevention attitude for noise impact imposed by municipal authorities: 
 

 
Table 1. Habitual prevention to the noise impact.  

Habitual prevention attitude - noise Answers (%) 
Generally Compulsive Prevention – in the licensing of the con-
struction project accordingly to municipal norms/regulations 6 
Punctually Demandable Prevention – in the licensing of the con-
struction project, in some circumstances 20 
Eventually Demandable Prevention – during work execution due 
to the claims from affected citizens 47 
Without Prevention – for considering the annoyance regarding 
the execution of the construction project 27 

4.2 Measures to mitigate the noise impact 

Generally speaking, all relevant emissions of noise should be object of reflection. At least, regu-
lations should be accomplished, but in a historical city centre further criteria should be taken 



into account. Some examples are given below (Teixeira & Couto 2000)(Pinto 1997)(Worker’s 
Compensation Board of BC 2000):  
 
Construction plane: 
− Obtain probable values for noise emission from the equipment to be used before com-

mencement of works. This is a valuable aid to the choice of equipment  
− Planning the choice of site or sites where the loudest equipment is to be placed; plant such as 

generators, compressors, etc., so as to cause the least possible inconvenience 
− Preparing personnel so as to avoid inadequate use of plant and equipment, namely, running 

full power when the work does not necessitate it 
− Careful planning of construction activities. It helps avoid loud verbal exchanges between the 

intervening parties 
− Organizing the construction site so plant, equipment and vehicles can do a u-turn, rather than 

back out - which avoids the call sign for gears in reverse 
 
Construction equipment:  
− Internal combustion engines should preferably be substituted by electric devices 
− High power equipment should be limited, so that main construction components may be      

manufactured outside and adjusted in place, thus requiring smaller electric tools 
− Whenever possible emissions should be reduced through noise isolation materials 
− Ready mix concrete should be preferred, otherwise concrete, mixers should be electrical 
− Cranes should be substituted by electric lifts if possible  
− Adjustment nuts should be preferred to wing nuts so that hammer shocks can be avoided 

when operating concrete shuttering 
− Perform maintenance on machines so they do not output as much noise 
 
Operation procedures: 
− Walkie-talkies should be preferred to screaming at communicating with the crane operator 
− Operation time for a noisy equipment should be minimised, especially if it can be replaced 

by an alternative less noisy construction process (e.g. the use of pneumatic hammer for cut-
ting concrete can be reduced if shuttering is carefully levelled, boles are precisely located 
and irregular shapes are cut soon after dismoulding)  

− Duplicate noisy equipment is there is space available (more noisy but less time of emission) 
− Preview enough roam for machinery to turn back if rearward movement can be avoided (and 

also rear horn)  
− Instruct workers to avoid the use of machinery in full power if it is not required 

5 WASTE PRODUCTION IMPACT  
5.1 National inquiry results 
The national inquiry previously mentioned had the following results regarding the most habitual 
prevention attitude for the waste impact imposed by municipal rules: 
 

 
Table 2. Habitual prevention to waste production impact.  

Habitual prevention attitude - waste Answers (%) 
Generally Compulsive Prevention – in the licensing of the con-
struction project accordingly to municipal norms/regulations 54 
Punctually Demandable Prevention – in the licensing of the con-
struction project, in some circumstances 29 
Eventually Demandable Prevention – during work execution due to 
the claims from affected citizens 14 
Without Prevention – for considering the annoyance regarding the 
execution of the construction project 3 

 



5.2 Measures to mitigate the waste production 
Construction waste is also an important topic to analyse despite the lower volume generated in 
comparison with demolition waste, because it is more difficult to recycle due to high levels of 
contamination, a large degree of heterogeneity and a considerable amount of chemicals. But it is 
produced in small quantities of a variety of construction materials during the project develop-
ment and may be selected at the source prior to the recycling process. Additionally, an effort 
should be made in order to reduce their production on site and to increase their recycling value. 
The following actions may contribute for this purpose (Couto 2002) (Teixeira & Couto 2000) 
(EnviroSense 1996) (CIRIA 1997):  
 
Construction planning: 
− Co-ordination between designers and construction companies should be attended in the defi-

nition of materials and construction products  
− Promote adequate communication among owners, project designers and contractors. Lack of 

communication is often the cause of partial demolition and removal of applied material, con-
tributing towards needless output of debris 

− Keeping the workers and concerned parties up to date, whether on the steps taken to mini-
mize debris or the importance of such steps, as it is easier to take action when one knows the 
motives for it 

− Before commencement of construction works, assess needed materials and make an effort to 
locate and acquire used materials beforehand, whenever possible 

− Arrival of materials and products should be planned, according to available place on site and 
to production flow, to avoid excessive stocks and possible deterioration of goods and packs 

− Stockpiles of sand, gravel, soil and other similar material should be located so that they do 
not spill and cannot be washed onto the adjacent street 

− Accident spills of those materials should be removed prior to the completion of the day's 
work 

− Quality control should reject defective materials at the time of delivery thus avoiding later 
disposal 

− Materials should be delivered packed on site so that cracking can be reduced during trans-
portation and on handling operations on site 

− Packing conditions should be discussed with suppliers in order to reduce the number of 
packs and the amount of packaging materials, especially those not possible to reuse or diffi-
cult to have recycling waste 

− Orders to suppliers of materials should respect sizing needs so that size adjustments can be 
avoided during construction 

− Select products that output the least possible amount of residue or, at least, less toxic residue. 
A good example would be oil-based paint, which contain organic solvents that may render 
paint residue more dangerous. Water-based paint (latex) is safer to users and easier to handle. 
One should also try to use paints without metallic pigments, as these may also make the resi-
due dangerous 

− Store vegetable soil on piles no higher than 2 meters, and handle it as little as possible, as 
this may damage its structure 

− Cut down as few trees and bushes as possible when cleaning out terrain to implant a con-
struction site. Trees, trunks, branches and other vegetable matter, are solid residue that must 
be conveniently handled, at considerable cost 

− Label packages of material as it comes in, and record the date for the reception of materials 
that deteriorate easily, so that the first to come in are employed first 

 
Construction processes: 
− Re-usable shuttering materials with eventual wreck value should be preferred even if invest-

ment costs are higher 
− Cutting concrete due to lack of precision in design implementation shuttering and placement 

of holes should be avoided because it produces waste besides it is time consuming and in-
volves noisy operations 



− Protect materials from deterioration. Store them in sheltered areas if they are subject to deg-
radation by rain or sunshine. Materials that can be degraded by mud or dust must be stored 
away from heavy traffic areas 

− Waste selection (Couto 2002). Residue must be stored in segregated containers, according to 
the material origin; wood, metal, packages, aggregates, etc. Storing residue inconveniently 
has costs – the storage of dangerous residue is much more expensive than that of harmless 
materials – and may make the construction site unsafe. Piles of waste scattered throughout 
the site make accidents more likely; storing residue correctly not only bolsters reuse and re-
cycling as it contributes towards health and hygiene at the site. Waste selection involves 
roam enough on site to dispose containers and allow for the operation of trucks and cranes 
and skill workers to the selection procedure, but these conditions are often difficult to 
achieve, especially in historical City Centres. Some private companies already operate in the 
area of waste selection and possible re-use of materials in the construction industry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Container by type of waste.  
 
− Each container must clearly indicate what kind of waste it is meant for 
− Value segregation of both large and small amounts of waste that have economic value, such 

as copper cables 
− Storing in safe areas using adequately labeled containers for chemicals and oils 
− Avoiding the mixing of unsafe waste, such as oil filters, batteries, paints and solvents, with 

harmless residue, as that would make the resulting mix a dangerous residue. Segregation of 
waste must maximize the potential for reuse and recycling 

− To effect selective demolition 

6 CONCLUSIONS 

Lastly some legislation came into force either about noise and waste. However, presently, few 
measures have been carried out to improve the relationship among construction site activities 
the environment and citizens. Maybe due to the mobility of construction activity is difficult to 
make the construction companies – specially the smallest – to observe the law. There are some 
good examples but they are still insufficient. These suggestions pretend to make evident that 
some actions that are easily done can make the construction site environmentally efficient. 

7 REFERENCES 

Couto, Armanda 2002. Environmental impact of construction sites in historic cities centres, Unpublished 
MSc dissertation, University of Minho. 

City of Huntsville Urban Forestry Section. 2000. Managing Trees on Construction Sites. 
     [http://www.ci.huntsville.al.us/Landscape/Trees/UFSubpageConstruction.htm]. 
Construction Industry Research and Information Association (CIRIA) 1997. Waste minimisation in con-

struction – SITE GUIDE. Special Publication 133. 



EnviroSense, Delawere Department of Natural Resouces and Environmental Control. 1996. A Pollution 
Prevention Guide for Building Construction and Demolition. 

    [http://es.epa.gov/program/regional/state/delaware/del-cnst.html]. 
Gary, Johnson R. 1999. Protecting Trees from Construction Damage: A Homeowner’s Guide. University 

of Minnesota – Extension service. 
    [http://www.extension.umn.edu/distribution/housingandclothing/DK6135.html]. 
Pinto, António C. 1997. Estaleiros e o Ambiente. Internal Report. MSc in Municipal Engineering, Uni-

versity of Minho. 
Teixeira, José & Couto, Armanda 2002. Building Refurbishment in Historical City Centres. In XXX IAHS 

World Congress on Housing. Housing Construction – An Interdisciplinary Task’, 19-13 September, 
University of Coimbra, Coimbra, Vol. II, pp 223-229. 

Teixeira, José & Couto, Armanda 2000. Construction Sites and Environment in Historic Portuguese Cit-
ies, In CIB Symposium on Construction and Environment Theory into Practice, 23-24 November, S. 
Paulo, Brazil. 

Worker’s Compensation Board of BC (Canada). 2000. Engineering Section Report. Construction Noise. 
[http://www.nonoise.org/resouce/construc/bc.htm]. 

 



How to attract consumers and real estate agents to sustainable 
housing 

A. van Hal McS. PhD 
Faculty of Architecture, Delft University of Technology, the Netherlands 

ABSTRACT: The diffusion of environmental innovations in housing can only progress when 
the demand for sustainable housing increases. For this reason several initiatives have been taken 
in the Netherlands to get consumers and real estate agents (more) enthusiastic about sustainable 
housing. The results of four of these initiatives will be analyzed in this paper: the consumer 
magazine ‘Pure Living’, ‘open doors’ events,  a course about sustainable housing for consumers 
and a course about sustainable housing for real estate agents. Despite the differences between 
these four initiatives three general conclusions can be drawn:  the information should be care-
fully geared to the needs of the target group – the source of information should be unimpeach-
able – experience is more convincing than text or talks. The analysis also resulted in practical 
suggestions to improve the effectiveness of these or comparable future initiatives.  

1 INTRODUCTION 

Several initiatives have been taken in the Netherlands to get consumers and real estate agents 
(more) enthusiastic about sustainable housing. Four of these initiatives will be analyzed in this 
paper. The first initiative of which the results will be described is the ‘glossy’ about sustainable 
living: Pure Living (Puur Wonen). This magazine was on the market from 2003 till 2005. The 
second one is the open-door-event The Pure Living Relay. This event was related with the 
magazine and took place in 2004 in the province Noord-Brabant and in 2005 in the province 
Flevoland. Despite the discontinuation of the magazine the event will be organized again in 
2007. This time in the province Drenthe. The name of this event will be different but the content 
will be comparable. The third initiative are workshops for consumers about sustainable housing. 
The workshops were held on location; a beautiful self-build-house which has been attractively 
described in a popular life-style-magazine. Several workshops were organized during the period 
from summer 2005 till autumn 2006. The fourth initiative was taken by the Dutch Association 
of Real Estate Agents and real estate experts NVM (Nederlandse Vereniging van Makelaars in 
onroerende goederen en vastgoeddeskundigen NVM). This organisation asked two specialists to 
organise a course about sustainable housing for real estate agents. This course is organized 
twice a year since 2005. 

 
 

2 MAGAZINE PURE LIVING 

2.1 description of the initiative 
 
The magazine Pure Living was inspired by the American magazine Natural Home and some 
Dutch glossy living magazines. Focus group were the readers of the Dutch glossy living maga-
zines. The idea was to tempt them into choosing sustainable building and living products by 
showing them the beauty and other qualities of these products. Showing the interiors of beauti-



ful houses and describing the experiences of the inhabitants with sustainable products was the 
main goal of the magazine, together with providing practical information about shops, providers 
and information centers. The magazine started as a special of the professional building maga-
zine Pure Building (Puur Bouwen). Because of the enthusiastic reactions on this originally once-
only magazine more editions followed. The fact that the publisher was focused on the profes-
sional market resulted in the decision to stop the publication of the magazine after three years. 
 
2.2 conclusions based on the experiences 
 
The response on the magazine forms an indication for the conclusion that a glossy magazine 
with many interior reports, not especially focussed on sustainable topics but on overall quality, 
is a very effective way to attract people to sustainable housing. The magazine appeared to be at-
tractive for people interested in housing in general. This means that in theory many people can 
be reached with a magazine like this. However, the fact that the publisher of Pure Living spe-
cialised in professional magazines and not in consumer magazines made it in practice impossi-
ble to reach all potential readers. In the busy magazine market and without a marketing budget, 
other magazines that can be linked or a clever free publicity campaign it is almost impossible to 
attract attention.  
It would be much more effective and less expensive if regular, already popular magazines 
would pay attention to sustainable houses and products in a positive way. This conclusion is 
based on two other experiences. A report about sustainable housing in the Dutch popular mind 
style magazine Happinez resulted in a much bigger response than the response on all Pure Liv-
ing magazines together. The other experience; an article about a Dutch supplier of mud-stucco 
in the most popular Dutch morning newspaper resulted in more orders for this product than all 
advertisements together in magazines focussed on sustainability.  
Conclusion: People got tempted into choosing sustainable building and living products by 
showing them the beauty and other qualities of these products in attractive reports in magazines 
and newspapers. However; instead of starting a new magazine to produce reports like this it is 
more effective to focus on publishers and editors of already existing popular magazines and 
newspapers. By tempting them into the production of reports about attractive sustainable houses 
and the experiences of the people living within these houses, the market demand for sustainable 
housing- and building products will increase much faster en more cost effective than by starting 
a new magazine.   
 
 
3 OPEN-DOOR-EVENT THE PURE LIVING RELAY 

3.1 description of the initiative 
 
The open-door-event The Pure Living Relay was an initiative of the magazine Pure Living. The 
idea behind the initiative is that during one day people living in sustainable houses in a specific 
region open their doors for everyone who is interested. Visiting people can also get more de-
tailed information about the products they see and experience in the houses. In 2005 the Pure 
Living Relay was organized in the south of the Netherlands, in the province of Noord-Brabant. 
Thirty houses opened their doors. There was a very well organized information market with 
many suppliers presenting themselves. A small book with descriptions of all the houses was for 
sale. In 2006 the Pure Living Relay was organized in the newest province of the country: Flevo-
land. During this day 21 houses opened their doors. This time the information market was much 
smaller and instead of a book the houses were described in a free brochure. In 2007 more than 
35 houses will open their doors in the province of Drenthe. In Drenthe there won’t be an infor-
mation market. Information on paper will be available in the houses. All houses will be de-
scribed in a free brochure. Afterwards a book will be published with reports about the most at-
tractive sustainable houses in the province.  
 
 
 
 



3.2 conclusions based on the experiences 
 
The events in Noord-Brabant and Flevoland demonstrated the attractiveness of ‘looking-inside’. 
Experiencing is much more convincing than reading or hearing about the subject. Especially 
houses with a special architecture attracted people. Visitors and owners of these houses were  
very enthusiastic about the event. Also owners of ‘regular’ houses, houses without visible fea-
tures but with heat pumps or extra insulation, which were situated close to these special houses 
were enthusiastic. Owners from ‘regular’ houses not close to special houses were less enthusias-
tic. Only a few people visited these houses. Also owners of houses not in the neighbourhood of 
other participants were disappointed because of the small amount of visitors. It seemed that 
people try to visit a few houses in a short amount of time with a special house central in their 
route. The conclusion is that houses should be clustered. 
A very positive side effect of the The Pure Living Relay is the amount of publicity about sus-
tainable housing. Regional newspapers, magazines, tv- and radio stations but also national press 
used the event as immediate cause to inform their audience about sustainable housing.  
A big disadvantage of the Pure Living Relay is the amount of time it takes to organize it. Espe-
cially the information market in Noord-Brabant was very time consuming considered the 
amount of people that visited the market. It seemed that people prefer to spend their limited 
amount of time in houses instead of on the market. Also the much smaller information market in 
Flevoland needed too much effort compared to the amount of visitors. As a result there will not 
be an information market during the event in Drenthe. Visitors can gather information on paper 
in the houses. 
Even though many people received information about the Pure Living Relay less people than 
expected (between 300 and 400 persons) visited the event. It turned out to be difficult to moti-
vate people to visit an event they haven’t heard about before. For that reason the province of 
Drenthe chose for a combination with the yearly Day of Architecture which every year attracts 
many people. People are mostly interested in housing and interiors when they have plans to 
renovate, redecorate or buy a house. Another conclusion of the events is for that reason that us-
ing do-it-your-self and furniture shops and real estate agents to attract people can be very effec-
tive. 
 
 
4 WORKSHOPS FOR CONSUMERS 

4.1 description of the initiative 
 
The Dutch popular mind style magazine Happinez published an article about the self build sus-
tainable house of a family. The house and the nearby building offered a great opportunity to re-
ceive a small audience and the home owners were very experienced in talking to public. These 
circumstances resulted in the idea to offer the readers of the magazine a workshop about sus-
tainable housing combined with a guided tour through the house. The response on this call was 
large. Several workshops with around 30 people each time were organised in this private house. 
The workshop started with a lecture of a specialist about the possibilities to build or renovate a 
house in a sustainable way. After a break the family told about their own experiences and 
guided the guests through the house. The workshop ended with personal advice for guests who 
wanted to make their own house more sustainable or people who wanted to build a sustainable 
house. 
 
4.2 conclusions based on the experiences 
 
The workshops were very successful and inspiring. Again mostly because of the possibility to 
experience sustainable elements. At the same time it created the opportunity to meet very inter-
esting people with different backgrounds. The fact that all participants were readers of the same 
mind style magazine made it easy to communicate in an appealing manner for the whole audi-
ence. The target group was very clearly defined. The amount of time needed to organise these 
workshops was minimal. The disadvantage of this approach is the small output, only thirty per-
sons each time were reached. More effective would be a combined event with a lecture for a 



much bigger group and an information market or other activities combined with a visit to one or 
more  private houses. At the other hand; this is much more time consuming for the organisation. 
 
5 COURSE FOR REAL ESTATE AGENTS 

5.1 description of the initiative 
 
The Dutch Association of Real Estate Agents and real estate experts NVM (Nederlandse Vere-
niging van Makelaars in onroerende goederen en vastgoeddeskundigen NVM) asked two spe-
cialists to organise a course about sustainable housing for real estate agents. Goal of the course 
was to inform the real estate agents about new regulations and developments, about the techni-
cal aspects of sustainable houses and about the possibilities to use the sustainable features as a 
basis for profit. Each real estate agent of the NVM is obliged to gather a certain amount of edu-
cational points each year. With this course the real estate agents could gain ‘points’. The course 
included a day with lectures and an afternoon in which the real estate agents could experience 
sustainable houses or sustainable housing products in practice. 
 
5.2 conclusions based on the experiences 
 
The course offers a rare possibility to inform the often extremely sceptical target group of real 
estate agents. For many of the students the educational points were the main reason to attend. 
Besides a few exceptions the overall level of knowledge about sustainability was low. The main 
fear of real estate agents seemed to be possible claims from clients about inaccurate informa-
tion. It is safe for the real estate agent not to know anything about sustainable elements of the 
house. If they have the knowledge it has to be knowledge that goes into detail. This dilemma 
made the course very complicated. Sustainable housing is a discipline that can’t be communi-
cated in every detail in one day. However; this is what the real estate agents expected. A possi-
ble solution for this dilemma is more detailed information on paper; fact sheets about technical 
solutions that the real estate agents can offer their clients. The source of this information should 
be named on the fact sheet. In that case real estate agents can reject claims about inaccurate in-
formation and the course can be used to inform them in a more global way about this discipline. 
To improve the motivation of the student the course should better be combined with a regional 
actuality in this field. In the province of Drenthe for example, the course will be combined with 
the open-door-event. Another improvement of the course has been limiting the oral presentation 
to day 1 and using day 2 for experiencing sustainable housing in a demonstration centre. Fortu-
nately, several real estate agents were triggered by the several sustainable innovations that were 
exposed.  

 
 

6 CONCLUSIONS 

Based on the experiences with these four initiatives three overall conclusions can be drawn and 
several detailed conclusions.  
 
The overall conclusions are: 

- the information should be carefully geared to the needs of the target group  
- the source of information should be unimpeachable  
- experience is more convincing than text or talks. 

 
The sub conclusions are: 

- Focus on the existing press and try to tempt them into publishing about sustainable 
housing. This is much more effective (and cheaper) than starting a new magazine. 

- Open-door-events are efficient because of the combination with publicity and experi-
ence. Small events like these are efficient too and less time consuming. It is very impor-
tant that  the ‘open houses’ are situated close to each other. 



- Combine small open-door-events with general information, oral and on paper and pro-
vide the possibility for visitors to gather the personal information they are looking for 
(consults for example). 

- Getting educational points is the biggest trigger for most real estate agents to follow a 
course about sustainable housing. 

- Combine events like the-open-door-event with a course for real estate agents to involve 
this ‘hard-to-get’ group.  

- Use do-it-your-self and furniture shops and real estate agent offices for spreading in-
formation because these are the places where the target group can be found. 

- Make fact sheets about technical solutions that real estate agents can offer their clients. 
The source of this information should be stated on the fact sheet. 



1 INTRODUCTION 

Several environmental impacts are related to construction activities. The major impact stems 
from its consumption of materials, many of which are non-renewable. It is estimated that build-
ings account for about 40% of the materials entering the world’s economy each year and for 
25% of the world’s usage of wood (Kein et al, 1999). In addition, site construction produces 
many atmospheric pollutants, and negligence on construction sites may result in the spillage of 
substances which are washed away into the water reservoirs. Large volumes of waste result 
from the production, transportation and use of construction materials and products. Significant 
amounts of energy are consumed during manufacture of construction products. Emissions to air 
are created during the transport of these products from the factory to the construction site.  

Increasing environmental awareness exhibited over the past two decades in general has there-
fore reflected also in the field of construction; it has been recognized that construction activities 
have a large adverse impact upon the environment. This impact may be even more profound 
considering the fact that the construction site is a temporary production facility, predominantly 
exposed to outdoor conditions, with a large number of personnel belonging to different compa-
nies and organizations. Production processes take place in a less controlled and a more vulner-
able environment when compared to the industrial production, therefore the risk of considerable 
environmental damage is increased. 

It is clear that if the principles of sustainable development are to be implemented in construc-
tion on a company scale, general contracting companies need to use a systematic approach to 
environmental management. This can be carried out by establishing an organization’s formal 
structure that implements environmental management - an environmental management system 
(EMS).  

Promoting the environmental management systems into 
construction industry: the first step 

J. Šelih  
Department of Civil and Geodetic Engineering, University of Ljubljana,  Ljubljana, Slovenia 

 

ABSTRACT: Construction projects and activities are associated with large environmental im-
pacts in different areas. Principles of sustainable development should therefore be followed dur-
ing construction just like in other industrial sectors. At the organization’s level, one of the ways 
of achieving this goal is implementation of an environmental management system (EMS). The 
purpose of the paper is to present current environmental management trends in construction 
companies, which can be used as a baseline for establishing a policy to promote EMSs in con-
struction sector. Benefits and obstacles associated with ISO 14001-compliant EMS implementa-
tion are discussed. Results of a survey related to environmental and quality management sys-
tems (QMS) in construction companies in Slovenia are presented. They show that the majority 
of responding construction companies has implemented QMS, and a large proportion of the re-
spondents have also established an EMS. The major obstacles to the EMS implementation, as 
perceived by the respondents, are the associated high costs, and excessive documentation ac-
companying the EM. A successful policy promoting the EMS implementation in construction 
has to be targeted to the contracting companies as well as to the clients. 
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An EMS involves the formal system and database, which integrates procedures and processes 
for the training of personnel, monitoring, summarizing, and reporting of specialized environ-
mental performance information to internal and external stakeholders of the company. The 
documentation of this environmental information is primarily focussed on design, pollution con-
trol and waste minimization, training, reporting to top management, and setting of goals (Mel-
nyk et al, 2003). The system may follow specifications of an existing standard, e.g. ISO 14001 
(2004). 

1.1 Standard ISO 14001 certification in Europe 
Adoption of the ISO 14001 is voluntary, and companies choose to become certified against the 
standard. Despite the voluntary nature of the certificate, an increasing number of companies 
worldwide initiating the implementation and certification process can be observed. The actual 
number of certified companies depends on several factors, such as the magnitude of environ-
mental degradation, general environmental awareness, environmental regulations and govern-
mental incentives in a particular country or industrial sector. 

Change of the number of companies holding an ISO 14001 certificate with time in selected 
European countries is presented in Figure 1 for the time period from 1997 to 2005. It can be 
seen that the highest number of certificates was awarded to Swedish companies. Furthermore, 
the data for 2005 shows that the number of organizations holding the ISO 14001 certificate in 
Slovenia, 212 companies / 1000000 inhabitants, is comparable to the corresponding numbers in 
countries like Spain (200 companies / 1000000 inhabitants), Finland (175,8 companies / 
1000000 inhabitants) or Czech republic. Figure 1 also shows that the number of awarded certifi-
cates increases significantly with time for all countries presented. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Number of companies holding the ISO 14001 certificate per million inhabitants for selected EU 
countries in years 1997, 2001 and 2005 (The ISO Survey, 2003; ISO survey, 2006) 

1.2 Problem statement and research objectives 
Throughout the world, construction sector is highly fragmented, diverse and consists of a large 
proportion of small and medium enterprises (SMEs). Various participants are encountered in a 
construction project: the client as the key stakeholder initiating the project, the designer, con-



tracting and subcontracting companies, and various suppliers and consultants. The construction 
sector consists therefore of business entities of various sizes and trades.  

In the EU countries, the contribution of the construction sector to the GDP ranges between 6 
and 12%, therefore it can not be neglected in any national economy. Although the general trend 
shows that number of companies holding the ISO 14001 certificate is increasing, construction 
sector lags behind this trend in most countries. It is therefore clear that governments should have 
a clear policy as well as the strategy to promote the implementation of ISO 14001 compliant 
EMSs in individual construction companies.  

Worldwide, projects promoting the EMS implementation in the industry are being initiated 
by governmental agencies and NGO’s. To ensure the success of such projects, the initial envi-
ronmental awareness level, the main drivers and barriers related to the EMS implementation 
have to be identified prior to project start. Furthermore, the outreach should be tailored to the 
business sector and cannot be generalized. 

A successful policy targeted specifically at construction sector can therefore be established 
only if the current situation and general trends regarding the existing number of the ISO 14001 
certificates and perceived drivers and barriers for the EMS implementation are identified. 

The purpose of this paper is therefore to make the first step in establishing the Slovenian pol-
icy to promote ISO 14001 complying EMSs in construction sector. This means that as a starting 
point, an overview of the environmental management trends in Slovenian construction industry 
has to be established. This overview will serve as a baseline for subsequent policy recommenda-
tions. Slovenian construction industry can be considered representative of the construction in-
dustry of the new EU states which means that the established policy could be used in these 
countries as well. 

1.3 Methodology 
The overview of the Slovenian construction sector has been be carried out by a questionnaire-
based survey. In order to obtain the data, a questionnaire consisting of 24 questions was sent to 
56 Slovenian construction and engineering companies. The addresses were selected from the 
membership list of the Slovenian Chamber of Commerce – Construction Department. A total of 
28 questionnaires were returned. One questionnaire was returned empty, with the explanation 
the company was going through bankruptcy, and one was filled out only partially. Three com-
panies chose not to answer one question, notwithstanding, their questionnaires were assumed to 
be complete. In summary, 26 questionnaires were duly completed and returned, which gives a 
return rate of 47 %. 

The questionnaire was divided into three main sections:  
- general data 
- quality management and 
- environmental management issues. 

The research that has already been carried out in this field worldwide served as a starting 
point for the formulation of the questionnaire and is therefore briefly summarized in the next 
section. 

2 LITERATURE SURVEY  

There are two areas of uncertainty that seem to be the major obstacles to the widespread adop-
tion of EMSs by manufacturing companies. The first stems from the ambiguity of the relation-
ship between pollution reduction and profitability. The second arises from the lack of reliable 
information about the differences in tangible benefits derived from certified EMSs versus those 
from an informal or less rigorous set of environmentally focused activities (Melnyk et al, 2003). 
For a long time, the erroneous view has prevailed that pursuing environmental goals was op-
posed to a sound business strategy. This view, however, eventually started to change and studies 
have shown that the improved performance measured by reduction of costs, improved quality, 
reduction of waste and increased lead times has been registered after the company has intro-
duced a formal EMS (Melnyk et al, 2003). 



Several researchers (e.g. Pun, 2001; Zeng et al, 2003) have focused their work to construc-
tion, pointing out the specific features of the sector. Case studies and surveys have been perfo-
med, and the following barriers to EMS implementation were identified (Christini et al,2004; 
(Tse 2001; (Ofori et al, 2000): 

Client’s role: the role of the client in the construction project needs to be recognized as a cru-
cial factor that influences also the site and organization management systems. 

Subcontracting system: typically, several subcontracting companies participate in a construc-
tion project. This creates an additional difficulty in the QMS and EMS implementation of the 
main contractor, as several organizations (which are often small companies) work simultane-
ously on one site. 

Separate design and build: compared to industrial production, traditional separation of the de-
sign and build process is a unique feature of a construction project which creates a special chal-
lenge for the contractor. This feature is eliminated only when “design-build” method is chosen 
as the project delivery method (Ling et al, 2004). When traditional delivery methods are used, 
the contractor has no influence upon the design, including the choice of materials and compo-
nents, which may restrict the potential of his EMS. 

Lack of environmentally sound materials and technologies: often, the contractor is not able to 
properly identify and reduce his environmental impacts, as the available data regarding materi-
als and technologies is insufficient to establish level of environmental soundness. 

Lack of worker support: the educational level of a large number of workers taking part in a 
construction project is typically low, therefore they may not recognize the importance of the en-
vironmental problems, nor be willing to participate in the actions required by the environmental 
management, as it takes their additional efforts. 

Magnitude of costs related to EMS implementation: implementation of an EMS, similarly to 
the implementation of a QMS, costs money. This expense may be viewed as unnecessary if 
general environmental culture in a certain sector / country is low, and there is no incentive from 
the government. This leads us to explicitly express as possible obstacles also 

weak environmental culture among competitors and    
lack of governmental pressure. 
EMS standards unsuitable for construction: this is again an obstacle specific for construction 

industry. Contractors may perceive general EMS standards as unpractical for use in construction 
due to its special features. 

Extensive documentation: a construction project is a fairly complex as well as dynamic proc-
ess, therefore any additional documentation required neither by the regulations nor by the con-
tract may be viewed as unnecessary, and perceived as an obstacle to the implementation of the 
EMS. 

No competitor starts first: construction industry is highly competitive, and any additional cost 
generated within the company without visible financial gain, such as the cost of establishing the 
EMS, may be viewed as a factor of reducing the profit margin or the chance of winning the pro-
ject. 

 
 

Table 1. Number of employees of the participating companies.  _________________________________________________ 
Number of employees    % _________________________________________________ 
0-50          12 
50-200         49 
200-500         31 
500-1000              0 
> 1000               8 _________________________________________________ 
TOTAL                         100 _________________________________________________ 

 
 



3 RESULTS AND DISCUSSION 

3.1 Company profile and size 
76% of the responding companies are predominantly general contractors; 12% state that their 
predominant activity is construction products manufacturing, and 6% are engineering compa-
nies. A quarter of respondents states that their only business activity is construction. 

The number of employees in participating companies is presented in Table 1. The largest pro-
portion of the participating companies employ between 50 and 200 persons, and 12% have less 
than 50 employees.  

3.2 Quality management 
Quality management and QMS are important for the environmental management from the point 
of view that it is much easier to implement an EMS if there is already an existing QMS, espe-
cially if they are both standardized according to the ISO 9000 and 14000 series, respectively  
(Griffith, 2000).  

The obtained answers show that 88% of the respondents have an ISO 9001 certified QMS. 
Only one responding company has a non-standardized QMS, and 8% of the respondents do not 
have a QMS. Most of the companies (65%) had their own QMS before implementing the ISO 
9001 standard, and they could keep a major part of that system when the ISO 9001 was intro-
duced into the organization. Out of the companies holding the ISO 9001 certificate, 65% claim 
that the number of won contracts increased after obtaining the certificate.  

Motivation for the implementation of a QMS was also analysed. Responding companies were 
given the list of three possible driving forces: 

- to meet the demands set by the client, 
- to improve the transparency of the work processes, or 
- to reduce costs. 

They also had the opportunity to add their own driving forces for QMS implementation, and 
they were asked to rank the listed drivers from the most to the least important. The driving force 
listed as the most important scored 1.5 points, the second most and least important driving force 
scored 1.0 and 0.5 points, respectively. 9 out of the 23 respondents did not rank the drivers but 
only marked the selection of 3 optional answers. These answers were scored by 1 point. 6 re-
spondents added other drivers, such as quality assurance, number of claims reduction, im-
provement of processes’ quality, competitive advantage, re-organization of business processes 
and market appearance. The points of all answers were summed together. The results show that  
the most important driver for the implementation of the QMS is the improved transparency of 
work processes, followed closely by meeting the client demands. Cost reduction ranks third. 

The last question of the section examines the attitude of the clients towards quality manage-
ment. 36% respondents are usually, and 52% companies are sometimes faced by the require-
ment of holding an ISO 9001 certificate from the client. Only 12% of the respondents claim 
their clients do not require an established QMS. 

3.3 Environmental management 
The last section of the questionnaire consisted of questions related to the environmental man-
agement; 77% of the respondents (i.e. 20 companies) have an established environmental policy. 
This number is not much lower than the rate of companies having a quality policy (96%) and 
shows a fairly high environmental awareness in the Slovenian construction industry. Only re-
spondents with an environmental policy were asked to answer the subsequent questions. 

One of the goals of the survey was to determine the environmental issues the respondents are 
focusing on. The respondents were asked to rank the following issues: 

- energy savings, 
- recycling of materials, 
- waste control, 
- noise reduction, 



- air/water pollution reduction. 
These issues should be ranked according to one receiving most (rank 1) to least attention 

(rank 5). Rank 1 scored 1,5 points, and ranks 2, 3, 4, and 5 scored 1.25, 1.0, 0.75 and 0.5 points, 
respectively. Out of the 20 respondents, 14 respondents ranked the options listed above, and 6 
respondents indicated the issues they were tackling but did not rank them. In this case, each an-
swer received 1 point. The scores received for each optional answer from all respondents were 
summed together to obtain the total score, and the results are presented in Figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Contributions to total score of optional environmental issues to which the responding companies 
are focusing on. 

 
The waste control is the environmental issue the responding companies are predominantly fo-

cussing on. This result can be explained by several reasons. First, since quantities of the con-
struction and demolition waste produced are large, its control can contribute not only to better 
quality environment but also to reduction of costs. Secondly, a new regulation on construction 
and demolition waste management came recently into power, thus this issue attracted attention 
of the construction industry in general. Energy savings and air/water pollution reduction are the 
second most important environmental issues for the companies participating in the survey. 
Again, these are two issues that are to some extent related to cost savings and legal require-
ments, therefore the motivation for their tackling is larger. The respondents who chose to add 
other central environmental issues quote issues like improving public image, ecosystem preser-
vation, separated collection of waste and cost reduction. 

 
 

Table 2. Number of responding companies holding or planning to obtain the ISO 14001 certificate __________________________________________________________________________________________________ 
Total no. of No. of respondents          No. of respondents  
respondents holding ISO 14001certificate     planning to implement ISO 14001 __________________________________________________________________________________________________ 
26      12 (46%)            9 (35%) __________________________________________________________________________________________________ 

 
The next topic of the survey dealt with the presence of an EMS. 12 companies (i.e. 60% of 

the responding companies with an established environmental policy, or 46% of all respondents 
taking part in the survey) have an EMS certified against the ISO 14001 standard (Table 2). 2 
companies have other types of EMS, and 6 responding companies do not have an EMS. This re-
sult is encouraging. It shows that the environmental awareness in Slovenian construction sector 
is increasing. It should also be noted that all companies holding the ISO 14001 certificate are 
also holding the ISO 9001 certificates. This empirically proves that it is easier to establish an 
EMS if the framework set by the standardized QMS is already established. The majority of re-
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spondents had elements of EMS before implementing the ISO 14001, and could use them in the 
certified system.  

The next question wanted to find out how the respondents deal with their own environmental 
problems. The survey results show that 19 organizations, or 73% of all respondents, compiled a 
list of environmental potentially problematic issues. It is obvious that all responding organiza-
tions holding the ISO 14001 certificate have such list, as this is the standard requirement. Simi-
larly, 18 responding companies (69%) are following the environmental legislation and are 
documenting the follow-up. This shows that even the organizations without ISO 14001 but hav-
ing an environmental policy do use elements of an EMS in their practice. 

The last question deals with possible barriers that can be encountered during the implementa-
tion of an EMS and are mostly specific for the construction industry.  

A list of potential obstacles relevant for the construction industry was compiled based on the 
literature review as already discussed. The list is summarized in Table 3 in the order of impor-
tance as perceived by the companies participating in the survey. The respondents were asked to 
assess the obstacles and rank them on a Likert scale from 1 (least important) to 5 (most impor-
tant). Similar list was also used in the study carried out in Hong Kong (Tse 2001).   

An average grade was calculated from the grades given to each answer in Table 3 by the re-
spondents. The resulting values show that Slovenian construction companies perceive the initial 
cost and the extensive documentation required as the two major obstacles to EMS implementa-
tion. It is interesting to note that in the view of the respondents, there is enough pressure from 
the government in the shape of new regulations. Further, the general form of the ISO 14001 
standard is not perceived as a major obstacle. 

 
 

Table 3. List of possible barriers in implementing ISO 14001–compliant EMS. ____________________________________________________________________________________________ 
Barrier                        Score ____________________________________________________________________________________________ 
Expensive implementation cost               3,92  
Complex documentation process                3,92 
Weak environmental culture among other competitors        3,64 
Sub-contracting system created difficulty to manage the EMS      3,48 
Lack of client requirement supports               3,22 
Separate design and build                  3,17 
Lack of environmentally sound technology/building materials     2,96 
Lack of worker support                   2,92 
Unsuitable standards (different to interpret in construction industry)   2,92 
Lack of governmental pressure                2,58 
No competitor takes action first                2,04 ______________________________________________________________________________________________ 

4 CONCLUSIONS AND POLICY RECOMMENDATIONS 

The results of the survey that was carried out for Slovenian construction industry show that a 
46% of responding companies already have the ISO 14001 compliant environmental system. 
One could argue that companies holding the ISO 9001/14001 certificates are more likely to take 
part in the survey, and that the sample of the responding companies is not representative. Even 
so, the percentage of returned questionnaires is high and gives us an insight into the quality and 
environmental management trends in Slovenia. Further, the analysis of the driving forces to es-
tablish a QMS/EMS shows that client and its requirements play a vital role in spreading these 
systems in construction industry that can not be overestimated, even when the fact that the client 
must adapt the environmental awareness as a project objective has been already discussed in the 
past. 

Major obstacles perceived by the respondents in the implementation of an EMS are costs, and 
creation and maintenance of additional (and excessive) documentation. Objectively, although it 
is clear that investments on resources and time are inevitable to establish the EMS, it may not be 
true that these costs are excessive.  



4.1 Policy recommendations 
An effective policy supporting the EMS implementation into construction industry has to be 
targeted towards both key players in the construction project: the client and the contractor. 

As already discussed, the role of the client is crucial to the behaviour of general contracting 
companies. Taking into the account that a large proportion (the estimate for Slovenia is two 
thirds) of construction work are being financed through public funds, the Public Procurement 
Act should provide advantages for companies holding certified QMS and EMS. The present 
Slovenian Public Procurement Act that reflects the European Public Procurement Directive in-
deed includes incentives for contractors holding the ISO 9001 certificate, as it allows the client 
to add criteria other than lowest price to the tender, and explicitly outlines an ISO 9001 certifi-
cate as one of these additional criteria. Bidders holding the ISO 9001 certificate have in these 
cases considerable advantage. No similar option, however, is offered for holders of the ISO 
14001 certificates. On European level, it is true that green public procurement recommendations 
already exist, but the clients are not obliged to use them. Educating the client representatives re-
garding green procurement must therefore be a clear element of a national policy supporting the 
EMS implementation into construction industry, and both public and private clients have to be 
addressed. 

The general contracting companies should, on the other hand, receive relevant training to the 
key personnel and consulting specific for the construction sector. This would overcome the two 
obstacles perceived by the survey respondents, and decrease the cost of the system implementa-
tion as well as facilitate the creation of the accompanying documentation. Further, as the survey 
results show that all respondents holding the ISO 14001 certificate have also the ISO 9001 
compliant QMS, it is worthwhile to promote quality management systems together with envi-
ronmental management systems.   
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1 INTRODUCTION 

There are now over 5 million houses in Portugal. 3,5 million are inhabited, 1 million is com-
prised of second or holiday homes and half a million are empty. Yet the construction industry is 
reluctant to adapt. From 1999 through 2002, 106,000 houses were built per year, and municipal 
zoning plans anticipate, in the north region of the country alone, houses enough for 15 million 
residents when the population is only about 3 and a half millions. Considering population den-
sity, Portugal has the most houses per resident in Europe and still is the country where more 
homes are built. The 2001 census listed 5,019,425 buildings, of which 1,222,280 were built be-
fore 1960 and constitute about one fourth of the total (Entrepreneurs Council for Sustainable 
Development 2004).  

There is, then, this enormous patrimony that is waiting to be rehabilitated, as many of these 
buildings are sorely in need of interventions. Paradoxically enough, very little rehabilitation 
takes place in our country - indeed it is under 10%, whereas in other European countries it 
climbs to about 50%. The lack of interest in rehabilitation underpins behaviours that do not al-
low for sustainability in the construction sector. Partly, the attitude is connected to the fact that 
building rehabilitation involves knowledge of building materials and techniques that have been 
superseded. More often than not, rehabilitation of a building will stop at the preservation or res-
toration of the facade, disregarding the reuse of the materials inside, even though in some cases 
it can be recovered and employed in the new intervention. No-holds barred demolition produces 
an enormous quantity of debris which will, in most cases, only add to the pile of material to be 
used for landfills. Due to community concerns over potential impacts to the environment in de-
veloped areas, it is becoming more and more difficult to have landfills at such sites. On the 
other hand, having landfills in areas further away from human activity raises transport and 
power costs. An alternative to packing off these materials and constructive materials to a landfill 
is to choose deconstruction over the more common habit of demolition.  

Reasons to consider the deconstruction process as an important 
practice to sustainable construction 

J. P. Couto 
University of Minho Guimarães, Portugal 

A. M. Couto 
Civil Engineer, MSc, Braga, Portugal 

ABSTRACT: In Portugal, the sustainability of construction has been looked into over the past 
few years, especially where quality, safety and natural/energetic resource-saving technologies 
are concerned. Deconstructing a building is the careful dismantling of that building so as to 
make possible the recovery of construction materials and components, promoting reuse and re-
cycling. The concept arose as a consequence of the rapid increase in the number of demolished 
buildings and the evolution of environmental concerns within society at large. Deconstruction 
paves the way for the revaluation and reuse of construction elements and materials. A critically 
discussion by deconstruction importance is done using previous studies and data collected from 
present experiences. This aim is to present the main advantages of deconstruction technique to 
refurbishment, as well as the guidelines to design process aiming to guarantee a successful 
management deconstruction process, thereby contributing towards the economic sustainability 
of said process. The research projects which authors are involved are also discussed. 



Deconstruction is the process of taking a building or structure apart, selectively dismantling 
and removing materials before the structure is demolished, or avoiding demolition altogether, 
and disassembling the entire structure, in the reverse order in which it was constructed (Hagen 
2007). It is a concept that emerged due to the rapid increase of demolitions and growing envi-
ronmental concerns expressed throughout society. Yet deconstruction processes are still per-
ceived as interesting way to cut down on the production of debris but one that fails to garner 
general understanding and acceptance. For this to come about, environmental rules and regula-
tions must be promoted. Deconstruction need to be developed and promoted. We need to raise 
awareness about the importance of deconstruction with the parties involved in the construction 
industry, especially owners, project designers and contractors (Liu et al. 2003).  

2 DECONSTRUCTION: A TOOL IN BUILDING REHABILITION 

In Portugal, often enough, in order to rehabilitate a building, some of its elements are demol-
ished. This because they are either quite derelict or because new functions demand that elements 
be replaced. However, little or no reuse of materials and constructive elements has been taking 
place. Instead, selective demolition is the preferred method. We must point out that rehabilita-
tion and deconstruction are concepts that fit the overall framework of sustainability in construc-
tion, as they both focus on the valuation of existing resources.  

To rehabilitate a building means, basically, that we restore qualities to it that will allow for 
safe, comfortable use in a durable building appropriate to the goals in mind. There can be two 
sides to rehabilitation, whether we are talking about general-purpose contemporary buildings or 
those that constitute cultural and historic patrimony. In the first case, we may adhere to a formu-
lation of the concept by the Royal Institution of Chartered Surveyors. Rehabilitation is:  the ex-
tensive repair, renovation and modification of a building to have it suit economic or functional 
criteria equivalent to those expected of a new building that serves the same purpose. It may in-
volve putting in place installations and service systems, means of access, natural lighting, equip-
ment and finishes, using but the bare bones of the old building (Entrepreneurial Council for Sus-
tainable Development, 2004).       

The rehabilitation of buildings clearly dovetails with the concept of sustainable development. 
By valuing the recovery of existing buildings, the need for new construction is diminished. As a 
consequence, urban sprawl has less impact on surrounding areas whose environmental, ecologi-
cal and agricultural value is often considerable. Another aspect of the matter is, deconstruction 
paves the way for the revaluation and reuse of construction materials and elements which would 
otherwise be treated as worthless debris and removed to storage spaces which are often not le-
gally authorized to hold such materials. Furthermore, by valuing construction materials and 
elements, procurement of raw material is diminished, as well as the need to process and trans-
port raw materials. The need to manufacture new components and products is also lessened, 
which has economic and environmental advantages (Couto 2006).  

3 DECONSTRUCTION BENEFITS 

Ignore deconstruction means create a pile of debris that can’t be viably reuse. The following fig-
ure attempts to depict that deconstruction permits the resorting procedures that enable separation 
and recovery of debris and by-products. 
 
 
 
 
 
 
 
 
 
Figure 1. Sorted broken concrete and steel stockpiled separately (Guidelines for selective demolition). 



  
Deconstruction allows to (Hagen 2007): 
− Reuse and recycles materials: materials salvaged in a deconstruction project can be reused, 

remanufactured or recycled (turning damaged wood into mulch or cement into aggregate for 
new foundations) 

− Foster the growth of a new market — used materials: recovered materials can be sold to a 
salving company. The market value for salvaged materials from deconstruction is greater 
than from demolition due to the care that is taken in removing the materials in deconstruction 
process 

− Environmental benefits: salvaging materials through deconstruction helps reduce the burden 
on landfills, which are already at capacity in many localities. By focusing on the reuse and 
recycling of existing materials, deconstruction preserves the invested energy embodied in 
materials, eliminating the need to expend additional energy to process new materials. By re-
ducing the use of new materials, deconstruction also helps reduce the environmental effects, 
such as air, water and ground pollution resulting from the processes of extracting the raw 
materials used in those new construction materials. Deconstruction results in much less dam-
age to the local site, including soil and vegetation and generates less dust and noise than 
demolition 

− Create jobs: deconstruction is a labor-intensive process, involving a significant amount work, 
removing materials that can be salvaged, taking apart buildings, and preparing, sorting, and 
hauling the salvaged materials 

4 GUIDELINES TO DESIGN FOR DECONSTRUCTION 

The benefits of deconstruction can be greater if during building design some issues were taking 
into account (Crowther 2000): 
The strategies for material recycling suggested are: 
− To use recycled materials - the incremented usage of recycled materials will encourage both 

industry and governments to investigate new recycling technologies and the creation of a 
greater support network for future recycling and reuse 

− Minimizing the number of differing types of material - this will simplify the material organi-
zation process and reduce transportation 

− Avoiding toxic or potentially harmful materials - this will lessen the contamination potential 
inherent to materials segregated and will also reduce potential risks to human health during 
disassembly 

− Scheduling separate assembly of materials with differing reuse potential - this will keep large 
quantities of a given material from being contaminated by small quantities of another that 
cannot be separated 

− Avoiding secondary finishing and coating whenever possible - they may contaminate the un-
derlying material and make recycling less workable. Whenever possible, using materials that 
incorporate their own surface coating or finish or using separate, mechanically connected 
finishing 

− Providing permanent identification of types of material - many substances, such as plastics, 
are not easily identified and should have Id tags or marks signaling “non-removable” or 
“non-contaminant” so as to make them easier to organize in the future 

− Minimizing the number of differing kinds of components - this will simplify the process and 
augment reprocessing potential, making it more attractive when handling large quantities is 
possible 

− Using a minimal number of easily degrading parts - this will reduce the number of parts that 
need to be removed during the remanufacture process and thus make reprocessing more effi-
cient 

− Using mechanical, not chemical connections - this will allow for the easy separation of mate-
rials and components and reduce material contamination and damage to the components 

− Implementing chemical connections weaker than the parts to be connected - when chemical 
connections are used, they ought to be weaker than the components connected, so they are 



easily broken during disassembly. For instance, mortar should be significantly weaker than 
the bricks it connects  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Scenarios for recovery of materials in a construction environment (Crowther 2000) 
 
The strategies for component reprocessing suggested are: 
− Minimize the number of different types of components - this will simplify the process of 

sorting on site and make the potential for reprocess more attractive due to the larger quanti-
ties of same or similar items 

− Use a minimum number of wearing parts - this will reduce the number of parts that need to 
be removed in the remanufacturing process and thereby make reprocessing more efficient 

− Use mechanical connections rather than chemical ones - this will allow the easy separation of 
components and materials without force, and reduce contamination to materials and damage 
to components 

− Make chemical bonds weaker than the parts being connected - if chemical bonds are used 
they should be weaker than the components so that the bonds will break during disassembly 
rather than the components, for example mortar should be significantly weaker than the 
bricks 

 
The strategies suggested for component reuse are: 
− To choose an “open space” construction system that allows for changes in the compartmen-

talization of the building through replacement of components without significant construc-
tion work 

− To use assembly technologies compatible with standard building practices - resorting to spe-
cific technologies will make disassembly harder and may call for special labour and equip-
ment, turning this into a less attractive option 

− To separate the structure of inner walls from casements or coatings - so as to allow for paral-
lel disassembly, where some parts of the building may be removed without affecting others. 

− To provide access to all parts of the building and to all components - ease of access will fa-
vour disassembly. Whenever possible, to allow that component recovery inside the building 
is made without specialized equipment 



− To use components that make handling easier - allowing for handling at every stage; disas-
sembly, transportation, reprocessing and reassembly 

− To consider the space involved and the means necessary to dealing with the many compo-
nents during disassembly - handling may call for connection points for lifting equipment or 
temporary support or buttressing mechanisms 

− To ensure realistic slack among elements so as to allow for all the necessary movements dur-
ing disassembly 

− To use the smallest possible diversity of connectors - enforcing standards will make disas-
sembly easier, faster, and demand fewer kinds of tools and equipment.  Even if the end result 
is oversized connections, the time required for assembly-disassembly will surely be enough 
compensation 

− To use a disassembly hierarchy connected with the components’ lifespan - using components 
with shorter life spans where access and disassembly are easier 

− To provide for permanent identification of component types - using international-standard 
barcodes may make it easier to divulge deposit banks and the commercialization of materials 
and components found in different places 

5 CONTRIBUTION TOWARDS INCREASED COMPETITIVENESS OF COMPANIES 

As is generally known, the competitiveness of the construction sector relies on the entrepreneu-
rial capabilities of its companies, whose goal it is to provide quality, innovative service. This 
work aims to foreground knowledge in the fields of rehabilitation and reconstruction, giving 
companies an edge as far as deconstruction techniques are concerned. These techniques are 
preferable to undifferentiated demolition and meet legislative demands on reuse and recycling 
of materials; to which construction companies do not yet pay much heed. The pre-project on 
construction and demolition by-products and debris proposes implementation of debris and by-
product management plans at the project design stage. This seems to be a correct, effective way 
to foreground the importance of debris management and to get all participants involved, begin-
ning with the design stage and all the way down to implementation. 

The plan specifications contemplate an estimate for the debris and by-products resulting from 
construction work. It then becomes necessary, at the design stage, to be more and more aware of 
the debris that will be produced. Adequate logging and shipping are also considered in this leg-
islative document. These attitudes do indicate the path to follow. 

It is very likely that, in the near future, much as is happening all over Europe now, new tech-
nologies for material reuse and recycling will be chosen over old habits. We hope this work will 
bring companies knowledge to help them adopt environmentally-sound attitudes; they will not 
only benefit economically but also in terms of their public image. Environmentally-sound posi-
tions are a great promotion tool, especially if you consider the many problems the world is go-
ing through right now that can be chalked up to our thinking in exclusively economic terms.  

6 SCHEDULED INVESTIGATION PROJECTS 

The authors are now participating in research projects on this problem. The main goals are to: 
− Collect and analyze data on old buildings with strong masonry scattered across urban centers 

in Portugal, namely, their constructive characteristics and more frequently used construction 
materials 

− Collect and analyze deconstruction techniques that help achieve sustainable rehabilitation of 
such buildings 

− Propose methodologies for the implementation of deconstruction techniques that are ade-
quate to the type of rehabilitation intended, that will allow for valuation of construction ma-
terials and elements (components) already in place, so that they are not randomly, indis-
criminately or unnecessarily removed, so as to make them reusable 

− Follow and conduct building rehabilitation experiments so as to analyze and validate the 
methodologies proposed for implementing deconstructive techniques 

− Divulge and collect opinions from several participants in the constructive process  



7 FINAL COMMENTS 

At this writing, the construction industry is going through a process for the implementation of 
quality programs. These will surely contribute towards the reduction of debris and by-products 
created by the sector. However, the quantities produced are not going to plummet overnight. 
Furthermore, no matter how effective the changes made to constructive processes with a view to 
cut back on costs and debris generated, there will always be debris. Add that to demolition de-
bris and by-products and you will still have a sizable amount of waste. On the other hand, work 
entailing total or partial demolition of buildings tends to occur more and more often in our 
country as a result of adaptation and improvement of said buildings. They must be refitted to 
meet new quality and comfort standards. New demands will be placed on older buildings, there-
fore. 

So it is that research into practical solutions for the reuse of materials and components will 
combat the urban problem created by illegal landfills — bringing environmental improvement 
— and introduce new materials into the market that have great potential for use. 

The production of legal documents that encourage more environmentally-sound behaviour, 
that is, that raises awareness and indeed makes the construction industry handle its debris and 
by-products more carefully, is vital to the sector, if it is to contribute at all to sustainable devel-
opment, an obligation that is shared by everyone. Special mention must be made of the manda-
tory waste/debris/by-product management plan at the design stage. It seems to be a correct and 
effective way to highlight the importance of waste management and to get all the participants 
involved, from the design to the construction stage. 

The change, however, must be accompanied by public awareness campaigns. It is not enough 
to stress that the plan is mandatory. The plan’s importance must be addressed. It will be easier 
to reach our goals if we all know the advantages and importance of such a plan. Divulge and 
collect opinions from several participants in the constructive process.  
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1 INTRODUCTION 

This article was prepared with the objective of highlighting the subject of sustainable measures 
in building construction, a concept which has been commonly rejected for one main reason, its 
cost effectiveness. This problem is linked to some key issues: 

• The lack of financial support, direct incentives and understanding of different advan-
tages associated to sustainable buildings by governments, financial institutions and in-
surance companies.   

• Builders and promoters in the real estate market have maintained a basic behaviour (and 
interest) to look for standard solutions that avoid an increase in the initial cost (invest-
ment) of new projects (construction phase). This way, they are transferring operational 
costs associated to the life cycle of the building to future owners.  

• Finally, it is commonplace to observe the general conduct (building stakeholders) that is 
characterized by a restricted ability to consider the real costs generated during construc-
tion and operational phases in buildings. These costs are not considered or introduced in 
the market price formula, nor are they considered in the planning phase. Simply, they 
do not exist for building stakeholders. Some of these costs include: wastes, diseases and 
emissions (pollutants or CO2).  

For this reason some countries have been trying to develop different tools for economical and 
financial feasibility as well as, promote financial support, through incentives and subsidies that 
encourage the public and private investment into Sustainable construction. These are recognized 
by its demand-efficiency in energy (25 to 30%) and water, less volume of construction residues 
and the use of durable materials (Kats, Gregory, 2003). 

In addition, it is possible to observe better indoor environmental quality, an increase in pro-
ductivity among workers, a reduction in maintenance costs and other operational costs. On a 
global scale, the incentive results of sustainability in construction may provide an increase of 10 
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ABSTRACT: Many recognize the sustainable construction value as it contributes to the reduc-
tion of the environmental impact and to the quality, accessibility and productivity increase for 
whoever lives and works inside buildings. However, its economic advantages, which would be 
of great incentive for its expansion into the market, are still obscure.   The objective of this pa-
per is to present a methodology to assess the cost-effectiveness of the application of sustainable 
measures into buildings, through actions that establish a balance between environmental, eco-
nomic and social factors. The methodology is based on the comparison of a case study (a build-
ing with application of sustainable concepts) with some reference buildings that will allow to 
show the triple bottom line added values. The aim is to achieve an optimum balance point, with 
an acceptable pay-back time, and to provide evidence of good economic results that encourage 
the investment into sustainable construction. 



million new jobs (Sellier, Dominique, 2003), a decrease in taxes associated with a reduction in 
public health expenditure, and a reduction of CO2 emissions (including consequences). As men-
tioned, direct benefits of sustainable buildings, are not only addressed to builders and end users, 
but also to other stakeholders involved in the construction, from the designers to insurance 
companies. 

2 TOOLS TO ASSESS SUSTAINABLE CONSTRUCTION 
 
Different countries have been developing studies and financial tools with the main purpose of 
implementing Sustainable construction and disseminating a new mentality into the marketplace. 
Many of these studies are based on tools to assess sustainability which are divulged in a country 
and tailored to its reality, such as LEED (Leadership in Energy and Environmental Design) in 
the USA, Breeam (Building Research Establishment’s Environmental Assessment Method) in 
the UK, Casbee (Comprehensive Assessment System for Building Environmental Efficiency) in 
Japan, among others.   

 Defined by a methodology and an evaluation system, these tools aim to classify and recog-
nize a sustainable building, and at the same time, they work as a guideline for builders and pro-
ject designers. A well-known example is the research carried out in the United States, where 33 
buildings were compared (certified buildings or in the certification process, by LEED) with 
other conventional buildings. In this analysis, certain assumptions were used such as discount 
rates -5%; period of analysis - 20 years; annual inflation - 2%.   

It was observed in " The costs and financial benefits of Green Buildings" report (Kats, Greg-
ory 2003), that an investment of 2% (on average) over the initial cost (compared to a conven-
tional building), produces financial benefits 10 times higher than the referred investment (for a 
period of 20 years), considering the analysis of some cost categories, such as consumptions, 
maintenance, emissions and productivity.   

The same report gives us a simple example of how to evidence these benefits. Applied to a 
real case and assuming that the construction costs in California are about $150/ft2 to $250/ft2, 
increasing 2% to these values, it would be equal to $3/ft2 and $5/ft2, respectively. The cost ef-
fectiveness analyzed in 20 years would be equal to $48/ft2 and $75/ft2. If these values did not 
include the inherent benefits concerning CO2 emissions and productivity (just considering the 
reduction of energy and water demand, and less volume of waste) these would be around $6/ft2 
(Kats, Gregory, 2003).    

Another interesting study (also in the United States), prepared by David Langdon (2004), had 
the objective of analysing costs linked to the construction phase of a "green building".  This 
study showed that these costs (construction phase) drive the main decisions in sustainable pro-
jects (see figure 1). This report, which compared the construction cost per area in certified and 
non certified buildings by LEED, accounted for the cost of an information "database" of more 
than 600 projects (from 19 different States, typologies, locations, sizes and programs).  

The referred study concluded that many projects reached the sustainability with their initial 
budgets or with a minimal additional increase (on average 2%). 

In Europe, there are new incentives and legislation seeking to promote more aggressive poli-
cies in relation to the challenges of sustainable buildings. New studies have been carried out 
dedicated to cost effective buildings through sustainable construction concepts.  These studies 
have been financed by the European Commission.  Examples are the ASCOT model (Assess-
ment of Sustainable Construction and Technologies Cost), a project carried out in 2004 by 
HQE2R and Cenergia. This tool helps users to implement a cost optimisation of construction in 
which sustainability measures have been applied.   

 
 



 
 
Figure 1. 30 years Life Cycle Cost -  Building example  
(Megan, Davis et. al, 2005) 
 
 

There was also an increased interest in the subject of economic feasibility related to assess-
ment tools and projects which can be applied to sustainable construction, such as SHE (Sustain-
able Housing in European): SHE has the main function of helping in the concept, cost analysis 
(initial cost and comparison to new buildings) and different options to obtain a higher viability 
of sustainable measures in projects. Another project, also co-financed by the European Commis-
sion, is the LCC-IP –“Guidebook-Integrated Planning for Building Refurbishment Taking Life- 
Cycle-Cost into Account”. This project was constituted by several European case studies where 
an optimised relation between sustainable measures and cost – benefit analysis was demon-
strated. Finally, it is important to make reference to the new government calendar in the UK, re-
garding the new "Zero Carbon Emissions" program in new houses.    

These studies demonstrated that a substantial amount of additional investments made in sus-
tainable projects, are based on specific costs such as simulations, introduction of new technolo-
gies and integration of sustainable practices into the project. The studies also evidenced that it is 
always important to introduce these measures as soon as possible, mainly in the design phase.    

3 ECONOMIC FEASIBILITY ADAPTED TO THE PORTUGUESE REALITY  
 
The above mentioned studies were carried out according to their national contexts. Thus, this 
paper intends to show a methodology that is being developed to assess the cost-effectiveness of 
some sustainable measures to be applied to commercial buildings, adapted to the Portuguese re-
ality. The study will be carried out according to criteria of sustainability assessment tools based 
on “SbTool”- Sustainable Building Tool (still in the pilot phase to be adapted to the Portuguese 
case). The various stages of this methodology are outlined in figure 2 and described below. 

3.1 Guideline for sustainable construction and action analysis (1st step) 
The first step or the proposed methodology consisted on the development of a “Guideline for 
sustainable construction", a Manual with more than 400 actions adapted to Portugal, divided 
into five categories and identified in different project phases:  pre-design, design, construction, 
operation and demolition. The categories are divided into:  

- Planning;   
- Energy Management;    
- Water Management;    
- Materials, resources and waste;    
- Indoor Environmental Quality.  



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
Figure 2. Structure of the proposed methodology. 
 

As the implementation of 400 measures (from the referred Guideline) would be quite a com-
plex procedure, an optimisation of the actions for analysis and validation was carried out based 
on the SBTool indicators, in reference to the following criteria (see figure 3):     

·  Specific analysis of just one of the project phases. In this case, the design phase will be ex-
amined as it is considered the most relevant to the validation (or application) of sustainable 
measures into Buildings.    

·  Only the indicators able to be quantified in the design phase are going to be considered as 
they allow for a larger impact during the building life cycle. The indicator categories to be 
analysed are Energy, Materials, waste and Water.   

For an economical and environmental evaluation through this methodology, an individual ap-
plication will be necessary.  This will be demonstrated later in step 4.   

3.2 Reference building definition (2nd step) 
At the same time that actions were optimized through SBTool indicators, environmental and 
economic data have been collected on three existing Shopping Centres in Portugal (which used 
equivalent construction methods). These commercial buildings belong to the Chamartín Real 
Estate Company. 

Through the obtained data of those buildings, which will be referred as “reference buildings”, 
it has been possible to establish efficiency indexes (consumption/m2/year and consumption 
/1000visitors/year) as can be seen in tables 1 and 2. In addition to these indexes (energy, water, 
CO2 emissions, recycled and non-recycled waste), global values are going to be compared with 
national and international "benchmarks" (see table 3). Besides, these can be analyzed according 
to the IEE (index of energy efficiency), specified for shopping centers, which is comprised by 
the law 79/2006 (that emerged from the transposition of the EPBD - Energy Performance Build-
ing Directive into the Portuguese law) and that it can be visualized in the table 4.   

It is important to point out that the shopping centres are situated in different locations, thus 
different climatic factors were obtained for the “reference buildings”. A basic comparison of the 
average values showed by the three buildings would be incoherent, as they would reflect the dif-
ferent climate features of the buildings performance.   
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Figure 3. Selection procedures for the optimisation of the indicators to be analysed. 
 

With this in mind and influenced by the methodology used in the Decree-Law 79/2006 to de-
fine the IEE index (Energy Efficiency Index) for different building typologies, as referred 
above, climatic correction factors are going to be applied to these shopping centres located in 
Coimbra (DVC), Porto (DVP) and Vila Real (DVD), when necessary. 

Through these results, it will be possible to establish a comparison, on an economical and en-
vironmental level, between the “reference buildings” and a “case study”.   

Table 1. The efficiency index of the total demand (resources) and Chamartín’s average per sqm (without 
climate correction). 

DVS demand /sqm (construction area -GLA -Parking)     2006

 
Economical 
data Environmental data 

 Euros Energy Waste CO2emissions Water

 Euros/m2 kWh/m2 tep/1000m2 
Recycled 
/m2 

Non recycled 
/ m2 KgCO2/ m2 m3/m2 

DVP 32.96 474.86 137.71 6.91 20.87 196.59 0.83
DVD 22.12 283.50 85.07 6.24 11.08 117.37 0.50
DVC 29.43 370.69 107.50 6.79 21.45 153.46 0.79
Average 28.17 376.35 110.09 6.65 17.80 155.81 0.71

Table 2. The efficiency index of the total demand (resources) and Chamartín’s average per 1000 visitors. 
DVS demand /1000visitors       2006
 Environmental data 

 Energy CO2emissions Water 

  KWh/1000visitors KgCO2/1000visitors m3/1000 visitors 
DVP 1458.80 603.94 2.56
DVD 1265.24 523.81 2.24
DVC 1105.02 457.48 2.39
Average 1276.35 528.41 2.40

 

Pre-design

design

construction

operation
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Pre-design

design

construction

operation

Pre-design

design

construction

operation

Placement

Energy
Water

Materials/ 
waste

IAQ

PHASE Category

design
Energy
Water

Materials/ 
waste

Quantified actions 
that  will be 
analyzed



Table 3. The average efficiency index of Shopping Centers - International benchmarks. (Source: CIBEUS 
and other researches). 

Annual Average energy Intensity (existent Shopping Centres) 

  GJ / sqm KWh / sqm 
Kgep / sqm or 
Tep / 1000sqm 

Canadian Shopping Centre average 1.30 361.40 105
UK Shopping Centre average 1.04 290.00 84
The efficiency index specified for the EPBD in Portugal 2.30 655.00 190
Portuguese reference building  1.35 376.35 110

Table 4. The efficiency index, specified for the Shopping Centre in agreement with the decree-law 
79/2006 (EPBD, 2006) 

Existent buildings 

Activity types Building tipology 
IEE (Kgep/ sqm.year)or 
(Tep/1000sqm.year) 

Commercial  Commercial centre  190
New buildings 

Activity types Building tipology 
IEE (Kgep/ sqm.year) or  
(Tep/1000sqm.year) 

Commercial  Commercial centre   95

3.3 Case-study definition (3rd step) 
This methodology will be applied to the largest Iberian Shopping Centre, which also belongs 

to “Chamartín Imobiliária S.G.P.S., S.A”. The building is being constructed in Amadora, near 
Lisbon with a total construction area of 423.000 m2, including parking and 122.000 m2 of GLA 
(Gross Leasable Area). This project was designed with a new concept brand for Shopping Cen-
tres, named “Dolce Vita”, a world market reference. It will include wide reading spaces, stores, 
a food court, recreation areas and supermarkets.    

The chosen typology is quite relevant (in relation to its dimension) since a commercial build-
ing of this size will have high environmental, social and economical impacts (Environmental 
impact, resulting from its construction and management, social and economical impacts, result-
ing from future changes in local reality, employment and road flow increases).    

An evaluation of the shopping centre, which is presently in the construction phase, has been 
carried out in order to verify if any sustainable measures have already been applied. Environ-
mental and economic performances related to the referred measures (already applied) are going 
to be identified and the probability of the building (through simulation) reaching SBTool indica-
tors will be evaluated.  

3.4 Cost-effectiveness of sustainable construction Indicators and database creation (4th step) 
In this stage, the cost-benefit analysis of each sustainable measure (applied individually) will be 
analysed through a simulation carried out in the selected commercial building previously men-
tioned. The information will be organized in a database that is structured like shown in figure 4.  
Firstly, the information will be organized by categories that can be quantified (energy, water and 
material). Afterwards the information will be structured according to the identification in the 
SbTool. Regarding to the figure 4, it is possible to understand the referred adaptation, because 
the information utilized in the 2nd and 3rd rows result from the SBTool organization. 

The expected results for each measure are the investment cost, generated NPV (Net Present 
Value) and the payback period. These measures will be divided into 2 groups with different ref-
erence values, such as score 3 “good practice” and score 5 “the best practice”, as defined by 
SBTool benchmarks (see figure 4).  The fulfilment of the database will follow the following 
steps:  

1. Identification of SBTool indicators that correspond to the project phase and that will be 
analysed in the database. For each indicator, there are actions to reach objectives.   



Case-study: DVT Shopping Center       [A]

Phase: Design Phase

Related 
category Issues SBTool Intent

Actions  
already 
proposed

L M H L M H

Energy
B3.1 Plans to use off-site energy that is 

generated  from renewable sources x ???

Water

B5.3

Design measures and management 
plans to limit the use of potable 
water for building systems and 
occupant needs

[B] [C] [D] [E]

 PayBack
NPV (20 
years) 

       SBTool Intent - Actions to accomplish the benchmarks objectives.

Investment cost: L- Low cost
                              M- Medium cost

[D]- Identification of Sustainable Actions already existent (or not) in the case study.
[E]- Cost benefit analysies for each action, identifying: 

Type ocupancy: RETAIL and Office

Region Location: Amadora_Lisboa

Apliccation example

[C]- Issues - Identify the benchmarks that are analyzed by SBTool (for instance: B.3.1 is an indicator of 
renewable energies, which are included in the “Energy and resource consumption issues).                                    

score 3 score 5

[A] -Building`s  description

[B]- Indicators that will be quantified, according to the following categories: energy, water and materials.

Investment cost

                              H- High cost

NPV (20 years) - Net Present Value -  the net result of an investment, expressed in today`s euros; the present 
value of future cash flows minus the present value of the investment minus any associated future cash outflows.
Simple pay back time - the lenght of time needed to pay back the initial capital investment, usually expressed in 
years. This is the simplest  form of the cost-benefit analysis.

 
2.  Identification of actions, which were already identified in the studied building, and which 

consider the SBTool indicators in the database. Analysis of actions should be accomplished 
through the comparison with conventional actions used in the reference buildings.   

3. Identification of actions that were not found in the studied building and that should be 
filled out in the database. Analysis of these actions should be accomplished through the com-
parison with present existing measures in the studied building, regarding potential changes.   

3.5 Best scenario formulation – Sustainable Building (according to the application of the 
studied action) - (5th step) 
After completing the database, the ideal definition of best scenario will be accomplished. This 
scenario will be made up of actions that have a tendency which is oriented for such characteris-
tics, such as: low initial cost, high NPV and short-term payback, which assure a "good practice" 
level, according with SBTool methodology.  

The selected actions with the referred characteristics, require that other actions will be added 
(with different characteristics), thereby, assuring the SBTool validation in the execution phase 
of the different categories (energy, water and materials).   

Figure 4 – Database structure – where it will be identified the actions and the indicators under study. 
 
 
 



Through the application of the studied measures, a comparison between the best scenario (for 
a specific typology – Shopping Centre) and the building in study will be obtained. It will in-
clude the evaluation and comparison with the present methods and measures carried out in the 
construction of the building, thereby evidencing a set of results that can be revised in the present 
project.      

The explicitness and transparency that demonstrates efficiency benefits, and how to reach 
economic value in sustainable buildings, are a decisive incentive for stakeholders and for real 
estate market in general.   

However, it is important to remember that this study will be defined for a specific typology in 
a certain area. Therefore the result will be conditional and will not allow a direct and immediate 
application of the best scenario methodology in other projects.  

Nonetheless through its main output information (costs definition, database output and new 
methodology), this study can serve as an important guideline to help different stakeholders in-
volved in new sustainable building projects focused on economical benefits. 

4 CONCLUSIONS 

This paper seeks to define methodologies and objective contents to achieve newer and larger 
real estate projects (services /commercial), supported by sustainability concepts.   

The use of “SBTool” in this study intends to reach desirable results through the use of a rig-
orous and recognized tool among Universities and Academic environments. On the other hand, 
it has been positioned as an essential resource for study and development of the Sustainable 
Building Evaluation.   

Finally, this study seeks to define new methodologies and analysis aiming to integrate differ-
ent action fields such as sustainability, functionality and economic feasibility (cost effective-
ness) which more than often are used separately. 
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1 INTRODUCTION 

“Buildings and the built environment are the defining elements of the urban environment. They 
give a town and city its character and landmarks that create a sense of place and identity, and 
can make towns and cities attractive places where people like to live and work”. (COM(2004)60 
final). The local governments of Italian Regions, Provinces and Cities laboriously and starting 
from the nineties have begun to take conscience of the necessity of promoting environmental 
policies turned to the improvement of living conditions of citizens and to the mitigation of the 
building and productive activities effect on the urban ecosystem, often already compromised. 

Evolution of environmental sensitivity and spreading of the consciousness of a socially sus-
tainable common acting, economically and technologically, supported by the acknowledgment 
of a few European and domestic laws, led to definitions of a few local normative tools for the 
preliminary definition and control of building activity in energy and environment vision. 

These normative tools, accepting national indications above all in terms of energy perform-
ance of buildings and therefore on energy management of the building activities, are going over 
the traditional approach to the direction of building activity based on the static safety check of 
the healthiness, of the analytical  control of dimensional parameters. 

Local regulation (building regulations, technical rules, regional guidelines, etc.) aim to lead 
individual choices to collective interests, which can find either obstacle or agreement in the in-
dividual actions. 

Taking into consideration that the environmental load of the building factor on the global en-
vironmental balance of human activities, that 80% of European citizens live in urban territory 
spending around 90% of their time inside buildings, it gets across as the inclusion of issues per-
taining sustainable construction represent a recall to the public and private clients structures to 
the reply to a new more structured and mature demand system expressed by the citizens, both in 
implicit and clear way. 

Sustainability proposes itself as value added to local government actions, but also as eco-
nomic surplus in setting-up the market exchange of a building.  
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The new requirement framework outlined with respect to building activities, related to con-
struction of both residential buildings and edifices for the tertiary industry, express a request for 
quality connected to the transformation of the buildings utilisation model. 

In particular this renewal is more perceivable in the residence where the traditional utilisation 
model has been deeply put under discussion by many factors; the new working behaviours, the 
presence of the working activities in domestic location, the internal cohabitation of spaces of the 
traditional residential activities with those of spare time and recreation, the presence of a sig-
nificant share of sophisticated IT technologies until some year ago foreign to the domestic envi-
ronment have deeply changed and made more complex the guide requirement system for the 
building design. 

Where previously the environment healthiness had to be and could be only ensured through 
the building orientation control and the indoor air quality check, today it must be evaluated also 
depending on density and on distribution of the equipments networks inside the building. 

Even if this kind of controls of building environmental impact is a definitely a positive action, 
the poor coordination at a national level of the different initiatives can cause some inconven-
ience in terms of harmonization of promoted measures and of driven effect control, causing also 
a certain disorientation between the sector operators. 

1.1 Action levels 
Levels of actions of the policies oriented to the sustainability in construction are essentially 
three: regional, provincial and municipal; these three action levels reproduce levels of manage-
ment of territory administration and building activities. 

Regional governments give indications of behaviour of general interest and technical sector 
specifications, for the sectors of their specific pertinence (social housing, health, education, etc), 
Provinces have a very important role in the policies of specific sectors especially on house and 
on education, while Municipalities give building technical indications turned to the realization 
of the whole building stock, independently of the destination, and exercise also the control func-
tion during realization and inspection. 

Actions proposed by various bodies are appropriate to their fields and intervention levels in 
the management of the building activity. 

Normative actions undertaken from several administrations represent all actions aimed at the 
promotion of a culture and of a diffuse practice in sustainable construction; the sustainable ap-
proach requires in fact a concrete and deep change in practices and in behaviours of all the op-
erators of the building process, in urban planning, in new public and private constructions and in 
the building refurbishment operations.  

In this process of innovation of planning and accomplishing behaviours, Public Administra-
tions and, in particular, Local Government, to which is entrusted the direction and control role 
in the process of territory transformation, must become promoters and virtuous behaviour model 
in a sustainable vision. 

To local governments is entrusted the task to identify the best practice to be submitted to the 
building operators for the realization of their construction initiatives. This kind of actions re-
quires a big planning effort by the local governments, called to test new ways of prefiguration of 
the behaviours of process actors, being obliged to go away from the traditional  building rule 
prescriptive-generalist usually without those contents performance kind, useful also to the effi-
ciency and effectiveness check of some proposed planning solutions or of some technical solu-
tions put in practice from the executors. 

1.2 Evolution of a territory and towns government culture. Exemplary cases. 
Strategic role in the building sector cultural renewal is played by Regional government. Its work 
on definition of guidelines on control and government of construction activity contains in fact 
all the features of the total strategic approach which allows, in the subsequent action levels, to 
fine-tune a policy of integrated approach to the man-made environment transformation from a 
sustainable point of view. 



It is important to point out that in almost every case the introduction of a system of rules of 
promotion of indications or prescriptions on the construction sustainability has not overturned 
the traditional structure of sector regulation. 

In many cases the introduction of sustainability criteria or best practices oriented to the reali-
zation of sustainable buildings supports indications and traditional prescriptions defining a new 
quality profile, more complex and effective in terms of environmental impact, wealth of users 
and reduction of the energy use. 

The document of the Emilia Romagna region which defines criteria for editing of building 
code to be used by the Municipalities of his territory is paradigmatic of this type of behavior. In 
this case the building activity regulation is based on the building conformity to two require-
ments families, one that is the binding family of requirements, the Compulsory requirements, 
the other that is the voluntary family, the Suggested requirements later updated in contents and 
aims and changed in Voluntary requirements, concerning wealth and usability of construction 
works. 

This requirements package aims to improve the life quality of the users according to the eco-
system receptive capacity, to the possibility of natural resources renewal and to the balance be-
tween anthropic systems and natural systems. Information related to interactions between build-
ing and environment to reduce the not renewable energy consumption and for the CO2 emission 
reduction in atmosphere are taken in great consideration. 

The structure given to the orientation action of the Region prefigures a hierarchical articula-
tion of the instructions given on the building activity; compulsory requirements give directions 
on safety, stability and healthiness of buildings and on way to meet general requirements of en-
ergy saving, acoustic isolation on the space usability. The voluntary requirements define an area 
of performance surplus value of the buildings; these define directions on damaging discharge, 
superficial humidity, artificial lighting, air temperature and speed, acoustic isolation and wiring 
installation. The suggested voluntary requirements define an additional quality of the building 
product, which the administration makes attracting from an economic point of view for the 
promoter through discounts on the urbanization burdens. 

The line traced by the Emilia Romagna Region has been followed also by other administra-
tions which have always articulated their regulation activities distinguishing between compul-
sory prescriptions and rewarding indications always identifying the environmental quality and 
the sustainability of the interventions among the rewarded behaviors, however consolidating the 
perception of "value added" for the environmental sustainability of constructions. 

Recent rules on buildings energy performance, implementation of 2002/91/CE directive, and 
consequent effects on the management of building activities, will probably compete in  creating 
a consciousness also of the economic value added given by the best energy performance of the 
building; this side effect could work as lever to trigger a virtuous behavior also at level of com-
pounds and not only of single building, involving not only the energy consumptions evaluation, 
but also evaluation on comfort of the users, production of harmful substances and waste, and on 
the rationalization of  water resources use. 

This is the case of the Municipality of Rome which in 2006 has given off a measure which  
supplemented with the its building rule with specific directions for the realization and promo-
tion of environmental improvement intervention, for the use of alternative energies focusing on 
solar energy, for the use of optimum materials, components and adequate systems to reach lev-
els of thermal isolation and thermal building covering inertia, as well as assuring the deep soil 
permeability also in urban area. The way chosen by the Municipality of Rome has not been the 
way of the voluntary compliance to these indication, but the one of forcing to specific prescrip-
tion, therefore turning to quantitative and not performance indications. 

This regulation follows the indications already contained in the technical rules of new general 
town planning scheme (Piano Regolatore Generale), with which those have been included be-
tween the acceptable intervention categories of bio-energetic improvement (MBE), that is the 
set of interventions turned to improve the bioclimatic performances of man-induced elements. 
These interventions include the climatic regulation and protection or acoustic recovery of the 
buildings, according to principles of bio-architecture, preservation of deep soil permeability, use 
of natural and renewable energy sources, waste and meteoric water recovery for irrigation uses, 
soil fertilization or hygienic services, use of lasting and maintenanceable building materials, use 
of the green with aim of microclimatic regulation and protection from the acoustic and atmos-



pheric pollution. To this measure the Municipality has associated a rewarding system of incen-
tive to encourage private promoters to take charge of these actions, granting a surplus of cuba-
ture to compensate any additional investment to set up their realization. 

Another kind of methodological approach, that moreover corresponds to an intermediate ter-
ritory government action level, is what has been realised by a few provinces. The case of the 
Province of Lecco is representative of this approach. The province has elaborated a package of 
"Guide lines for the promotion of the sustainable development in the territory government tools 
and in the building regulations", which starting from the local energy programming describe the 
recourse to tools and strategies aimed to the promotion of sustainability in territorial, urban and 
construction planning. 

The description of best practices aiming to show to local governments how to behave for the 
Sustainability Promotion on the territory is part and parcel of these guidelines, describing in par-
ticular the measures of accompanying which many administrations have already implemented 
successfully; also in this case, incentive measures of different kind are taken into considerations. 

Indication to set local Building Rule is given in this case according to actions/requiremens 
guide of which the application is stated as compulsory or voluntary and described in perform-
ance terms to make the application easier by the various administrations. 

This is very nimble document and appropriate to be used by the administrations, being built 
in a very effective way; the identified action levels are only seven and their implementation is 
delegated to the Municipalities which will undertake the indications. Action levels concern site 
analysis, soil use and outside environment quality, internal environment quality, materials and 
technologies, coherent use of climatic and energy resources, rational use of water resources, 
quality of management.  

Another interesting experience is the one of the Itaca protocol for the evaluation of energy 
and environmental quality of a building. This document is the result of the action taken by a na-
tional workgroup composed by representatives of all the Regions, in which APAT (Agency for 
environment protection and technical services) has also taken part, established in January 2002 
at the office of Itaca (National association for the innovation and the transparency of the con-
tracts and for the environmental compatibility). 

The result of the workgroup activity is a protocol of shared work which allows to attribute an 
eco-sustainability score to a building, but above all, with the protocol adoption a shared unam-
biguous method of assessment of constructions sustainability has been uniquely defined. 

The protocol is composed by seventy cards of evaluation, one for each environmental com-
patibility requirement. Cards include informative element, such as normative and technical ref-
erences and the weight to be given to any requirement. The reference matrix is GBTool. Build-
ing environmental cross-compliance evaluation criteria used by the system have been structured 
and codified in areas of evaluation, which in their turn are composed by many performance sub-
requirements. Also the score attribution system is borrowed by GBTool, but with the possibility, 
for every administration, of customize the weight of every individual requirement to fit it to its 
local needs.  

Many administrations are already referring to this document, between the other ones the Tus-
cany Region which has put beside this methodology adopted for the draft of the "Guidelines for 
the sustainable construction in Tuscany" also a " Basic list of materials for sustainable construc-
tion", document which represents a support tool for designers and administrations for the con-
scious choice of technical solutions for the building realization. 

The case of the City of Torino probably represents an evolution of this operative culture. The 
City of Torino, in addition to having recently rewritten his Building Code (2004-2006), has 
faced for the realization of the structures necessary for the winter Olimpyc Games of 2006, a big 
investment phase on planning and control on building activity both for residential buildings and 
for facilities and infrastructures. This preliminary planning engagement has produced, between 
the other, series of tools which have been useful to design and realization control of these 
works; between these tools is to be considered in particular “Strategic Environmental Evaluation 
(Vas) of the intervention planning for the Winter Torino Olympic Games 2006”, which in addi-
tion of providing general indications for the phases of activation of the Olympic Program has 
formulated prescriptions for the processing of the projects of the Olympic works, and the 
"Guidelines for sustainability in project, in building and in management of the Olympic villages 
and Multimedia".  



These documents represent some tools of strategic programming specific for this activity and 
not documents of general interest for the City, but given the level of effects and size of the 
works on the municipal territory, they are an important precedent in town building practice. 
Many of the indications elaborated in these documents have been then taken by the regulations 
issued later by the Minicipality, in particular indications concerning energy management. 

"Guidelines for sustainability in project, in building and in management of the Olympic vil-
lages and Multimedia" issued from Environment Park in cooperation with experts of the Poly-
technic of Torino, are an operating tool, addressed both to subjects in charge of the management 
of the Olympic program and to the Olympic Villages works planners. The structure of the 
guidelines is directed to facilitate their application and then make easier the reaching of the ob-
jectives. In fact, besides the environmental quality requirements, also the most appropriate tech-
nologies are shown, together with the normative references, the indicators and the tools to verify 
the satisfaction during project, building and use. For the first time all the fundamental require-
ments are synthesized and quantified in a single document to characterize the energetic-
environmental quality of a building. This document result from the politic-strategic will of the 
promoter committee to place the promotion of the sustainable development, also taken ahead 
through this document, like a fundamental objective of the Olympic Movement, as clearly af-
firmed in the CIO diary 21. 

"Guidelines for sustainability in project, in building and in management of the Olympic vil-
lages and Multimedia" were developed taking these principles into account, therefore aiming to 
obtain, in the realization of the building works foreseen by the Olympic Program, concrete re-
sults for a more sustainable built environment. 

1.3 Conclusions 
The short view given above, while testifies a slow evolution of the culture of  building activity 
government and of the territory government, also testifies of the amount of road that the Italian 
reality still has to cover to relate the behavior of local governments which manage the territory 
at an acceptable level in terms of sustainability. The current experimentations highlight as to 
make sure that the sustainable building becomes a diffuse and constant practice it is necessary, 
by the local governments, a deep revision of the methodologies up to today adopted as usual 
general procedures and in the editing of the urban and implementing planning tools. 

These tools will have to always assume the guide role into the design process, in order to lead 
to the configuration of an idea of city in which the sustainable construction is not only the cur-
rent episodic value added of a few special opportunities, but the current practice.  

All the described experiences can represent the starting point for the consolidating of this cul-
ture and practice. 
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1 INTRODUCTION 

Most of the existing urban infrastructures can be typified as 'end-of-pipe' planning strategies. 
We transport waste, wastewater and even relatively clean rainwater outside urban districts to 
centralised treatment plants. We attempt to generate electricity or gas in centralised gas plants. 
The upshot of this is much more than the transport requirement and the use of extra material and 
energy. The inevitable mixing of different elements and/or qualities is detrimental to the overall 
quality. The majority of the transported flows undergo qualitative and quantitatvie losses during 
transport, which also has serious impacts on the immediate environment. The way to permanent 
urban development appears to be elusive. In modern town planning new inventions and the in-
troduction of intelligent reduced (or light) infrastructures are required. In the long term only 
closed cycles for processes and use of material could result in a permanent urban environment.  
Building infrastructure almost always implies slow and large-scale processes. For a structural 
solution and preservation, the technical infrastructure should be considered because it will be 
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ABSTRACT: The technical infrastructure (networks) of the essential flows (energy and sanita-
tion, i.e. water, waste) is determinative to what degree a project, varying in scale from a (part of 
a) building to a city or conurbation, will or can be sustainable or even self-sustaining. This is 
due to its ‘path-dependency’, long term- and endogenous character and the existence of a lim-
ited number of dominant actors per network or flow, which have interest in little change of the 
'ruling' paradigms. The physical and formal distance to users and the complexity for them to un-
derstand the processes and possible (sustainable) alternatives result in an increasing dependence 
(heteronomy) and a declining overall involvement. To be able to change the built environment 
in accordance with the principles of sustainable development there is a need to turn around the 
inter-relationship between the infrastructure and the suprastructure. Decisive aspects in a con-
tinuing urbanizing, and connected world with crucial dependency on integrated computer net-
works, will be the flexibility of the concept of generation, treatment and transport of the critical 
flows; the adaptability to passive- and natural technologies; the seize of space; and the overall 
resiliency to failure, inaccurate use and sabotage. The paper focuses on rethinking the urban 
planning as a whole, with emphasis on a changing attitude towards the relationship between the 
technical infrastructures of especially the energy flow related networks and the ‘suprastructure’. 
Basis forms the application of the power-law concept, also known as Pareto or Zipf to the tech-
nical infrastructures concerning the essential flows in the built environment. Not only the 
(known) dependency of decentralized concepts on central networks, but also the reverse will be 
argued: the needed aggregation of decentralized micro-networks, or clusters and systems to the 
complex and continuously growing centralized networks. Main objective is to cope with the 
risks of rising complexity and continuing unity, apart from the rising need of resilience of the 
overall network in case of loss of parts. This, for our economy is increasingly reliant upon inter-
dependent and cyber-supported technical infrastructures and information systems.  



leading for the design and the allocation of the faster dynamics of the overlying layers: the layer 
of the overground “networks” and that of “occupation”. The infrastructure strongly correlates 
with production (supply as well as drainage). A change desired in the infrastructure, e.g. a bot-
tleneck with respect to capacity, can be solved by investing in extending the infrastructure (now 
often accepted), but often also by adapting the “production” or “treatment” in strategic spots of 
the (central) grid.  

This is the background for the presented research (Timmeren, 2006). It tries to demonstrate 
the need to include interdisciplinary approaches to the essential flows (energy, water and waste) 
and belonging infrastructures, integration of strategies for raising public awareness and im-
proved use of the different qualities of water and energy (cascading quailities, or so-called low-
exergy design). It is argued that for a lasting sustainable urban development and a necessary im-
proved network geometry (Watts & Strogatz, 1998; Banavar et al., 1999) with respect to these 
essential ‘flows’, further development based on the future path of scaling-up of different net-
works and users will have to be combined with decentralised sub networks, or clusters, aiming 
at autonomy.  
The research was commissioned by the Delft University of Technology (T.U.D.) in The Nether-
lands as part of the DISC Research SubProgramme (Design Integration of Sustainability & 
Comfort) of the Climate Design group.  

2 THE ESSENTIAL ROLE OF TECHNICAL INFRASTRUCTURES 

2.1 The relation infrastructure - suprastructure 

During the contemplation of the different flows and the several belonging energy- or water- 
concepts and belonging forms of technical infrastructure one needs to pose the question: what is 
the real exigency of this specific infrastructure and which is the best physical form of appear-
ance? Additionally one should think about the relation between (technical) infrastructure and the 
social goals that are aimed at, doing this as much as possible independently from the existing 
ways of thinking and existing arrangements.  

In case of the stated question, one has to reflect newly upon which social needs exist, and 
which (technical) infrastructures belong to these needs. There is a common consensus in society 
about the necessity of fundamental facilities for meeting the most fundamental needs in the own 
living environment (support, protection, affection, understanding, participation, relaxation, ex-
pression, identity, freedom). Support, or maintenance, includes the availability of energy and 
food, including clean drinking water, and the removal of waste (water).  

The different standards of societal needs and goals, which form the basis of all physical net-
works of logistical chains, including the (technical) infrastructures, are defined as the ‘supra-
structure’ (Ruis, 1996). It is no use trying to introduce sustainability measures that harm the 
previous stated fundamental need. Many relevant participants however do not seem to realise 
that other, more sustainable alternatives can be found by abandoning the specific characteristics 
of the traditional paradigms rather than following them. The dominant participants have an in-
terest in using existing structures as efficiently (economical) as possible and in developing them 
further with as few risky investments as possible. Looked on from the aim of “sustainable de-
velopment”, the common path of expansion selected (centralisation) is not necessarily the opti-
mum as perceived subjectively.  

The ‘Development Alternatives Centre’ (CEPAUR) together with the ‘Dag Hammarskjöld 
Foundation’ were the first in formulating the suprastructure of a society. The developed theory 
is based on two suppositions: First of all, fundamental human needs are not unlimited but re-
stricted in number, moreover can be classified. Secondly, fundamental needs of different cul-
tures and historical periods are the same (Max-Neef, 1991). In the decision processes concern-
ing changes or extensions of the technical infrastructure the decision-making will be optimal if 
the suprastructure (strongly related to planning) and the infrastructure (maintenance of the 
planned) are tuned in well to each other. This is easier said than done since there is a matter of a 
‘centralisation paradigm’ in case of technical systems (concepts) and belonging infrastructures. 
This goes especially for the essential energy- and waste- and (waste)water flows.  



It has turned out that the ongoing processes of liberalization have put pressure on the impor-
tance of the certainty of supply of energy, and also removal of waste and waste water. Working 
certainty of supply and independence out in further detail seems necessary, or even essential. A 
possibility is connecting or disconnecting (decentralised) sustainable sub production (generation 
or processing capacity). This may be realised by including sustainability, via reliability, as an 
added value at relatively little cost, e.g. in the form of a decentralised utility and backup, possi-
bly even aiming at autonomy. Too little advantage is taken of this aspect of sustainability. It 
may involve short-term interventions for long-term guarantees (sustainability, guarantees for 
supply/processing and in the end affordability). Such a principle may be useful as a kind of fall-
back scenario for, for example, a serious and unforeseen dysfunction of the current process of 
further scaling up and liberalization of sectors.  

So essentially two future paths for the development of (sustainable) technologies and con-
cepts concerning the energy and sanitation (water and waste) flows are distinguished: further 
development based on the future of scaling-up and heteronomy of different networks and users, 
and decentralisation with the aim of local autonomy (or even autarky). In short concepts based 
on the “economies of scale” versus concepts based on the “scale economy” (Timmeren, 2006). 

With respect to both extremes, globalization (heteronomy by interconnection) and striving to 
complete (ecological) autarky cannot be seen as an optimal development for the so-called ‘su-
prastructure’, or, in other words, a good, democratic basis for societies. And what is more, nei-
ther of them (in their specific pure form) is to be considered a good basis for further, sustainable 
development of the structures for those societies. For the essential ‘technical infrastructure’ (i.e. 
energy, waste- and water infrastructure), the dynamics of non-simultaneous, slow transforma-
tion necessary for attuning the complex structures of society, the “flows” and nature (or natural 
processes) implies that it is wrong to still think in separate systems within integral development 
processes. That is, since there is an increasing interconnection and interdependence in the tech-
nical infrastructure of the essential flows. Although an increasing interdependence and heteron-
omy between people and their institutions can be noticed, Goudsblom (Vries and Goudsblom, 
2002) claims that the dependence on natural forces has become less direct. The technical and 
social chains between the production of objects and their use (“source and service”) are longer 
and more forked (complex).  

In practice, we see far-reaching semi-autarkic projects being connected to central infrastruc-
tures. What still is unknown is that, to be able to connect to the electricity infrastructure, to a 
larger extent than approximately 30% of the network capacity, projects (subsystems) based on 
autonomy and/or renewable (discontinuous) sources new network philosophies (or network ge-
ometry) and use of these centralized grids should be introduced. Within the existing electricity 
network it is not possible to replace existing generation by generation through (variable) renew-
able sources for a larger extent than this 30%. For the sanitation infrastructures alternative use 
of existing networks offers possibilities to cope with increasing costs due to aging and shortages 
on capacity due to expansion(s) and introduction of higher densities (Timmeren, 2006).  

 

2.2 Increasing ‘heterononomy’ 

There are clear differences between the characteristics of the various central networks, in the 
energy and sanitation sub flows each as well as between the energy and sanitation supply as a 
whole. They are caused by different “central scales” of application and different extents of visi-
bility, but also by the management structure and the presence or absence of liberalization proc-
esses. For sectors that are left to market forces, positive effects are to be expected on the effi-
cient use of the infrastructures, and in Europe, by oligopolistic market types and on the 
affordability of the accompanying services. However, market participants have no interest in 
overcapacity, which puts pressure on the reliability of supply (by a maximum bid on the avail-
able capacity). Pressure can also be put on the other long-term interests, including maintenance 
of grids and investments in, research into or application of innovations, e.g. those that aim at 
sustainable development (Künneke et al., 2001). At the same time, main aspects for users are 
sustainability, a guarantee on supply and processing and affordability (Quist et al., 1999).  
Where the essential infrastructures are concerned, the liberalization of the markets shows that 
the goals set concerning sustainability cannot always be accomplished in an integral way. At a 
national level, there is too little grip on the developments. The demand for supervision or rules 



at a supra-national level is being heard, and this causes one of the reasons for liberalization with 
respect to essential sevices to be surpassed. The “dialectics of progress” and the so-called “pris-
oner’s dilemma” force themselves upon us: the deviation from this specific unsustainable (end-
of-pipe) type of solution(s) is so expensive and will involve such far-reaching social conse-
quences that there seems to be no other choice than continuing with these relatively expensive 
infrastructures and systems. Besides of that, the distance created between the (environmental) 
problem and its solution leads to more and more complexity. The process of changing the inter-
related public and private services, systems and infrastructures is becoming more complicated 
and less predictable. Together with the increased scaling, the convergence of utilities and the 
growing number of parties and techniques involved have increased the end users’ (consumers’) 
subjective dependence, or heteronomy.  

3 NEW PLANNING APPROACH AS A BASIS FOR SUSTAINABLE DEVELOPMENT 

3.1 Autonomy through interconnection and heteronomy or through decentralisation 

There are two development processes concerning use of technology for the purpose of auton-
omy with respect to the essential flows (energy & sanitation): viz. first, the efficiency and im-
provements in the integration of sub techniques and co-ordinated, connected concepts, and, sec-
ond, a better harmony between supply (input) and demand of the (different) sub flows. 
Additionally, there are two more general underlying development processes. The first is the en-
vironment-technical, environmental and, to some degree, also social optimization of decentral-
ized systems within semi-autonomous projects. The second underlying development process 
concerns the link to economic applications related to the surroundings, often determined by soil 
or users, including taking nutrients back to agriculture and other lateral applications or possibili-
ties, mostly concerning ‘services’ such as car-sharing systems. In addition to the possibility of 
other types of use of (agricultural) grounds, the link to agriculture (i.e. ‘urban agriculture’) may 
not only lead to a structurally different infrastructure (aboveground and underground), but also 
to different country planning as a whole, when applied on a larger scale (Röling and Timmeren, 
2005). Some authors claim that this also implies a different (economic) organization: dependent 
on the scale of application, which amounts to incorporating decentralized participatory democ-
racy or types of federation and confederation on different scale levels (Timmeren, 2006).  

This also offers points of departure for interrelating “red” and “green” functions in environ-
mental planning. Here, the aspects of vicinity and comfort are leading. In this situation, the 
search for an optimum scale of autarky or autonomy of the various essential sub flows in the 
built-up environment gains higher importance. The critical upper and/or lower limit set by the 
technology solving one of the sub flows will actually become indicative of the integrated sys-
tem, and, consequently, of the other sub flows. However, it would be too easy to summarize the 
need for further-reaching sustainability and sustainable development, with autarky as their ulti-
mate goal, with a plea for nature and natural processes in the city. The new structures should be 
found in larger freedoms, to be accomplished by closing circles on different levels than the ones 
belonging to current paradigms, so that a maximum variety of solutions becomes (or stays) pos-
sible. 

In spite of the potential of the underlying optimization principle of the “scale economy” 
claimed in much of the literature and projects, and in spite of its importance, which was also 
proven, it has only been applied to a small extent. Consequently, there still are not many 
“economies of scale” in this area. However, the sub aspects concerning the application freedom 
and environmental integration (smaller sizes, fewer secondary demands, etc.) and user-related 
demands (comfort, ease of use, costs, etc.) do improve noticeably. In projects with a clear orga-
nization (or organizational structure) and with responsibilities clearly agreed on the often fore-
seen ‘problem’ of larger complexity often occurring in integrated systems is not necessarily per-
ceived as only a disadvantage. For users and participants, it emphasizes the additional or 
‘lateral’ fundamental needs of “identity”, “participation”, “relaxation”, “freedom” and “self-
expression”.  

The critical limits that are set for parts of the integrated system, together with changing con-
ditions regarding environment, use, technique or market, imply that such semi-autarkic systems 
should be considered unstable by definition. Because of the fundamental need of protection of 



maintenance, semi-autarkic projects should be able to meet such changes, either by means of a 
connection to a “backup” system (often on higher scale levels), or by means of parallel solutions 
(hence over dimensioning) within the system itself. 

3.2 Changed network philosophy 

In energy supply, there should be more emphasis on increasing the flexibility in the current 
(infra)structures, including Town and Country Planning in its entirety. The more so since it can 
be expected that there will not be only one decisive future technology to solve the coming prob-
lem(s) concerning security of supply and sustainable development. Especially with respect to 
energy this asks for a simplification of the processes, products (or rather: services) and parties 
involved. A larger concentration on integral provision of services, or, in other words, the supply 
and management of integral packages, offers possibilities. This seems to be reinforced by the 
(ongoing) liberalization processes. Another solution is having the level of application attune bet-
ter to the lifestyle and direct surroundings of the users.  

The desired changed philosophy described has far-reaching consequences for the way in 
which infrastructures are designed and integrated. It is important to realise that the stability or 
resilience of networks is directly related to the their complexity. It is not the components of the 
various structures that matter, but the way they are organized together as intelligent structures. It 
is important to learn from the organization structure and topology of other existing adaptive, 
complex structures. Recognizing the structures of each network is needed for combining their 
optimally ongoing development, possible decline and damage done to them, whether desired or 
not, with constant or increasing sustainability and certainty guarantees for user. Random net-
works with complex topologies often occur in nature, but also in culture. The complexity of 
many social, biological, communication and transport systems finds its basis in a network that is 
rather interrelated and that is defined by the system components and their mutual interactions.  

The mathematician Alexander (1966) was one of the first to recognize the importance of the 
underlying structure as the basis for the possible notion of spatial planning and the accompany-
ing physical and social networks. He distinguishes two scale-dependent opponent structures: the 
tree axiom and the semi-grid axiom. Later research (Watts & Strogatz, 1998) shows that even 
the smallest addition of random connections to a well-ordered network leads to advantages 
known from social networks (Granovetter, 1983; Granovetter, 1973), also known as the “small-
world” principle (Milgram, 1967).  

As opposed to the social networks, the so-called “in-between distance” is relatively large. 
Within large-scale, aristocratic “small-world” networks, it turns out that a limited number of 
nodes has considerably more connections than the other nodes. These nodes are called “hubs” 
and can be considered as the pivots of a cluster. Well-ordered networks often consist of clusters, 
as do social networks. The importance of clustering is that the loss of one element will not result 
in any dramatic fragmentation of the network in disconnected subsystems (Barabási et al., 1999; 
Banavar et al., 1999). The ‘power law’ implies that there is a fixed relationship between the to-
tal number of connections and the total number of nodes. This ‘power law’ is also known as 
“Pareto”, “Zipf” or the principle of “self-organization”, and may be considered as the main ge-
neric effect of the increasing networks or complex structures. Moreover, together with the prin-
ciple of “self-repair” it is the main characteristic looked for in the possible application of “natu-
ral technology” for the facilities for the essential flows within sustainable urban development.  

Two regimes can be distinguished in complex networks: an exponential regime, leading to 
homogeneous, egalitarian networks; and a “scale-free”, aristocratic network, characterized by a 
clear difference in the number of connections per node. The aristocratic network structure ap-
proaches Alexander’s semi-grid axiom, but has a structure more complicated and subtle, which 
make complex structures more easily to be included into the notion of the semi-grid. It turns out 
that the largest networks with known topological data in the aristocratic network structure show 
the same characteristics because of further-reaching interconnection (be it on world-scale or 
not): scale-free characteristics and a distribution of the transport connections according to the 
principle of the power law.  

Almost all structures and networks designed or “ordered” may be put on a par with the tree 
axiom and have egalitarian characters. In addition to the urban development structures of most 
(newly) planned cities and city districts, the North American electricity grid is also a relevant 



example. The interdependence of communication networks that are relatively simply accessible 
and connected to or integrated into the essential infrastructures becomes larger and larger; they 
are almost always characterized by the aristocratic structure as described above. Because of the 
desired guarantees for operational safety and sustainability to users at lower scale levels, it is of 
importance to consider the effects of change (expansion, disturbance, breakdown) at higher 
scale levels. Research into the resilience or safety of simplified networks, particularly distribu-
tion networks, shows that the aristocratic and egalitarian networks are very different from each 
other. When an uncoordinated breakdown occurs, e.g. because of incorrect use or age, egalitar-
ian structures fall apart rather quickly whereas aristocratic structures allow for more than half of 
the nodes to be removed for the remaining parts of the network to perform well as a whole. 
When intentional breakdown occurs, e.g. in case of sabotage, the aristocratic structures turn out 
to be more sensitive, but it is relatively simple to secure the critical nodes in this type of net-
work (in advance) or to isolate them (afterwards) without influencing the performance of the 
remaining network. The recent (2006) collapse (blackout) of extensive parts of the electricity 
grid throughout entire Europe after a relative small accident in Germany subscribes the previ-
ous, as does the Asian fall-out of internet and other communication means after the December 
2006 earthquake near Taiwan.  

It can be argued that the best ultimate goal, when elaborating on the principles of the 
“economies of scale”, is a complex, adaptive aristocratic structure of each of the networks, or 
perhaps of the whole that they form together (on regional, national or ‘Euregional’ and even 
global scale). It implies “scale invariance” and “self-organization”, which are desirable aspects. 
A precondition is that the network grows continuously by new connections and (decentralized) 
clusters, and that new connections are connected to the network following the power law, with 
so-called “multi-connected” connections according to the principle of “preferential attachment”. 
With respect to this, and in order to be able to understand the necessary process of clustering it 
is of importance to know the underlying “powers” of the principle of “preferential attachment”, 
the principle of “the rich-get-richer”. As to this principle, Bianconi & Barabási (2001) argue that 
the aspect of “fitness” plays a role in competitive networks, or as they state: the principle of “fit-
ter-get-richer”. The aspect of “competitiveness” implies competition within networks rather 
than market competition between networks. The aspect of  “fitness” should be defined differ-
ently for the various networks. For the essential flows and their infrastructures within urban de-
velopment this implies a combination of the extent to which generation, collection and transport 
are flexible, uniform, consistent and technically & spatially optimized. Supply guarantee to-
gether with sustainability is the key word, and this can be reached by tuning and adjustment of 
quality, optimizing rotation time and smart network design. If the connections between weak 
nodes are made stronger, by the simultaneous introduction of more “weak connections” between 
the important nodes in the system, the whole infrastructure can acquire more robustness and, 
eventually, more perseverance. This is when the necessary mutual connection between operabil-
ity and sustainability is taken as a basis.  

3.3 Decentralised solutions as a basis for sustainability and innovation 

The application and fitting in of new decentralized techniques and/or alternative network 
structures, does not suffice for the accomplishment of “sustainable development”. Too often 
there is tension between the mechanisms and the institutions that regulate motivation on behalf 
of individual or joint wishes. In following the conventional centralization paradigm, this type of 
“ritualism” stands in the way of a development into a society with more opportunities for 
changes according to the principle of “conformity” (Merton, 2000). It creates niches of “sus-
tainable development” of all alternatives that do not comply with the centralization paradigm 
(Kemp et al., 1998). This occurs in the shape of concepts that can be placed under “rebellion” 
and even “separation”. Examples are to be found in some of the Eco-villages, co-housing pro-
jects and Eco-districts, started by private – sometimes collective – initiatives and in some in-
stances as individual projects. Although fargoing projects such as the Eco-villages are to be 
considered as the application typology of “conformity” according to Merton’s definition, they 
are often placed under the application typology of “rebellion” or even “retreatism” by the domi-
nant institutionalized authorities, looking at them from their own context on the basis of the cur-
rent paradigm.  



Opportunities for a widely supported need for innovation are neglected here, and so is the 
chance of more significant “sustainable development”, for example through scale invariance.  

When started as a niche, it can be taken as a method of allowing innovations to grow for the 
purpose of a more structural and large-scale use. The starting points of the restructuring proc-
esses from the industry, known as “Empowerment” and “Business Process Re-engineering”, are 
of interest for the (large-scale) systems and networks connected to the essential flows that they 
may form the onset of research into scale invariance in the crucial infrastructures and their in-
novations. On the one hand a more market-oriented attitude should be taken as its starting point, 
on the other a more local or surroundings-oriented way of organizing. The background for this 
is the global transformation of economies from being focused on “mass production” to a focus 
on “tailor-made for the masses”. Particularly inspired by liberalization processes, there is now 
almost only attention for the first aspect within the crucial flows and their infrastructures. The 
second aspect (surroundings-oriented attitude) implies a larger and a more structural change, 
and offers better opportunities for innovation and further-reaching sustainability (at several 
scale levels). It is the result of the increasing demand for user-specific, “on-site” solutions.  

In current central infrastructures of energy as well as wastewater flows, the possibilities of an 
alternative network layout are not or not sufficiently taken into account. More and more connec-
tions are made between the various networks and sub networks in gas and electricity networks, 
but this occurs because of considerations of capacity and economic (business) perspectives, 
rather than on the basis of the principle of network geometry.  

Consequently, there is a direct interest for large-scale central networks to have subsystems as 
a decentralized clusters included into the complex network. Because of the principle of self-
organization, it also offers the possibility and the guarantees for being able to make local deci-
sions with respect to, for example, further-reaching sustainability without abandoning the prin-
ciple of scale size (“economies of scale”). Systems within decentralized planning concepts may 
lead to networks, complex or not, with a more strongly decentralized network structure with part 
of the networks performing relatively autonomously. These may support flexible planning con-
cepts in town and country planning. Moreover, the issue of a more precise attribution of costs to 
specific customers or transactions (which becomes more and more important as complexity de-
creases with ongoing liberalization) may be solved or may easier be solved.  

3.4 Low Exergy design 

Another important approach related to a changed urban planning and related network phi-
losophy is the cascading use of resources, where high-grade flows are used in high-grade proc-
esses and residual waste flows are used in lower-grade processes, thus making the most efficient 
use of the initial value of a resource. This so called low exergy approach taken here is inspired 
by natural ecosystems, where processes run on the available (usually low exergy) resource 
flows. This approach is thus in line with the Industrial Ecology thinking of taking nature as a 
role model. “Low exergy design” and ecological approaches can strengthen the systems, meth-
ods and tools used for organizing, operating and supervising the urban environment and will 
minimize the negative impacts of urban areas on ecological cycles at all levels, creating efficient 
urban systems and livable cities. A life-cycle approach is mandatory here in order to capture all 
relevant environmental effects to ensure an overall optimisation of resource use.  

4 CONCLUSIONS 

One could state that the infrastructure of the essential (or critical) flows, due to its ‘path-
dependent’, long term character, importance of network geometry and the existence of a limited 
number of dominant actors per network or flow, is determinative to what degree a project -
varying in scale from a (part of a) building to a city or region- will or can be sustainable. Espe-
cially the (waste)water infrastructure and the energy infrastructure can be characterised by 
transported flows which are not drawn up out of ongoing ‘ecologisation’ and dematerialisation 
but out of efficiency in central management and other economical factors. From the point of 
view of sustainability the technical infrastructure and with it urban development therefore seems 
to be insufficiently efficient.  



Differentiation and urban flexibility (i.e. buildings and infrastructures) are pre-conditions for an-
ticipating long-term uncertainties, due to actual liberalisation processes, rising complexities and 
even sabotage. Sustainable starting-points are suppressed more and more by these changes. 
However, at the same time especially the urban scale can start up the necessary process of trans-
formation towards real sustainable development, for it takes the best of two worlds. At present 
however, technical infrastructures still are leading to urban development, often even to the su-
prastructure of society. There is rising concern for the complexity of structures, aging of exist-
ing (technical) infrastructures and even several places of congestion. The development can be 
qualified for being ‘path-dependent’: as for the essential flows this means a ‘centralisation para-
digm’, resulting most of the times in solutions that still include mixing of different (sub) quali-
ties (i.e. are not based on cascading- and exergy principles).  
Within this process of path-dependent development, the existing infrastructures therefore can be 
considered as a growing restriction for sustainable interventions on lower scales, and therefore 
sustainable development. The strategically or even random integration of decentralised clusters 
(which preferably approach autonomy) in interconnected centralised networks will help to im-
prove the resilience, flexibility, security and sustainability of the overall network. At present 
mostly only the dependence of decentralised systems on centralised systems -in general for rea-
sons of storage and/or backup- have been put forward. However, the outcome of the underlying 
research shows that especially in case of ongoing interconnection, centralisation and liberalisa-
tion, both future paths for sustainable development, the ‘economies of scale’ and the ‘scale 
economy’ need one another mutually. 
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ABSTRACT: In an analysis made to the civil construction sector and to its role in the national 
energy consumption, we argue the way this sector could contribute for the CO2 emissions at the 
same way it can contribute so that Portugal could fulfil the goals established by the Kyoto Pro-
tocol and stimulating other sectors of activity, witch have very restricted targets defined, to de-
velop themselves. From the point of view of the sector of the construction in itself, the competi-
tive advantages from the incorporation of sustainability principles are presented, especially in 
what it respects to the energy performance. The main conclusion of this paper is that the contri-
bution of this sector can have advantages that we can define as having 4 dimensions: for the 
company in itself, for the consumer, for other sectors of activity and, consequently for the coun-
try development. 

1 DEVELOPMENT AND SUSTAINABILITY 

Nowadays the concept of sustainable development is relatively well known for the citizen, and 
for a set of regional and global actors and the politicians that make decisions, that look to inte-
grate its principles in the local, regional and national strategies. Its definition was introduced in 
the world-wide scope in 1987, for the Brundtland Report as the development that allows to sat-
isfy the needs of the present generations, without compromising the satisfaction of the needs 
from the future generations (Brundtland, 1987).  

The wakening for this reality appeared with the perception that in result from the increasing 
of search of resources by the humanity and the form as the same ones was used was leading a 
decrease in the Planet biodiversity to a rhythm of about 50.000 species per year (Brown, 1991). 
On the other hand the scene of search and consumption of materials increased to a hallucinating 
rhythm due to an exponential growth of the population (in a society each time more developed 
and with standards of raised requirement each time bigger), for another hand the amount of 
available resources presented a completely inverse scene (Yeang, 2001).   

The sustainable development is, nowadays and in contrast of what it happened in the begin-
ning of its introduction in the world-wide sphere, a much more embracing concept that the mere 
environmental protection, implying concerns like the quality of life (and not only with the eco-
nomic growth), the equity between the people and its access to the well-being levels (including 
the eradication of the extreme poverty) and the proliferation of chances between generations. 
One of the forms to enter the impact associated to the activities of each citizen of the Planet 
consists in determining its Ecological Footprint (from the English, Ecological Footprint). Eco-
logical Footprint is calculated by adding some productive land parcels (land and sea) which are 
necessary to produce the resources used and to assimilate the residues produced for one unit of 
population - it compares the use of the natural resources with the capacity of the Nature to sup-
ply them, so Ecological Footprint is used as a sustainability indicator - or unsustainability, in the 
case to have ecological deficit. 



 
1.1 The National Strategy for Sustainable Development  
The National Strategy for Sustainable Development (ENDS, 2004) represents the commitment 
of the Portuguese government assumed internationally in the scope of the Lisbon Strategy, 
whose main objective is “to make Portugal, in the horizon of 2015, one of the most competitive 
countries of the European Union, in a picture of environmental quality and social responsibility 
and cohesion”, implying, among others targets, a faster, but sustainable growth, of the Portu-
guese economy, less intensive in energy and natural resources consumptions and integrating the 
environmental protection in the country development model, while it  considers natural heritage 
as a positive factor of differentiation. 

In this strategy, the enterprise sector is seen as a mechanism of promotion the social and envi-
ronmental responsibility, through the development of technologies, certification, voluntariness 
and continuous formation of its workers. However, the dialogue with groups of interest (stake-
holders), necessary to the conduction of a sustainable growth, is not strengthened in the strat-
egy, as well as the necessity to promote this type of strategies next to the top management (San-
tos, 2004). The ENDS strengthens the sustainable responsibility of the industry and the private 
sector on the implementation, expansion and information of practical on its form to operate. 

As global goals to be reached up to 2015, the ENDS2004 considers that Portugal seats in a 
economic development clearly next to the European average, to become one of the first 25 
countries of the index of human development and one of the 15 more competitive countries of 
the world. To reach these goals, the following objectives must be reached: assure the reduction 
of gases with greenhouse effect (GEE) that Portugal has compromised (less 27% in period 
2008-2012, from 1990 levels), reduce industrial impacts in natural resources in about 1/3, assure 
the treatment of residual effluents for 90% of the population and the supply of quality water for 
95% of the national population, objectives that could clearly fit with the sector of the construc-
tion.  

2 SUSTAINABILITY AND CONSTRUCTION SECTOR 

The link between the sustainable development in its three dimensions, known as triple bottom 
line (economic, social and environment) and the construction industry is particularly important 
if we account the impacts of this sector, for instance in the contribution to national wealth – 
economic dimension, in the offer of a raised number of work ranks - social dimension or in the 
raised tax of natural resources consumed and environmental loads produced - environmental 
dimension. This link must be seen not only as a negative impact, but due to its importance in the 
three dimensions, as a chance of create a set of improvements, that it can be carry out, to the 
level of environmental impacts management from this sector and that, in its turn can originate 
many significant advantages for the Portuguese economy, as it will be gone to see of followed. 

With the increasing migration of people for cities (currently 80% of the European population 
lives in cities) the pressure on an urban environment, sometimes already little healthful, was in-
tensified since the industrial revolution. In 1992 in the Rio Conference, became evident the need 
to alert the main politicians and other actors in a general way to the importance of create a con-
structed environment healthful which could lead to the promotion of the quality of life of all the 
citizens. 

 
2.1  Construction Triple Bottom Line – practical implications   
In the recognition of the economic pillar we can conclude that the industry of the construction 
represents about 10%-12% of the European GDP – Gross Domestic Product and contributes for 
about 50% of the GFCF - Gross Fixed Capital Formation, that is the investment in capital assets 
as lands, buildings, machines among others, similar values to the registered ones for Portugal in 
recent years. To develop a sustainable management, the legislating entities and public authori-
ties must assure that the companies can operate inside of a balanced and adjusted economic sys-
tem and in a competitive environment - a prerequisite for the sustainable development is a 



healthful economic environment, in which the companies can develop its commercial activities 
and generate profits.  

On other hand, in the recognition of the social pillar associated to the construction industry, it 
can be verified the existence of about 2,4 million companies of this sector of activity (EU22), of 
which 97% are classified as Small and Medium Enterprises (SMEs) with less than 20 workers, 
that makes this sector the biggest employer of the Europe and implies a widened social respon-
sibility, mainly in the formation, health and security of these workers. Its esteemed that 14 mil-
lion operators (EU22) add 7.2% of the total of the direct employment and when we account for 
indirect employment it can be justified that the construction sector in the Europe uses more than 
30 million workers (about 12% of the total employment created in Portugal it is supported by 
the construction industry) (Eurostat, 2007).  

Finally in the recognition of the environment pillar it is known that, at the world-wide level, 
about 50% of the used nature virgin materials are consumed by the construction industry and 
that this activity, in a general way explores the natural resources far beyond the sustainable lev-
els. In the OECD countries, more than 40% of the produced energy is consumed throughout the 
lifecycle of the buildings, the built environment produces approximately one third of GGE total 
emissions and the resultant waste from construction and demolition activities constitute one of 
the biggest waste streams produced in Europe, in spite of most is already recycled (OCDE, 
2003)  

2.2  Sustainable Construction 
In the planning of the cities it is essential to promote interventions that guarantee the sustain-
ability of the urban environment, in economic, social and environmental ways. The local Gov-
ernments have an extreme importance in the sustainability principles application, supporting a 
strategic thought that foments benefits of an innovative and integrated form, in the economy, the 
society and the environment, aiming the development of a prosperous world but inhabitable, 
more just, shared and clean and the efficient use of the resources. On the other hand, the con-
struction enterprises also have an important word to say, but they need to develop and to extend 
its knowledge through the creation of chances for Research & Development in this area in order 
to enable Portugal, to develop a construction sector with creative and innovative ideas, that al-
low them to meet the expectations of all the stakeholders.  

With the gradual recognition of the importance and environment responsibility of the con-
struction sector appeared the concept of sustainable construction, as well as some guidance for 
its implementation, evaluation and recognition of the environmental characteristics of the con-
struction, mainly in the urban buildings. The concept of sustainable construction was for the 
first time related in the First Conference on Sustainable Construction (Tampa, 1994), by Prof. 
Charles Kibert, as the “the creation and responsible management of a healthy built environment 
based on resource efficient and ecological principles”. 

According to this concept, the sustainable construction aims, in a general way to fulfill two 
main objectives: (1) minimize the negative impacts of the constructions on the environment and, 
simultaneously, (2) create and maintain healthful environmental conditions for the users of 
buildings or the surrounding populations to the developed projects. 

The sustainable construction must look through all the life cycle of the building and consider 
that the resources of the construction are the materials, the ground, the energy and the water. 
Kibert established the five basic principles of the sustainable construction: (1) to reduce the con-
sumption of resources; (2) to reuse the resources to the maximum; (3) to recycle materials of the 
end of life of the building and to use recycled resources; (4) to protect the natural systems and 
its function in all the activities and (5) to eliminate the toxic materials and by-products in all the 
phases of the life cycle. 

Although we are able to deduce from here the two other dimensions of sustainability, its im-
plications are, mainly, environmental. The reduction of resources consumption, as water and en-
ergy, or the reutilization and recycling of materials brings, to whom who apply these principles, 
a reduction of the costs associated to the traditional practices. On the other hand, the delivery of 
a service to the customer who allows him during the use of the building to have fewer costs is 
an advantage to the reputation and competitiveness of the enterprise who develops a building 
with these practices. 



Another definition of sustainable construction, more recently presented for United Nations 
defines it as “a holistic process, looking for recover and keep harmony between natural and built 
environment and to create habitability conditions that affirm the human dignity and encourage 
the social and economic equity”. At the European level, the 6th Environment Action Programme 
is well clearly about the necessity of implement sustainability this sector of activity which leads 
to the definition of the Thematic Strategy on the Urban Environment with four specific areas of 
act: urban design, urban management, sustainable construction and transports.  

2.3 Energy as pillar of the Sustainable Construction - the energy performance of the buildings 
The sustainable construction is one of the priorities declared for the future of the construction 
sector (European Commission, 2007). One of the main points associated to sustainable construc-
tion must emerge through the improvement of the energy performance in the buildings. This 
performance must recognize in first place the amount of energy used to construct the building, 
and looking for to minimize it through good practices, as well as considering the type of energy 
used looking, whenever possible, renewable sources.  

To improve the energy performance of the buildings allows to reach a vaster set of objectives, 
such as: (1) reduction of the global needs of energy production, (2) reduction of the emissions of 
carbon dioxide, and consequently of GGE, (3) improvement of comfort in households and 
workplaces, (4) contribute for cleaner cities, (5) improvement of urban regeneration, (6) im-
provement of the health of the population and promotion the social inclusion and (7) increase 
the standards of living of the European citizens. To improve the energy efficiency in buildings 
is one of the few areas of the public politics where there are only “winners”, however, none of 
these “winners” can be to certain to emerge, by purely trusting in the existing forces of market. 
The barriers that exist currently are too much great, so only just one fast program to improve the 
sustainable construction in the buildings can obtain this target. 

Buildings are the main users of final energy in the European Union, responsible for about 40-
45% of the energy use in each State-Member. From consumption, the residential sector is re-
sponsible for two thirds and the commercial sector (tertiary or of services) for one third of the 
use of the energy in the buildings. In the households, 70% of the use of energy is estimated to 
heating and refrigerating air and water, and in the sector of services this value rounds 50%. In 
Portugal the final consumption of energy associated to the set of the sectors of civil construction 
and public works, households and services is of the order of 34% (DGGE, 2005). 

 
 

Table 1. Energy consumption from Residential and Offices (INETI) 
 Residential Sector Office Sector  
Final Energy consumption 13,1% 16,5% 

Energy Profile 
Low consumption by household 

(~ kWh/yr) vs.  
Many households  

Big consumption by office  
(~ MWh/yr) vs.  
Few buildings  

Equipment and Illumination 25% 10-30% 
Heating and Cooling 25% 30-60% 
Kitchen and Sanitary  Hot Water 50% 10-20% 

General Almost 30% of final energy consumption 
About 62% of final electricity consumption 

 
 
The consumption levels for square meter occupied are to increasing. In the residential sector, 

between 1985 and 1997, the average size of an European habitation increased from 83m2 to 87 
m2, what leads to an increase in the consumption. In the sector of services, the consumption for 
square meter increased more quickly than the total of square meters occupied, growing about 
1.3% per year during the decade of 90. 

Currently it is accepted that at least one fifth of the energy that today is used could easily be 
eliminated, preserving about 340 million tons of carbon dioxide per year. Some estimates of the 
industrial sector go far, identifying that about 430/450 million tons could be conserved up to 
2010 (in contrast of what it happens in other sectors). This represents about 12% of the actual 



emissions, two thirds of the commitment of Kyoto and the equivalent to 215 million tons of oil 
equivalent (Mtoe).  

In Portugal, the reduction of the CO2 emissions is a strategic objective of the Central Govern, 
who looks to define strategies in this direction, as the National Plan for Climate Changes 
(PNAC), the program 3E - Energy Efficiency in Buildings, the E4 program - Energy Efficiency 
and Endogenous Energies, and others. From 2003 these strategies had become more important 
with the revision of legal regulation to optimize the energy performance in buildings, such as 
the RCCTE - Regulation of the Characteristics of Thermal Behavior of Buildings and the 
RSECE - Regulation of the Energy Systems and Climatization of Buildings, that had assumed 
more rigorous and ambitious criteria and, for another hand, the formation of energy technician 
for audit, capable to assure the fulfilment of the legislation.  

3 SUPPORTED STRATEGIES OF SHARE = ADVANTAGES FOR ALL ACTORS 

The successfully implementation of the measures foreseen for the regulations related in the pre-
vious point and other legislation on the theme of the consumption and the energy efficiency in 
buildings will have to be supported by a mild set of options taken soon since the phase of plan-
ning and conception of the building. It is important to win the barriers that still many architects 
and projectors face and evidence that the sustainable construction is not by itself, neither is as-
sociated, an architectural style, seating exclusively in the performance of the buildings through 
the implementation of the best adapted existing technologies to the climatic, cultural and market 
context where the building is developed. 

To improve the energy performance of buildings it is possible to detach the resource to pas-
sive solar measures, passive measures, special passive solar measures or active solar measures, 
according with the presented followed.  

 
 

Table 2. Examples of Solar Measures (TIRONE, 2004) 
Passive Solar Measures Choose excellent solar orientation  

Absence of shades pro-jected in the South façades  
Adjusted direct solar profits  
Double glasses  
Thermal continue isolation optimized in the exterior  
Specification of thermal inertia  
Prevent thermal bridges Promotion of natural ventilation  

Solar Measures Optimization of the natural ventilation, for example for 
hybrid ventilation systems, landscaped coverings (green-
roofs), choice of materials in accordance with specific 
thermal characteristics 

Special Passive Solar 
Measures 

Walls of Trombe - gratuitous radiators (they have the ca-
pacity to accumulate heat of the solar rays during the days 
of winter and clean sky and at night to transmit these rays 
for the interior of the houses)  

Active Solar Measures Thermal Solar panels (heating domestic hot water with 
support of central boiler by gas) 
Integrated photovoltaic systems (production of electricity 
with linkage to the net)  

 
 
The implementation of these measures soon, since the initial phase of project development 

implies the attainment of benefits during the following phases that go since the reduction of 
consumptions during the operation to the satisfaction of the final customer. They demand, how-
ever an anticipated and adjusted dialogue among different players of the construction sector, 
that have to be individual and collective boarded, so that the practices that today they are faced 
as out of common (not traditional) could become, in a very next future, practices common as 
usual. 



Among different stakeholders that can implement the changes, it can be distinguished the 
governmental organizations (European Institutions, local states members, autarchies), enter-
prises and associations from the sector (concessionaires, promoters, constructors, contractors, 
manufacturers of construction materials), architects/projectors and engineers (Project Teams), 
insuring and financial institutions and finally, the consumer. 

As responsible for the urban planning and the urban management, the governmental organiza-
tions (local, national or international) must assume their responsibility in the commitment with 
the Kyoto Protocol, since the local scale creating targets of performance for the reduction of the 
levels of CO2 emissions for the atmosphere, in buildings, as well as introducing incentives to the 
sustainable construction, in the urban planning instruments like environmental performance in-
dicators or define the license process, as for instance: reduce the period of approval for build-
ings with a good environmental performance, reduce municipal taxes for buildings with reduced 
impact on local infrastructures or increase the index of construction in function to the reduction 
of environmental impact. It is important to relate that the main examples of sustainable con-
struction must be the public buildings. 

On the other hand for the projectors, architects and other project team members of sustainable 
buildings it is urgent the need of create a wide range database with tools for the practice of sus-
tainable construction, as well as the creation of a universal method for the evaluation of the per-
formance of the buildings, adapted to each climatic and cultural context. The capacity of project 
teams in joint route into a common objective (including architects, people from real estate pro-
motion, manufacturers, constructors, environmentalists, civil and mechanical engineers, etc.) it 
is an area that needs a radical change, seeming to still exist many times ellipses of the part of 
these intervening ones in opening its horizons for new (and sometimes simpler) solutions. A 
good incentive to this change would be, for example, the creation of architecture awards that 
considerer environmental dimension.  

The real estate and construction promoters, while building producers that we want to could be 
sustainable, must start including sustainability requirements and optimize energy performance 
of its buildings wants either to its proper team members or their contractors. The national public 
administration recently gave the first steps for the creation of a supported structure of ecological 
public purchases, through the Resolution of the Cabinet n.º 65/2007, of 7 of May that foresees a 
national strategy of inclusion of sustainability requirements in the incumbencies of public ac-
quisitions, for the period of 2008-2010. Although this strategy shows already one strong politics 
for incorporation of sustainability in diverse areas, there are still some doubts concerning its ef-
fective implementation. 

4 CONCLUSIONS 

The concept of the sustainable construction seats in the performance of the buildings and the 
implementation of the best available technologies adapted to the climatic, cultural and market 
local context is not associated with any architectural style and it reaches results of excellent per-
formance. Many examples of good practices already exist by all the Europe. 

This study will dedicate itself, essentially, to the analysis of the energy component that is part 
of the national built environment. The buildings must be conceived in order to assure an effi-
cient management of the energy consumption. The used energy, especially the electric energy 
results mainly of the fossil fuel combustion as the oil and the coal and its productive process 
presents high environmental impacts due to the great amounts of gases with greenhouse effect, 
like CO2 emitted. Besides this it implies the consumption of an limited and non-renewable natu-
ral resources, therefore the energy consumption must be faced as the main chance of improve-
ment of buildings performance.  

In Portugal, the electric energy have its bigger origin in sources not renewable and represents 
an important parcel in level of importation, leading us to a country extremely dependent (in en-
ergy perspective), contributing negatively for the trade balance of the country. Thus, associated 
to environmental impact of the consumption of this resource results in economic problems with 
the increasing price of the oil barrel, like its amount goes diminishing.  

These trends of growth are compromising the fulfillment of the Kyoto Protocol targets which 
Portugal was signatory. In accordance with the last studies (PNALE), Portugal decided to ac-



quire rights of CO2 emissions equivalents to 348 million euros, for the period between 2007 and 
2012, in case of not modify the actual development politics. This value is equivalent to a right 
of emission of 5,80 Mt CO2e/yr of which about 3,70 Mt CO2e/yr correspond to national deficit 
(having in account the politics and measures added at PNAC) and 2,10 Mt CO2e/yr will be ac-
quired as national reserve (PNAC and PNALE). 

Acting at reduction of consumption energy levels in construction sector and throughout life 
cycle buildings will allow, not only contribute for preservation of environmental resources, but 
also increase of quality of national buildings, reduction the expenses with energy in families ex-
penditure, improvement of level of performance of real estate promotion and construction com-
panies that will apply these measures (with advantages of reputation and competitiveness among 
the sector), to contribute to the fulfillment of the Kyoto Protocol and, consequently, for the 
“quality” of national accounts relative to the trade balance and balance of payments. With re-
ducing, and if possible elimination, the need to Portugal acquire rights of CO2 emissions, the 
construction sector will contribute for the increase of the national wealth (through the increase 
of the GDP, for reduction of energy imports needs) and the development of other sectors of ac-
tivity where the act edge is more reduced. 

The urgency of a strategy adjusted to the construction sector imposes for the fact of this is a 
sector of activity that was stagnant during many years. On the other hand, the edge of improve-
ment in this sector is evident in different stages of the life cycle of one building. 

One of the interactions of this sector with the activity of other sectors (especially those en-
closed for the PNALE and submitted to the reduction of its emissions) is concerned with the fact 
that the reduction of the national emissions it is possible to obtain with improvements at the 
buildings level (during construction, operation and demolition/renewal) which allows the devel-
opment of activities on other sectors like the paper. This sector is one of the most important na-
tional liquid exporters and contributes positively for the national scale of payments, however, 
even so since 1990 have start to invest in new technologies that allow the reduction of the emis-
sions, has reached a stage where even that technologies do not improve significantly the per-
formance to this level (of emissions), for what they will only be able to fulfil the reduction es-
tablished at PNAC, linked from the Kyoto Protocol if they interrupt its activity of production, 
what would bring serious consequences for the national economic structure.  

Thus, it is obvious the benefits that the improvements at the level of the energy performance 
of the construction sector can bring for the sector, the consumer, but also for other sectors of ac-
tivity and to our own country.  
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1 INTRODUCTION 
 
Rehabilitation design is not an activity restrictedly practiced in Architectural offices, but also 
taught and practiced at Architecture schools. It is certain that each architect and student must 
define his own method for rehabilitation design developments. However, this process should 
not be detached of theoretical-practical support, such as the one available at RE-
ARCHITECTURE, neither at the Architecture schools, nor in the offices. 

Facing the serious levels of lifespan unconsciousness among rehabilitation design develop-
ments, the doctoral research RE-ARCHITECTURE lifespan rehabilitation of built heritage; un-
dertaken by the Architect Ana Pereira Roders, guest PhD researcher at the Eindhoven Univer-
sity of Technology; theorised and implemented a rehabilitation design process (see Figure 1), 
which takes forward lifespan consciousness and the required respect for the past, the present 
and the future of any building. 
 

 
Figure 1. The lifespan rehabilitation design process (Pereira Roders, A. 2006) 
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ABSTRACT: Rehabilitation design is not an activity restrictedly practiced in Architectural of-
fices, but also taught and practiced at Architecture schools. Architects and students have to de-
fine their own method to approach rehabilitation design developments; however, they can be 
theoretically supported. The doctoral research RE-ARCHITECTURE theorized a rehabilitation 
design process; which was tested by Architecture students in the Netherlands and Portugal, dur-
ing the academic year of 2005/2006. To better control the effective degree of the contribution, 
students filled in two questionnaires, one before and one after the development of a rehabilita-
tion design, sustained by RE-ARCHITECTURE. These results sustained the improvements and 
developments of the simultaneously developed design process support system, RE-
ARCHITECTURE®. This paper presents a survey of the results of the Portuguese students. 



In order to verify the applicability of the theorised design process a test was planned, involv-
ing architecture students, from the academic year of 2005 / 2006. For the effect, two European 
universities were chosen, the Eindhoven University of Technology (The Netherlands) and the 
Superior Institute Manuel Teixeira Gomes (Portugal). The following chapters describe the test 
results of the Portuguese students. 

 

2 METHOD 

The Portuguese students were invited to develop a rehabilitation design of an obsolete building, 
a water tower, in the city of Vila Real de St. António. The design was developed during three 
months and supervised by the architects Ana Pereira Roders and Isabel Valverde. To be able to 
control the students’ evolution, the test period started with a pre-survey (questionnaireA2). The 
test was concluded with the accomplishment of a post-survey (questionnaire A3). Questionnaire 
A2 was filled in by 19 students. It intended to identify the students’ previous participation in 
rehabilitation designs, their interest for rehabilitation, concepts and methodologies used by the 
students to develop, designs before getting acquired with the main principles design process 
theorized in RE-ARCHITECTURE.  

Inversely, questionnaire A3 intended to verify the evolution of the students’ knowledge, their 
level of self-critics and their lifespan / ecological consciousness. It was filled in by only 18 stu-
dents, as one student stopped attending the course, after filling in Questionnaire A2. The test 
period allowed Pereira Roders to improve and complement the design process theorized in RE-
ARCHITECTURE. 

 

3 RESULTS: QUESTIONNAIRE A2 – PRE-SURVEY 

3.1 Previous participation in rehabilitation designs (A2.1) 

Six students (32%) among the nineteen affirm to have developed rehabilitations. The men-
tioned rehabilitations were those of rural houses and their environment developed during educa-
tional exercises, in previous years. One student presented a rehabilitation design of an aban-
doned urban area and a school for children; another student presented the rehabilitation of a 
commercial establishment. The students’ strategies for these rehabilitations were mostly con-
centrated on the improvement of the conditions of habitability; but there are also references to 
prevent materials, construction components and the building environment from degradation.  

The students who answered negative to this question passed directly to question A2.6. So, 
their answers have not been surveyed in the following questions. 

3.2 Interest for rehabilitation design (A2.2) 

The six students who participated in previous rehabilitation designs were unanimous in their in-
terest for rehabilitation. The reasons that justify their interest are presented in Table 1. 

 
Table 1. Reasons of interest for the rehabilitation design 
reasons students % 
introduction of better functional and comfort conditions 5 83 
relation pre-existence and new existence 3 50 
challenge raised by the difficulties of the building 1 17 

 
“To endow the building with new functions and adjust them to the current needs” was con-

sidered a determinative factor for their rehabilitation designs by five students (83%). Three stu-
dents (50%) considered “the relation between pre-existence and new existence” interesting and 
only one student (17%) referenced as challenge: “the difficulties met, converting an old into a 
rehabilitated building”. 



3.3 Design process followed in previous rehabilitations designs (A2.3) 

The six students stated to have followed their own design process, together with the teacher’s 
orientation. Table 2 presents the followed stages and activities, in their previous approaches. 
 
Table 2: stages of work in the previous rehabilitation designs 
stages of work students % 
inventory (photos; sketches; etc) 5 83 
analysis (building and environment) 4 67 
preliminary design 6 100 
final design 6 100 
execution design 2 33 
presentation 3 50 

3.4 Interest in following a different design process (A2.4) 

Two students (33%), among the six who developed rehabilitation designs before, admitted that 
they would not follow a different design process, as the one used was already appropriate to 
reach the objectives. The other four students (66%) demonstrated a bigger openness to use new 
design process. From the two students, who considered their design process as enough, only 
one justified his opinion with a short consideration: “(...) this is the process which I consider 
correct”. 

3.5 Importance of the rehabilitation (A2.6) 

Seventeen students (89%) considered important to rehabilitate and only two students (11%) did 
not. Table 3 describes the reasons presented by the students to justify their considerations. 

 
Table 3: reasons to rehabilitate  
 reasons students % 

prevention from degradation 2 10 
saving money (cheaper than new construction) 2 10 
preservation of the values / architectural characteristics 3 16 
preservation of the memory  9 47 

building 

attribution of new functions 4 22 
development of urban planning 2 10 
preservation of the historical centres 2 10 

environment 

saving energy resources 1 5 
 
Nine students (47%) pointed out “the preservation of the building memory” as the reason to 

rehabilitate. Next, three students (16%) mentioned the “preservation of the values / architec-
tural characteristics” of the building and the “attribution of new functions” to the building. 
However, students demonstrated sensibility for more environment fields in which rehabilitation 
has an important role. Two students (10%) pointed out the “preservation of several urban 
zones” (historical centres), as well as, other two students (10%) mentioned the “development of 
urban planning”. One student (5%) referenced “saving energy resources”, as a reason to reha-
bilitate.  

The two students who did not consider rehabilitation important, presented interesting and 
debatable arguments. One argued that each building has its own lifespan and that such period 
should be respected without any kind of “cosmetic” intervention. The other argued that due the 
fact that many buildings suffered from transformations in different periods, they should not be 
rehabilitated because they already lost their essence. 



4 RESULTS: QUESTIONNAIRE A3 – POST-SURVEY 

4.1 Interest for their rehabilitation designs (A3.2) 

All eighteen students classified their design as interesting. Table 4 presents the reasons pre-
sented by the students to justify their interests in this design.  

The curiosity to work with the RE-ARCHITECTURE design process was the most men-
tioned argument to sustain the interest in this design, referenced by six students (33%). Five 
students (28%) mentioned the challenge of not creating waste and also five named the chal-
lenge to work with the current conditions of the building. Four students (22%) mentioned, as 
factors of interest, to give new functions to the building and the ecological strategy.  
 
Table 4. Reasons for interest on the design 

 reasons students % 
design process curiosity to try the RE-ARCHITECTURE design process 6 33 
building challenge to work with the difficulties 5 28 
 attribution of new functions 4 22 
 recovery of the connection between building and city 2 11 
 form and volume 1 6 
 respect for the memory 1 6 
environment ecological strategy 4 22 
 challenge of not creating waste (waste zero)  5 28 

 
Table 5 presents the advantages pointed out by the students in their designs, filtered in three 

groups: the advantages regarding the design process, the building and the ones regarding the 
environment. Nine students (50%) mentioned the new functions and the accessibilities of the 
building; five students (28%) mentioned the preservation of the values and memory of the 
building, as well as other five students pointed out the restoration of the relation between build-
ing and community as an important advantage in their design proposals. The advantages regard-
ing the environment were generally pointed out by five students (28%). Three students (17%) 
mentioned the introduction of reversible structures as an advantage in their designs; one student 
(6%) pointed out the planning of the final destination of the demolitions, as well as another stu-
dent (6%) mentioned the use of recycled materials. 

 
Table 5. Advantages of the design 
 advantages students % 
building preservation of the values and memory 5 28 
 approach between building and community 5 28 
 attribution of new functions / accessibilities 9 50 
 creation of a new image (reference) 3 17 
environment planning the final destination of the demolitions  1 6 
 introduction of reversible structures 3 17 
 use of recycled materials 1 6 

 
The factors of influence during the process are presented in Table 6 and are again divided 

into two groups: the building and the environment 
Five students (28%) pointed the preservation of the original image of the building, while 

other four students (22%) pointed the new functions attribution, through the introduction of a 
updated function program and accessibilities. In what regards the factors of influence on their 
rehabilitation design developments, sustainability was the most mentioned factor.  

In agreement with the established strategy by the European Commission, sustainability in-
volves three fields: task group 1 – (EFCM) environmentally friendly construction materials; 
task group 2 – (EEB) energy efficiency in buildings; task group 3 – (C&DW) construction and 
demolition waste management (EC, 1999). When the students listed their influential factors, 
sustainability was mentioned generically by five (28%) of them. However, when filtered ac-
cording to the European Commission task groups, seven students (39%) mentioned the aim to 
recycle materials and three students (17%) mentioned the aim to use of alternative energies.  



Table 6. Factors of influence on the design 
 factors of influence students % 
building space qualities 2 11 
 new functions / accessibilities /  habitability conditions 4 22 
 preservation of the original image 5 28 
 preservation of the original structure 3 17 
environment sustainability (without specification of the field) 5 28 
 recycle subtracted materials (sustainability) 7 39 
 alternative energies (sustainability) 3 17 
 reversibility of the new structures  2 11 

4.2 Support of the RE-ARCHITECTURE design process (A3.4) 

All students answered that the RE-ARCHITECTURE design process helped in the development 
of their designs and consequent improvement of its quality. Plus, they mentioned that RE-
ARCHITECTURE also helped them to raise the lifespan consciousness while taking decisions 
in their designs.  

Table 7 presents the areas where the design process was considered useful by the students. 
First, eight students (44%) considered the theorised design process important to create a base 
that allowed to sustain all design decisions more conscientiously. Second, five students (28%) 
mentioned that the methodology helped to organize the work, due to the fact that it divides the 
activities in stages and guides the development of each stage. Third, four students (22%) men-
tioned the alert given by this design process for questions less considered in current rehabilita-
tion processes, e.g. ecological questions. 

 
Table 7. RE-ARCHITECTURE design process – areas of support 
areas students % 
approach to questions less explored in rehabilitation 4 22 
more conscientious approach of the taken decisions during the design process 8 44 
understanding and distinction of the values of the building  1 6 
systematization / division of the work in stages 5 28 
demonstration of the rehabilitation importance  2 11 
alert given to the ecological questions  2 11 

4.3 Use of different design processes (A3.5) 

Four students (22%) admitted the use of another design process if enabled; however, thirteen 
students (72%) stated to not use a different  design process even if enabled. One student (6%) 
did not answer. 

Table 8 presents the work stages in which the students liked to spend more time during the 
rehabilitation design process. Three students (17%) stated that they would have liked to de-
velop further the analysis stage and two students the synthesis stage. Other two students men-
tioned that they would have liked to work equally (in time) in all stages, because all of them 
were balanced and important. So basically, it is mostly time management improvements. 

 
Table 8. Stages of work 

stages students % 
analysis 2 11 
synthesis 2 11 
design 3 17 
all the stages 2 11 

4.4 The importance of rehabilitation interventions (A3.7) 

While seventeen students (94%) answered that it is important to rehabilitate; one student, who 
did not consider important to rehabilitate already at the pre-survey (A2), maintained the same 



opinion in the post survey (A3). The second one, who had not previously considered, important 
changed his opinion in the post-survey (A3).  

Table 9 presents a list of arguments, pointed out by the students, for the rehabilitation inter-
ventions. While eight students (44%) considered rehabilitation an important factor to develop 
the city; four students (22%) considered it important to rehabilitate, because it promotes the 
building rehabilitation through the introduction of new functions. The topics of preservation of 
the building’s values, memory, identity; as well as, recycling of space, resources, energy, etc. 
were each mentioned by three students (17%). In this question, there were four students (22%) 
that did not give answers related to the question, so they were not considered valid for this sur-
vey. The student that considered rehabilitation not important was one of them. 

 
Table 9. Reasons of the rehabilitation importance 
reasons (more answers possible for each student) students % 
development of the city 8 44 
preservation of the values / memory / identity of the building 3 17 
revitalization of the building giving it new functions 4 22 
recycling of space / resources / energies 3 17 
not valid 4 22 

 
The buildings which the students considered apt to rehabilitate and to demolish are presented 

in Table 10. Five students (28%) considered that buildings which should be rehabilitated are 
the ones whose values are recognized, however, they did not specify what category and which 
values. Four students (22%) considered that all buildings should be rehabilitated; two students 
(11%) pointed the rehabilitation of buildings with historical values; also two students (11%) 
considered that rehabilitation should be carried out if the building has physical conditions that 
allow it.  

At last, one student (6%) said that to decide for a rehabilitation or a demolition, one should 
analyse the building first. Three students did not answer this question. About the buildings to 
demolish, four students (22%) mentioned the buildings which values are not recognized; two 
students (11%) named the buildings which do not have physical condition that allows a reha-
bilitation intervention; two students (11%) pointed to demolish the buildings which rehabilita-
tion is more expensive than new construction. One student (6%) considered the demolition for 
all the buildings without a relation with the city and 9 students did not give a reason for demol-
ishing. 

 
Table 10. Buildings to rehabilitate / to demolish 
to rehabilitate students % 
buildings with recognized values 5 28 
buildings with historical values 2 11 
buildings with aesthetical values 1 6 
buildings with physical conditions that allow rehabilitation 2 11 
previous analysis of  the building to decide rehabilitation or demolition 1 6 
all buildings 4 22 
to demolish   
buildings without recognized values 4 22 
buildings without relation with the city 1 6 
buildings without physical conditions that allow the rehabilitation 2 11 
buildings which rehabilitation is more expensive than a new construction 2 11 

4.5 Success of their designs (A3.9) 

About the results of the designs, it can be stated that thirteen students (72%) considered their 
designs as a success; four students (22%) considered the design as a failure. One student (6%) 
did not answer this question. The student’s justifications for such success or failure of the de-
sign proposals are summarized in Table 11. Six students (33%) attributed as main reason for the 
success of their proposals the introduction of a new function and program in the building; four 
students (22%) considered that respect for the values and the identity of the building were the 



determinative factors for its success; and two students (11%) mentioned the respect for the 
original structure. The students who considered their proposals a failure, pointed as reason the 
fact that they did not have time enough to develop the design with the deserved quality. For ex-
ample, they could not sustain their design solutions with technical drawings and studies, show-
ing their effective level of sustainability. 

 
Table 11. Reasons for the success / failure of the design 
reasons for the success students % 
respect for the values / identity of the building 4 22 
attribution of a new function to the building 6 33 
habitability conditions (comfort)  1 6 
use of cheap materials 1 6 
respect for the original structure 2 11 
recovery of the relation between building and community 1 6 
recycling of materials 1 6 
environmental / ecological concerns 1 6 
creative forms 1 6 
reasons for the failure   
incomplete proposal 2 11 
lack of time for technical solutions and studies about sustainability  2 11 

4.6 Ecological consciousness: the destiny of the subtractions (A3.11) 

Seventeen students (94%) planned what to do with the subtracted materials in the design devel-
opments. Only one student (6%) did not answer this question. The question considered four hy-
potheses regarding what to do with the demolitions. Five students (28%) planned to reuse them 
in the renewed building; five students (28%) planned to reuse them on the building site and 
seven students (39%) planned to recycle and reuse in the renewed building. No student consid-
ered the hypotheses of only recycle and have the material used in a secondary building, not re-
lated to this rehabilitation.  

Table 12 presents the planned solutions for the subtractions and its applications. In the an-
swers of the students, not many explicit examples of what they planned for the subtractions 
were identified. By verifying the generality of the answers, with reusing the subtracted materi-
als concrete recycling was meant. 

 
Table 12. Destiny of the subtractions / use / applications 

destiny students % use / applications  % 
concrete recycling 11 61 technical floor (new floor) 1 6 

   prefabricated panels 1 6 
   mortar 2 11 
   floors corrections 4 22 
   new structures for accesses 2 11 
   no examples 1 6 

cut parts of the  3 17 cover of the reservoir used to create a lake 1 6 
structure   new stairs 1 6 

      pedestrian ways in the surroundings 1 6 
 

5 CONCLUSION 

The previously presented results show that for the students, rehabilitation was already at the 
Pre-Survey an intervention associated to preservation (physical and the memory of the build-
ing), adaptation (new functions corresponding to the current needs), urban planning and saving 
of economical and resources savings (A2.6).  

In the Post-Survey, students maintained the same arguments regarding rehabilitation inter-
ventions. They related them with preservation, adaptation and management. However, this time 



they also considered important to contribute through rehabilitation to the level of urban devel-
opment and sustainability (A3.7). Still regarding rehabilitation principles, RE-
ARCHITECTURE theory explained that all buildings, independent from their classification, 
have potential to be rehabilitated; and should not be demolished without a proper technical as-
sessment, considering the significance and condition of both building and its environment. 

Regarding the buildings, which students considered apt to rehabilitate or demolish, they es-
tablished criteria, mostly related to the building’s and environment’s significance (values), as 
well as, its condition (physical). Only 4 students concluded that the buildings must be rehabili-
tated, independent from the previously mentioned parameters. 

Before being exposed to RE-ARCHITECTURE, the lifespan consciousness of the students 
about ecological aspects was very limited. For example, in the topic “importance of rehabilita-
tion” (A2.6), the ecological aspect is mentioned only by one student. Moreover, the students, 
who participated in rehabilitation designs before their contact with RE-ARCHITECTURE, did 
not make any reference to this aspect. Inversely, in Questionnaire A3, a different opinion raises 
with respect to lifespan / ecology aspect. When asked about the influence factors in the design, 
the ecological aspect (sustainability) is the most mentioned one. However, there are still some 
incongruencies of principles when comparing what they describe as the design’s advantages, as 
the ecological concerns appears in the last place and they attribute more value to the memory 
preservation and to the new functions attribution, just as they previously answered in the ques-
tionnaire A2 (A2.6). For this reason, it was considered that even if a lifespan consciousness was 
generally raised, most students did not value the importance of the ecological aspect, as much 
as other aspects implemented in their designs. Only one student made the respective correlation 
and mentioned the ecological subject as the main reason of success of his proposal. So, it can 
be concluded that this is still a field to research and implement in an effective way. 

About the final destination of the subtractions, generally they opted to recycle the subtracted 
concrete and use it again in the construction of new elements. However, three students choose 
for design solutions which resulted in less consumption of resources (energy, material time, 
etc.); when relocating subtracted components (e.g. concrete walls, metal frames, etc.) directly in 
the building and / or in its environment. Without doubt, recycling is already better than inciner-
ating and/or landfill. A progress was also perceived at this level, even if not substantially con-
siderable. However, facing their initial level of lifespan consciousness, this short evolution was 
considered a positive one. An effort was made by most of them to understand all this aspects re-
lated with rehabilitation and sustainability, than can certainly be improved in the future. 

The results have also shown that the students considered RE-ARCHITECTURE important 
for their rehabilitation designs (A3.4). Evidences can be found for this statement, when students 
point out as factor of interest in their design: the curiosity to work with the theorised design 
process. According to the students, RE-ARCHITECTURE contributes for a more systematized 
design process, dividing the work in phases, which allows them to organize better their own de-
sign processes. It gives orientations and suggestions about the information, which must be col-
lected in each phase, pointing out the most important topics to study, saving them time.  

Moreover, they considered that such theorised design process promotes the deep study of 
several aspects involved in a rehabilitation design process, which allows future raises of life-
span consciousness on all decisions taken during the design process. Accordingly, RE-
ARCHITECTURE showed the importance to design, taking into consideration the ecological 
aspect. So, was verified RE-ARCHITECTURE as a useful way to approach the rehabilitation 
design process and to supply architects and students with theoretical knowledge and tools that 
can sustain their raise of lifespan consciousness.  
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1 INTRODUCTION 

1.1 Sustainability 

The concept of sustainable development appeared in 1987, with the publication of the United 
Nations’ report “Our Common Future”. This study criticizes the model of economic growth 
adopted by the countries of the North hemisphere. It also defends a new position, aiming to keep 
the progress and expand it for other countries, at the same time, to reduce the impact on the en-
vironment (WCED, 1987). This concept became popular by two UN world-wide conferences on 
environment, Rio-92 (UN, 1992) and the Rio+10 (UN, 2002). In the same direction, the Interna-
tional Council for Research and Innovation in Building and Construction (CIB) presented the 
“Agenda 21 on Sustainable Construction”, with a special version for develop countries (Plessis 
et al., 2002). This document confirms the importance of the construction industry in the issue of 
sustainability (CIB, 1999).   

The sustainability is generally analyzed through three basic aspects that must be reached 
jointly, in a coherent form: environmental, economic and social. According to the Rio-92 con-
ference, the sustainable development may be based on three principles: (a) complete material 
life cycle assessment; (b) development and use of renewable raw materials and energy; and (c) 
reduction of the amounts of materials and energy used in the extraction and exploration of natu-
ral resources, and the recycling or final destination of the residues (Gauzin-Müller, 2002; UN, 
1992). 

1.2 Construction and sustainability 

The question of the construction sustainability is associated with the general sustainability, in-
cluding the problems of degradation of the natural ambient, changes of the climate and green-
house effect (Gauzin-Müller, 2002).  
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The urban constructions represent an important parcel of gases emissions, generation of liq-
uid and solid residues, as well as an expressive consumption of energy, water and site use 
(Gauzin-Müller, 2002). Moreover, the construction industry consumes 40% (in weight) of the 
materials used in all the global economy (Yeang, 2001). According to CIB (1999), the European 
Union constructions are responsible for more than 40% of the energy consumption and it gener-
ates 40% of the residues produced for the man. Regarding the Brazilian reality, studies by Lo-
turco (2004); Pinto (1989, 2005), and Rocha & John (2003) point out that the amount of build-
ing waste ranges in several cities from 230 to 760 kg/person/year. The challenges of the 
sustainable construction can be synthesized by efforts considering pro-active and reactive ap-
proaches.   

In a pro-active way, it is very important the use of sustainable principles to developed new 
construction projects. This is an ample question, and involves the definitions or decisions to be 
took since the design process, with respect to materials, construction techniques and building 
systems, among others elements. For instance:  to improve the management and organization of 
the building site, to optimize the characteristics of the building aiming to diminish the consump-
tion of resources, and to reduce the waste generation, to take into consideration the impact of the 
construction, regarding a sustainable urban development (CIB, 1999; Plessis et al., 2002).  

On the other hand, it is not enough to develop criteria only for the new projects. The potential 
impact reduction of improvements must also be taken regarding the existing buildings. In gen-
eral, construction buildings are durable goods and can reach 100 years of useful life or more. 
However, over the time the quality of the use decays significantly and the economic useful life 
is lesser. In many Brazilian cities, for instance, a great part of the constructed environment is 
outdated, as a result of the technology evolution, new standards (for example, fire protection 
standards), and due to the changes of the user satisfaction requirements. In this context, building 
renewal can extend the use of the existing buildings with diverse benefits. Two clear benefits 
are the exploitation of the existing urban infrastructure (with no need for new site development) 
and another one is the lesser generation of residues in relation to a totally new construction. 

1.3 Sustainable design 

A very important step to sustainability in construction is the sustainable design (or Ecodesign), 
that is considered as an evolution of the bioclimatic design (Yeang, 2001; Kibert, 2006). Ac-
cording to Yeang (2001), the benefits of the sustainable design include reduction of costs, better 
environmental performance, innovation, new business chances, and better general quality in the 
buildings. The sustainable design considers the use of recycled, reused or reintegrated materials, 
as well as it wishes low environmental impact choosing materials following the general re-
quirements of the bioclimatic design (low energy consumption, for example). One of most evi-
dent tool to support sustainable design is life-cycle assessment (LCA). LCA is used by design-
ers to evaluate the impact of the building (i.e, material, techniques) regarding the life cycle of 
the project.  

Bioclimatic or sustainable design studies by the view point of new projects are widely dis-
cussed in the literature (Anderson & Wells, 1984; Camous & Watson, 1986; Edwards, 1998; 
Herzog, 1996; Gauzin-Müller, 2002; Olgyay, 1998; Yeang, 2001; Wooley et al., 1998). How-
ever, there is a lack of research studies regarding adaptation and improvement of existing build-
ing in terms of sustainability. In face of this context, this work proposes a framework to be used 
as a DSS by designers in sustainable building renewal. The proposal is based on three active 
components: Life cycle assessment (including the analysis of environmental costs and alterna-
tive material and building techniques), hedonic price models (verifying economic aspects) and 
post-occupation evaluation (to better consider the client’s requirements). Other element to be 
included is knowledge about recycled materials. It also includes law and urban/social rules and 
construction management aspects.  



 

2 PRODUCT RENEWAL DESIGN FRAMEWORK PROPOSAL 

2.1 Decision support system 

The main idea of the framework proposal of this study can be described as a Decision Support 
System (DSS) to improve decision making in AEC design process of product renewal, consider-
ing sustainability approach through three dimensions: environmental, social and economics as-
pects. These three aspects may form an information database that will help designers to propose 
product renewal design. This database can be very helpful especially because sustainable as-
pects are new and the client’s objectives and design requirements are dynamic in nature. A 
framework of DSS model is described by the cycle presented in Fig. 1. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Configuration of a decision support tool to sustainable renewal  
 
A Decision Support System can be viewed as a knowledge discovery task, for example, obtain-
ing user and buyer knowledge. Knowledge discovery in databases (KDD) is a valuable tool to 
improve the intelligence of building renewal design process. It consists of a special data and 
techniques organization to allow knowledge revelation of that presumably is occult in data, 
which represent real situations. This research area appeared in the end 80’s, as an alternative for 
the analysis of great databases (Fayyad et al., 1996). The knowledge discovery occurs through 
different phases, with two main process stages: data preprocessing and data mining. The pre-
processing phase uses several statistical techniques, such as clustering, regression analysis, and 
descriptive statistics. In the data mining phase the analyst choose adequate techniques to de-
velop the solution. In general, KDD is developed using a set of Artificial Intelligence tools  
(Berry and Linoff, 2000; Soibelman and Gonzalez, 2002).  

A system based on dynamic knowledge has an advantage upon Expert Systems - model-
based reasoning (ES). In the last years, several ES have been developed, with an explicit model 
of the problem domain in which they operate. However, there are two main problems with ES: 
such systems are very complex and take many effort to develop (“knowledge elicitation bottle-
neck”), and once developed they are difficult to maintain (Watson and Abdullah, 1994). 

In this case, case-based reasoning (CBR) is used as a tool to improve the access of available 
knowledge to designers, by an intelligent way. It can be described as a problem solution tech-
nique, based on knowledge, adapting and reusing previous experiences (synthesized in “cases”). 
The basic idea is to make use of old solutions while solving a new problem (using experience). 
In other words, it is a technique that considers solutions for new problems, based on previous 
problems solutions, identified in a database through a mechanism of cases election. If the prob-
lems are distinct, it is assumed special importance on the adaptation mechanism (Aamodt and 
Plaza, 1994; Watson, 1997). The main advantages of this technique include the fact that the 
method does not depend on an explicit model for the problem solution. It has flexibility to work 
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with great data amounts and it is possible to learn with new cases, being easy to keep brought up 
to date the system (Watson, 1997). The reasoning based on cases is a cyclical process, com-
posed basically by four phases: (a) recovery of similar cases, (b) reuse of the information as 
proposed solution, (c) revision of the solution, and (d) retention of the experience for future use 
(Aamodt and Plaza, 1994).  

Some studies demonstrate the use of KDD and CBR in civil engineering. Soibelman and Kim 
(2002) presented a prototype to knowledge discovery in a U.S. Army Corps of Engineers data-
base, searching construction delays explanation. Ng & Smith (1998) presented a DSS to con-
tractor prequalification using CBR, considering client requirements such as schedule, budget 
and quality standard. Watson and Abdullah (1994) develop a CBR system applied do diagnos-
ing building defects. Oliveira et al. (1997) presented an environment to training and learning 
scaffold structures using virtual reality and CBR. 

In a complementary direction, the vision of the designers and the users does not coincide nec-
essarily. In many cases, the design process of the constructions is carried through without the 
user participation. If the involved professional does not know well the user necessities and pref-
erences, there is a great risk to be developed an inadequate project. This fact probably will gen-
erate discomfort or provoke reforms throughout the project life-cycle, generating building waste 
or excessive energy consume. There are two ways to obtain knowledge about user’s prefer-
ences, through market analysis techniques, for instance, using post-occupancy evaluation (POE) 
and hedonic price models (HPM), described as follow.  

2.2 Environmental aspects 

Life cycle assessment (LCA) is a useful technique that regards materials and energy involved in 
a product, process or activity. It also considers environmental impact measurement. This is 
aligned with the subject discussed in Rio+10 conference, in terms of what must be the actions in 
plan: “To develop politics of production and consumption in a way to improve the products and 
services offered, reducing the ambient impacts, using, when appropriate, scientific boarding, 
such as the evaluation of the life cycle” (UN, 2002). 

LCA is an ambient evaluation process associated with a product, process or activity, through 
the identification and quantification of energy and materials used in the production, and the 
residues generated. In other words, it evaluates the impact from these elements on the environ-
ment. Moreover, it also requires the identification and evaluation ways of environment im-
provements in this sense. This analysis includes the product, process or activity life cycle, in-
cluding extraction, raw materials processing, production, distribution, use, reuse, maintaining, 
recycling and final disposal. 

There are four interactive phases for the development of the study of the life cycle assess-
ment, described as follow: 

• Planning: it defines the goals and objectives of the LCA, including the limits of the in-
quiry, beginning and end of the study; 

• Analysis of inventory: it searches a quantitative analysis of the inputs and outputs of the 
product or system, consisting in evaluation and measurements of the expenses in energy, 
raw materials, residual emissions of gases, water and solid residues; 

• Evaluation of impact: it evaluates how the product or system affects the environment, 
adopting a qualitative and quantitative boarding to analyze the consumption of materials, 
energy, water and the emissions of gases and generation of solid and liquid residues af-
fect the environment; 

• Analysis of improvements: it involves the study of improvements to reduce the impacts 
all associates with the product or system through an objective vision of the cycle of life 
and the evaluation of the impact that these changes can provoke in the environment.  

The use of LCA in Brazil is still incipient and it is necessary a specific data-collecting for the 
Brazilian reality, since the building design and production process used in Brazil (including ma-
terial, construction techniques and specifications) are distinct from countries that already pos-
sess LCA studies. In face of that, Silva (2003) demonstrated that LCA methods used in other 
countries may be not adjusted for Brazil, and he defended that it is very important to develop 
adequate techniques to the Brazilian conditions. 



 

LCA also can be very useful for Brazilian construction industry, like it is in several countries, 
mainly in the European continent. The building design is determinative in terms of environ-
mental impacts provoked. Not only during the construction phase, but also, and mainly, during 
the long phase of building use. Thus, the application of “life-cycle thinking” in design process 
can contribute decisively for the environment preservation.  

However, the development of LCA studies is more difficult in the construction industry, be-
cause some typical construction characteristics, such as contract informality, cost aspects, large 
number of medium and small companies, among others. Because of that, construction industry 
is delayed in relation to other industries. It has some small studies in Brazil, such as Cybis and 
Santos (2004) on masonry, Manfredini and Sattler (2005) on red ceramics, and Taborianski and 
Prado (2003) on water heating, but still it has a long way to tread.  

The use of new materials and techniques, such as forested wood or reused materials is also a 
good option to reach sustainability. For example, in Brazil, Stumpp et al. (2006) demonstrated 
the use of natural treatments of forested woods, and Kazmierczak et al. (2000a, 2000b, 2000c) 
present a study in reuse of shoe materials in construction. This kind of information need be in a 
DSS to design purposes. 

2.3 Economic aspects 

Inadequate management systems are said to be the major cause of the construction industry in-
appropriate development. Although important initiatives were made, as pre-fabrication and 
modularization, real benefits from them are still incipient and not clear. Authors as Koskela 
(2000) and Bertelsen (2002) suggest that the lack of a management theory has been a strong bar-
rier for the sector progress. 

According to Koskela (2000), one of the causes of the ineffectiveness of traditional construc-
tion management systems is the fact that production is viewed basically as a transformation 
process. This is a very simplistic view and it fails to consider waste generation during the pro-
duction process and the client requirements properly during the design process.  

From the production process perspective, it does not explicitly consider the non value-adding 
activities, which tend to be neglected in production control, despite their high impact in terms of 
cost and waste. According to Shingo (1988), minimizing waste must be the central element in 
the development of the production process. This requires that different ways of waste must be 
identified to be avoided as much as possible. This author exposes seven types of waste, often 
generated in a production process:  (a) overproduction; (b) correction; (c) material movement; 
(d) processing; (e) inventory; (f) waiting; and (e) motion.   

From the design perspective, Koskela (2000) points the importance of keeping the focus on 
the client requirements during all the process of development of the product to better meet cus-
tomer demand to generate value-added-product. In essence, the value of a product can be deter-
mined only in reference to the customer, and the goal of production is satisfying customer 
needs. It is not the transformation of raw materials in a final product itself that is valuable (focus 
of traditional management systems), but the fact that the output corresponds to the requirements 
and wishes of the customer. For instance a well done product may be inappropriate – to make 
right a wrong product. In this context, Koskela (2000) proposes five principles to be taken, spe-
cially by designers, in order to create value added products: (a) to ensure that all customer re-
quirements (explicit and latent) have been captured; (b) to ensure that relevant customer re-
quirements are available in all phase of production, and that they are not lost when progressively 
transformed into design solutions, production plans and products; (c) to ensure that customer re-
quirements have a bearing on all deliverables for all roles of the customer; (d) the capability of 
the production system to produce products as required; (e) to ensure by measurements that val-
ues is generated for the customer. 

Another important issue is materials transport. Brazil is a large country, then distance for 
transportation and its correspondent cost are relevant. For example, in some regions there are 
not exist sand, in other the problem is stone, which need to be transported by road for 200km or 
more. In view of sustainability, the use of recycled construction waste in substitution to these 
materials is a good option.  

However, client requirements information is not always available for the designer, especially 
during the early phase of the project. In many times, the requirements are carried through an in-



 

tuitive form, following the entrepreneur feeling. However, the initial phases, that involves the 
project conception and planning have a great impact potential on the final cost, as well as on the 
value generation. This fact makes a decision support system very helpfully, through analysis 
mechanisms that systemize the available information, aiming to better reach the customer re-
quirements, resulting in a value-added-product. It also can help designers and constructors in 
finding materials and suppliers regarding sustainability aspects. 

Building renewal design can also be improved by using market models, such as hedonic price 
models (HPM). Properties are considered economically as composite goods, regarding the si-
multaneous influence of diverse characteristics that affect the price formation. These models 
have the objective to estimate the market value of the property, through the analysis of the in-
fluence of each important characteristic using a sample of data of transactions in the segment of 
interest. It is very helpful since there are a great variety of products in the real estate market. 
Among others differencing elements, properties have significant variations of design, such as 
size, configuration of environments and quality of construction, which are reflected in variations 
in the market prices. Its different localization and property singularity itself make it difficult the 
direct comparison (Lavender, 1990; Robinson, 1979).  

Hedonic price models search to establish the relationship between the practiced price and the 
diverse characteristics of the property. In the hedonic models, the goods are described through a 
“bundle of attributes”, congregating the characteristics that are important. As the referring par-
cels to each attribute they cannot be isolated, therefore it does not have specific markets for each 
one, and prices are gotten indirectly, in general through of multiple regression analysis. The im-
plicit prices of each one of these attributes, also called hedonic prices or “shadow prices”, are 
the prices related with each one of the attributes of the property, such as size, age and location 
(Rosen, 1974; Sheppard, 1999).  

The detailing of these models is carried through in function of the interests of the study. HPM 
can be used for evaluation of property, taxation and studies of conception of constructions, 
through the prediction of values for diverse alternatives of interest. Through the MHP they can 
be identified to the values added for project decisions, representing the potential of market for 
these alternatives. In such a way, comparing these values with the corresponding costs (gotten 
through budget processes), the economic viability of these alternatives can be identified. This 
technique can be used to decision-making among available options in building design. 

2.4 Social aspects – users  

The post-occupancy evaluation (POE) is one important technique to identify problems and posi-
tive points to feedback designers about design decisions. It is composed by an ample diagnosis 
of the constructed environment, including analysis of the constructive system, ambient comfort, 
functionality, accessibility, security against fire and relations of the environment constructed 
with the user. This analysis is usually carried through a set of methods and techniques for data 
collection, as such as interviews and field surveys, and data analysis techniques as results tabu-
lation and mapping, aiming to identify differences between the final project and user require-
ments and necessities (Kowaltowski et al., 2006; Voordt & Maarleveld, 2006; Watson, 2003).  

As a main advantage, results from POE may be use by designers to develop new project de-
sign, considering positive and negative aspect pointed by users, improving the design process 
forwards. For Kowaltowski et al. (2006), the employed techniques must consider behavioral 
evaluations, and also, physical, evaluations measurements, assays, archetypes analysis and gen-
eral comments. 

Other important question to be incorporated in building design is the social regulation, de-
fined by general law and urban rules. Real estate market functioning depends of legal standards 
about property and of urban management practices. Brazilian cities face several problems in the 
urban areas, such as scarcity of good public services, inequality of property taxes, inefficient ur-
ban planning and management practices, and lack of social land and housing. In recent times, it 
was launched a new federal law on urban policy, called City Statute. This new regulatory stan-
dard has created some new instruments, which were added to existent ones, performing a large 
set of legal instruments. There is great potential for improve urban planning, both from a fiscal 
and non-fiscal viewpoint. Probably it will have a strong influence on real estate market, espe-



 

cially on land market. Besides that, Brazilian medium and large cities must have (by law) urban 
development plans and construction rules, including a set of construction technical norms. 

3 CONCLUDING REMARKS 

Building renewal is an important strategy to reduce environmental impact of construction indus-
try. Part of this question is about building material and techniques, assessed by LCA tools. In 
other sense, a better design, more adjusted to client requires (buyer and user views), also can 
contribute to reduce environmental impact. This paper presented a framework to knowledge ex-
traction, with the objective of improve building renewal design. The system is in knowledge ac-
quisition stage, searching for construct the database. In sequence, it is necessary to validate 
knowledge and to develop a weighting mechanism to make easy designer decision making. 
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1 INTRODUCTION AND OBJECTIVES 

University has an environmental responsibility by its knowledge and professional practice, 
following the principles of the UNESCO Decade of Sustainable Education for 2005-2014 
(UNESCO, 2004). The practice on sustainability on university ranges since the evaluation of its 
campuses and buildings by a sustainable assessment, the application of a defined criterion to 
action until, finally, the inclusion of the whole university community. The implementation of a 
proper Environmental Management System (EMS) is a feasible tool to define the objectives and 
policies on this issue. 

As a part of the EMS, the Energy and Environmental Audit can provide an overview of all 
input and output materials and energy flows. Based on this analysis, it will be possible to define 
which aspects need to be optimized, in order to achieve the efficiency on the management of 
natural and economics resources. 

This paper is a partial result of the research being developed on the Architecture and Energy 
Ph.D. program of Polytechnic University of Catalonia (UPC), Barcelona, called “A 
methodology to include the energy efficiency in the universities buildings: environmental and 
economics considerations”. 

The study proposes an evaluation of the recent proceedings and methods adopted by the 
UPC to include the sustainable principles at the UPC's Master Plans, following some previous 
researches (Frandoloso & Cuchí i Burgos & López Plazas, 2006) developed in the framework of 
REAL Laboratory - CITIES; with the objective of propose a methodology to integrate all 
aspects involved in the energy consumption of buildings at universities centres. 

Besides the UPC, the methodology is being applied to another context with same 
characteristics of use, in this case to the South Brazilian University of Passo Fundo (UPF). The 
application is being accomplished based on the contextualization of climate, cultural, social and 
economy situations. 
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ABSTRACT: The Higher Education Institutions through its physical structure, in isolated 
buildings or in a campus, allow the evaluation of the urban and environmental impact by a 
sustainable assessment. This research shows the actual usage of the natural resources in the 
buildings of Universidade de Passo Fundo – UPF, related to the aspects of water and energy 
consumption, and the management of solid and liquid residues, reinforcing the university role in 
the sustainable development, and, at the same time, allows the inclusion of UPF in the “ECO-
CAMPUS” group, it means, universities which look for their own sustainability in all of their 
daily activities (Education, research and management). Therefore, must contribute for a 
diagnostic of the conditions of the whole building stock of the University, through the 
application of a methodology according to the principles of the Environmental and Energy 
Audit. 
 



2 UNIVERSITY CONTEXT AND BUILDING STOCK 

The research is being developed on the Universidade de Passo Fundo (UPF), a multicampi 
university, i.e. with a regional structure formed by 7 campuses around Passo Fundo, a medium-
sized (about 170 000 inhabitants) in the Southern Brazil, as shown in Figure 1. 

 
 

 
Figures 1- 2. Passo Fundo and UPF Campus I locations. 
 
 

The main campus (Campus I) occupies an area of 341 ha; in 2006 the built area was 107.643 
m² receiving a population of 17 603 students and 2 078 teachers and staff. 

The climate conditions in Passo Fundo indicates a warm summer (112 cooling DD, base 
23ºC) and cold winter (857 heating DD, base 18ºC), indicated to passive solar strategies to 
cooling and heating. The application of Givoni’s building bioclimatic chart (BBCC) shows: 
during 29.1% of the year there are comfortable conditions, while cold in 57.5% and hot in 
13.4% (Frandoloso & Cuchí i Burgos, 2005). 
 
 

 
Figures 3. UPF Campus I neighbourhood. 

 
 
The Campus 1, in 1968, was located outside the urban area, following the Anglo-Saxon 

model of university planning which dominated in Brazil in the 60’s and 70’s years. The campus 
was situated far from residential zones, in the convergence of national roads as presented in 
Figure 2. In the last decades the number of inhabitants increased and nowadays the campus 
boundaries are coincident with an area occupied by medium-class housing, service buildings 
and commercial area (see Figure 3). 



As showed in Figure 4, the campus surroundings, besides the housing and commercial 
neighbourhood on South-east and South limits, are composed by natural environment - the 
Miranda River is an important water supplier to the city - and farms on the East, North and West 
limits. 
 
 

 
Figures 4. UPF Campus I boundaries (adapted of DIGITAL GLOBE, 2006). 

 
 
Regarding the consumption of energy in the buildings, the control system is centralized in a 

unique unit consumer, with its management in charge of the Section of Conservation of the 
Campuses.  In the present moment, the responsible sector is working with the proposition of 
some strategies for the decentralization and monitoring the consumption.   

According to an administrative study, performed in June of 2005, the costs of the electric 
energy presented a “significant increasing, around 35% (concerning of taxes and tariffs) ...”; 
From this verification, were suggested the necessaries steps aiming the energy economy through 
the collaboration of all users, such as the turning-off of lights when the spaces will be without 
users and of equipment and computers in schedules of break. 
 
 

   
Figures 5-6. UPF Building stock: original and latest construction systems. 

 
 
During the almost 40 years of the campus, different types of construction has been 

employed: the first one was a current system, built with single-brick masonry walls, a 15 mm 
expanded polystyrene ceiling and a pitched-roof of asbestos cement tiles (Fig. 5), without a 
proper thermal mass and consequently without comfort conditions; recently had been adopted 



by the project staff double brick walls and concrete ceilings, and was increased in some projects 
shading devices to control solar radiation and natural lighting (Fig. 6). 

Besides the lack of a global environmental plan, some isolated strategies are being improved 
to achieve sustainable principles at university buildings and campus, for instance: 

a.  the construction of a wastewater treatment anaerobic chambers to 18 000 people, in 
operation since September 2006; 

b.  since 2003 is recollected selectively the solid waste (54.104 ton. in 2005), nowadays it is 
donated to Citizens Committee Against Hungry and Poverty to commercialize and recycle; 

c.  rational use of energy with changes of conventional lighting equipment by more efficient 
ballasts and lamps; 

d.  energy generation by diesel (to substitute an hydroelectric sources) – 1.45 MW, with the 
energy supply objective as much for the temporary interruptions by the concessionaire, as much 
as for the reduction of the consumption in the schedules-peaks between the 17:55 h and 21:05 h, 
representing an effective reduction of costs around 65%; 

e.  stormwater management at Technology Centre - CETEC/FEAR (Figs. 7-8). 
 
 

  
Figures 7-8. Stormwater management at CETEC/FEAR. 
 
 

The energy consumption in the Campus I corresponds to 87% of the whole UPF, becoming 
considerable the control instruments study and energy management and consequently allowing 
the financial control. The Table 1 shows the variations in the consumption and costs, relative to 
the years of 2004, 2005 and 2006: 
 
 
Table 1. Building stock and energy consumption on UPF Campus I. 

2004 2005 variation (05/04) 2006 variation (06/05)
Buit area (m²) 97.320,53           99.067,69           1,80% 107.643,88       7,97%
Energy consumption (kWh) 3.356.236           3.409.882           1,60% 3.442.858         0,96%
Costs (R$) 1.557.562,45      1.912.870,98      22,81% 1.314.777,46    -45,49%

 
 

The table 1, also presents an area built in the Campus I, that indicates, although the growing 
construction and enlargement of the physical structure of UPF (around 8% between 2005 and 
2006), the initial measures, already implanted, obtained positive results in the maintenance of 
the consumption profile, allied to the costs reduction (reduction around 45% in the same 
period), looking for control procedures adopted in rush hour, for example, the creation of its 
own energy and the consequently differentiation in the tariff by the energy concessionaire. 

3 ENERGY AUDIT 

An Environmental Management System – EMS, provides a feasible tool to enable institutions to 
address environmental effects, by policies and practices on monitoring and evaluation of 



resources uses and its impacts. For this reason, its development constitutes a way to carry the 
universities through their sustainable commitment. 

According to Viebanh (2002) the University of Osnabrück, Germany, had proposed a 
systematic approach to reduce the consumption of resources at the university, developing an 
EMS that should involve all academic community. The plan focuses on recording and modelling 
the material and energy flows of the University in order to develop an “ecobalance”. 

Kibert (2005: 41-42) also mention that the “eco-efficiency” includes environmental impacts 
and costs as a factor in calculating business efficiency. According him, the World Business 
Council on Sustainable Development – WBCSD –has articulated seven elements to achieve it, 
among reducing the energy intensity of goods and services. 

As a part of an EMS, the methodology of Energy Audit adopted in this paper identifies and 
evaluates the buildings and systems characteristics in relation with the energy sources 
(Diputació de Barcelona, 1986). The study premise is that the energy consumption is related to 
3 main factors: the energy demand (building location and building shell); the performance of 
systems and installations; and the management of use and occupation (intensity and space-time 
distribution). 

This study is based on previous researches developed at Polytechnic University of Catalonia 
(López Plazas, 2006) that was presented by Frandoloso & Cuchí i Burgos (2006) showing that 
the management of space uses, systems and infrastructures have a significant influence in the 
energy consumption. 

The analysis is based on two kinds of data: the “static” data are related to the building 
location (outdoor and indoor conditions), building characteristics (architecture and 
construction), systems and infrastructure and energy resources. 

The second type of data, the “dynamic” data, are obtained modelling the space occupation, 
the numbers of users, and the kind of activities with the energy performance, through an 
automatic control of energy consumption. 
 
 

  
Figures 9-10. Building G1- East and North façades. 
 
 

Nowadays, this methodology is being applied in two buildings of the Faculty of 
Engineering and Architecture, representative of the diverse existing constructive 
typologies in the Campus I of Universidade de Passo Fundo: the building G1, 
administrative and educative building of FEAR - Faculty of Engineering and 
Architecture – (Figs. 9-10), and the building L1, of the Sustenance Engineering Course, 
that counts with laboratories and classrooms (Figs. 11-12). 
 



  
Figures 11-12. Building L1: Southern and Northern façades. 
 
 

To the present phase, were elaborated the static facts inventories of the building L1, related 
to the general characteristics of buildings, and of its internal spaces (constructive and 
architectural characteristics) and the characterization of the installations, on the other hand, in 
future phase, the dynamics will be obtained from the consumption monitoring of energy for 
different uses and following spaces uses and occupations. 

G1 was built using the original construction system: 14cm single masonry walls with 21 
holes vertical holes (Fig.13a) and internal mortar, with 15mm expanded polystyrene ceiling in 
the upper floor, shading devices was installed in a recent retrofitting in North-eastern and 
Northern façades (Fig. 9-10). The L1 was built with 24cm double brick walls (external brick as 
G1 plus an internal compact brick and internal mortar) – see Fig. 13b, and concrete ceiling, but 
the windows on Northern façade do not receive any protection to radiation and natural lighting 
(Fig. 12). 

 
 

a   b  
Figures 13. Masonry bricks: 21 vertical rounded holes (a) and respective wall layers (b). 

 
 
The inhabitation conditions monitoring of (temperature and humidity) of the internal spaces 

is in development (Cunha et al., 2006), also it will be calculated the PMV (Predicted Medium 
Votes) adopting Fanger's method. In the Table 2 are represented the temperature at the rooms 
studied, aiming differences of temperatures in the order of 5ºC between classrooms with same 
North orientation in the two buildings of study: rooms 27 (G1) and LabCa and 103 (L1). 
 

 
Table 2. Dry bulb air temperatures and relative air humidity by season in L1 and G1 rooms. __________________________________________________________________________________________________________ 

         Room       27                  LabCar        103        ________________________     ________________________       ________________________ 

Season     temp (ºC) humidity (%)  temp (ºC) humidity (%)  temp (ºC) humidity (%) __________________________________________________________________________________________________________ 

Spring      22.2   51.8     23.9  49.5      25.5       45.6 
Summer      23.5   53.3     28.5  48.6      28.4       49.3 
Autumn      21.2   57.0     25.5  47.3      25.8       46.1 
Winter      20.6   39.2     24.2  46.2      25.1       44.0 



 
In spite of almost the same involving construction, with a U= 1.26W/m²K in G1 and 

U=1.12W/m²K in L1; thermal properties calculated with ECOTECT (Marsh, 2006), the main 
difference between those rooms is the heat gain caused by solar radiation: while the 27 
classroom have solar protector outside and inside, the room of L1 does not have any solar 
protection. 

The next step of the evaluation will be to collect de dynamic data, it means, the 
characterization of use, occupation and real resources consumption (energy and water), but in 
this moment the information is not available to be published yet; these data will be compared 
with software simulations ECOTECT. 
 
 

 
Figure 14. ECOTECT model of L1 building, presenting thermal multi-zone characterization. 

 
 
The modelling and thermal buildings simulation uses the software (Marsh, 2006) where is 

possible to define the thermal multi-zones, showed by Figure 14. Besides, this tool presents a 
graphic interface with an easy adoption in Architecture and permits to export the final dada to 
ENERGYPLUS (USA - DOE, 2006), step to be developed soon. 

Than, the research will be able to provide some criteria in order to improve the building 
stock, related to better indoor conditions that really correspond to climate conditions, using 
passive strategies to heating and cooling, and at the same time to improve the efficient and 
rational use of natural resources, and to reduce the environmental impacts. 

At the conclusion of the research it will be possible to improve the method as an operational 
tool, to help taking decisions during the whole process of design, construction and use of 
buildings. In the specific case of the application to University of Passo Fundo, the final results 
of the research will provide elements to propose an instrument to improve the performance of 
the buildings stock in the campus, also to elaborate the guidelines to the “Environmental 
Efficiency and Energetic Program” applicable in the whole UPF campuses. 

4 FINAL CONSIDERATIONS 

First of all, the university has an important potential field to prepare more conscious and 
responsive professional through knowledge, and especially putting into practice the principles of 
a sustainable society on its Master Plans and its all activities, in a collaborative and responsible 
way to involve the whole university community in the imperative process of changing 
procedures and habits. 

The evaluation of universities campuses and buildings through a sustainable assessment and 
the application of a defined criterion to action can be a practical way to reinforce their 
environmental responsibility, following the principles of the UNESCO Decade of Sustainable 
Education for 2005-2014. 

Related to the application of Environmental Plans the study shows the importance of a 
systematic and continuous re-evaluation of the process and the assessment methods. 



In the same way, the evaluation of building performance by energy consumption and energy 
audit results into a practical method to verify the building quality in terms of users’ comfort, 
efficient use of spaces and, in generals aspects, the commitment to sustainable construction. 

Related to the management of energy resources, UPF have been shown efficient in 
economics terms, resulting in a significant reduction of primary costs, but should be analyzed 
the costs of energy generation using non-renewable fuel, and mainly, its environmental impact. 

In spite off some strategies in isolated buildings, the mayor amount do not present comfort 
condition to face different main seasons (hot and humid summers and cold and humid winters). 

The preliminary results show that is necessary a retrofitting of the building stock of Campus 
I, not only in those built with a low profile construction system that characterize the first 
buildings, but also in recent one, apparently built with a better thermal properties and, in a first 
glace, consequently better indoor comfort conditions: the temperatures in December shows that 
was not taken care about the heat gain by direct solar radiation in hot season or periods, or even 
the heat lost in the winter. 

The energy audit method as part of an EMS applied to universities, constitute a valuable tool 
to know the real condition of each building in order to propose a concrete plan of actions and 
investments to achieve the energy efficiency, with a corresponding economic results to the 
whole building stock. 
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1 INTRODUCTION – THE WAY TO SERVICES INTEGRATED FACADE 

Façade construction has been a fast developing technology in the building market. In early 20th 
century the search for structural slenderness and greater transparency led to the product “curtain 
wall” (Herzog) (Brooks). Mass customization and possibilities of prefabrication made the con-
struction of pre-cast concrete-slabs possible in the 1960s and 70s. Current façades are based ei-
ther on post-and-rail systems, related to building technology oriented on craftsmen’s work, or 
on element systems, which bear more possibilities of industrialized production (Krewinkel). 
 
 

    
Figure 1: Post tower Bonn      Figure 2: Hybrid façade, developed at University of  

Applied Science, Germany 
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ABSTRACT: With growing consciousness for the relation between facades and energy-
consumption and the rising sensibility for sustainability, in the beginning of the 21st century 
double facades, hybrid facades and decentralized mechanical services have been developed. In a 
market with rising demands on quality and ecologic/economic sustainability, such as Europe, 
these principles will increasingly have to be applied for the refurbishment of the enormous 
number of existing buildings. The author’s research led to different efficient strategies that deal 
with the complex influencing factors. It aims to develop systemized solutions for varied circum-
stances to be found in an international market, for which a service integrated façade is a promis-
ing approach. In one example the application of such a system is presented. An additional fa-
çade layer with integrated HVAC is being applied to an office-high rise built in 1970. 
Simulations have shown that an energy saving of 75% is possible.  



 
With growing consciousness for the relation between facades and energy-consumption in the 

beginning of the 21st century, research aimed on integration of climate-technology into the fa-
çade. This resulted in the development of double facades (Pottgiesser) in the 1990s. The actual 
development shows the tendency towards total integration of mechanical services into the fa-
çade (Oesterle et al.). Climate units with minimized dimensions built either into a façade ele-
ment or attached at floor level provide all necessary heating and cooling means. Ventilation is 
achieved by direct connection to the outside. This makes air ducts and installation space within 
the building obsolete. Two actual examples for service-integrated facades are shown in Figure 1 
and 2. 

2 FACADE REFURBISHMENT – RESEARCH PROJECT AT TU DELFT 

The aim of this research project is to find systematic solutions for the refurbishment of facades 
for office buildings. The façade serves as an integral part in the building climate concept and 
thus can not be considered separately. Upgrading the building envelope contributes to more ef-
ficiency with limited interference with structure and running work. The main research question 
is: How is it possible to combine sustainable refurbishment with economic feasibility? It is de-
sired to create an overview of aspects to be kept in mind and present suggestions for systemized 
façade-refurbishment for real estate dated from 1960 to 1990. The development of systemized 
solutions suitable for different building types and problems and their verification in case studies 
form the practical base of this work. 

3 ASPECTS OF REFURBISHMENT 

3.1 The market for refurbishment 
The greatest number of office real estate in Europe is dated from the 1960s to 1980s. A study of 
IFO-institute shows that between 65% of non-housing real estate in Western Europe (agricul-
tural buildings excluded) was built before1978 (Russig). Market-analysis states that in a de-
creasing market like Western Europe only “grade A”-buildings are lettable. Besides the factors 
space and location, a modern and economical HVAC is part of this.  

3.2 Energy-consumption 
The mentioned buildings mostly provide a low insulation level and outdated installations. This 
causes high energy consumption. Round 75% of end energy consumed in buildings of the terti-
ary sector is used for heating and cooling (Schlomann et al.). Improvements in this aspect can 
thus lead to big savings both on financial as on ecologic level. The EU directive 2002/91/EC on 
energy performance of buildings (EU) aimed to raise concern in energy consumption by intro-
ducing “Energy Passports” in January 2006. These will be compulsory from mid 2007 and make 
the running costs of buildings comparable (Poeggeler). 

3.3 Building construction possibilities  
The refurbishment-planning has to deal with existing structure and detailing. The existing sub-
structure, material and connections have just as much influence as fire protection rules, sound 
protection and energetic demands.  
 
 



3.4 Building services 
The big chance in façade refurbishment lies in the possibility to install new building services. 
Decentralized units mounted in one go with the façade refurbishment require less vertical instal-
lations which can be installed relatively easy. Heating, ventilation, cooling and IT-installations 
can be upgraded without interfering with the interior. This keeps cost short for relocation of 
staff and renovation of the finishes. Old installations can stay in place disused and can be re-
moved, when it is financially feasible, e. g. on renovation of the interior, demolition or when 
commodity prices pay back labour cost.  

3.5 Comfort 
The comfort of working staff is an often underestimated factor in productivity. The building 
skin has to provide the necessary thermal protection in winter as well as in summer, glare-
protection, lighting and contact to the outside. Giving people the opportunity to regulate their 
work environment has proven to contribute enormously to their comfort and productivity [4]. 
Modern HVAC installations provide the chance for individual exerting of influence. If part of 
an entire climate-concept they help saving energy and thus money. 

3.6 Aesthetics 
Renovation projects always have to deal with architectural design aspects. Referring to “office 
grade A” the design and identification with the building are important rental matters. The user 
demands a representative, individually designed building. Monumental protection rules some-
times also apply to the project and thus impose guidelines to the design. 

3.7 Finance 
In addition to the aspects mentioned above, the financial plan has to contain various other mat-
ters. For example there may be the possibility to produce energy with the new building skin. 
Governments in Europe support renovation-projects by means of grants and favourable tax leg-
islation. The renovation-proposal has to prove on one hand to be more profitable than demolish-
ing and rebuilding, on the other hand it has to provide an economic surplus value in comparison 
to leaving everything like it is. Only when the refurbishment is feasible there will be the chance 
to realize a sustainable, energy- and material-conscious building upgrade. 

4 DEVELOPMENT OF SYSTEMS 

During the research project a market survey has been realized in the Dutch and German building 
market. Working together with important real estate owners a broad overview of refurbished 
and to-be-refurbished buildings has been created. Realized refurbishment projects tend to be 
isolated solutions for single projects, and thus relatively expensive. The main aim of the re-
search is to identify refurbishment-strategies to develop systemized solutions and products. 
Those shall be applicable and adjustable for different situations.  

Renovation principles for office facades can be sorted into two main categories: Single skin 
solutions; double skin facades fitted from inside and double skin facades installed from outside. 
Table 1 gives an overview of structural principles and properties, such as the qualitative influ-
ence on the energy saving potential, comfort and the aesthetic effect. . The applicability of dif-
ferent levels of installations and the potential of combination with decentralized integrated ser-
vice units and is evaluated as well. 



 
Figure 3: Table 1 Overview of façade-principles for refurbishment 

 
 

S1:  
The replacement of existing curtain-walls or pre-fabricated facades with a similar façade con-
struction provides the widest range of possibilities. The main focus of detailing lies in the con-
nection to the main bearing structure. Climate- and architectural design can be solved according 
to actual standards. This way of refurbishment is particularly feasible, when a total renovation is 
due and the building is emptied. It then is more sustainable than demolishing the entire struc-
ture. 

S2:  
Replacement of existing windows and extra thermal insulation of walls proves to be the most 
common way of dealing with façade renovation. It is cost effective and sustainable in terms of 
material consumption. It does usually not take advantage of the possibility to upgrade building 
services and is mainly applicable for window-facades. 



Di: 
Application of an additional façade layer from the inside is predominantly interesting for listed 
buildings. Dependant on the quality of the existing façade it can be realized as exhaust façade 
(Di1) or box window (Di2). Special tasks in this case lie in the insulation of cold bridges and the 
integration of existing HVAC. 

Do1:  
The addition of a second layer to the existing skin prevents interference with the interior. The 
application of a multi-storey-façade is a relatively cheap solution providing good extra insula-
tion. The curtain wall is connected to the main load bearing structure; the existing building-
services are updated. Any double façade bears the typical risks of overheating in summer and 
fire-protection difficulties. Operable windows support sound transfer in the cavity and the risk 
of condensation on the outer glass. 

Do2 - Do3:  
Corridor facades and Box-type facades provide different levels of horizontal and vertical separa-
tion of the cavity which keeps the façade controllable. These systems also provide good circum-
stances for the integration of new building services. Prefabricated elements are attached to the 
existing structure; horizontal separations can serve for bringing media to every office-space. 

Do4:  
The integration of all building services into the façade, realized in form of decentralized units, 
presents maximum flexibility. Existing installations can be kept in place, though set out of use. 
All new services are provided from the outside. Decentralised units give users the maximum 
possibilities to adjust indoor climate individually. Difficulties lie in the detailing of connections 
to and penetration of the existing structure. 

 
One example of an additional façade with decentralized building service installation has been 

developed in 1999 in co-operation with Delft Technical University. Within the research project 
the author has been given the opportunity to develop the system further and apply it to a case 
study. 

5 CASE STUDY - REFURBISHMENT WITHOUT INTERFERENCE WITH INTERIOR 

The case study building was constructed in 1972 and is composed of a 3 storey base which 
serves as conference centre and a 10-storey office-tower on top of this base which is the focus 
of the research (Figure 4). The façade provides various building physical problems such as rain-
water entering the construction and lacking wind-tightness. All office-spaces are fully air-
conditioned by means of decentralized units. The system is controlled centrally and not adjust-
able by the user (Figure 5). Actually the building consumes over 1.2 million kWh/a (315 
kWh/m²a) of energy, of which round 80% are used for heating and cooling. (Evers et al.).  

 

      
Figure 4: Outside view         Figure 5: Existing climate-units 

 



 
Currently the building is used by the owner himself but it is intended to rent out office space 

in small units in the near future. Keeping this in mind the owner wishes to reduce running costs 
and give the building a new and modern appearance. A special task in this project lies in the fact 
that the interior has recently been refurbished. Therefore it is neither affordable nor desired to 
interfere with finishes.  

5.1 Application of the system 
Based on the given circumstances the application of an extra façade on the outside appeared to 
be the optimal solution. During the design process, in co-operation with a climate engineer three 
different designs were developed.  

In a “minimal constructional impact solution” (version 1) most of the façade stayed in place. 
Existing windows and climate-units were replaced and extra insulation added. In the feasibility 
study this led to extra costs for relocation of staff and renovation of the interior while the maxi-
mum positive effect on energy saving could not be reached in simulations. A second option 
aimed on maximizing the energy savings (version 3). In this design an entire climate skin was 
installed; solar-chimneys contributed to the support of natural ventilation. This solution prove to 
be too expensive in comparison with the achievable payback on energy saving and added prop-
erty value. Furthermore it led to structural complications. 

5.2 Architecture and construction 
The preferred solution (version 2) aims to combine advantages of both others and be in favour 
of the architecture: A second skin is placed only in front of the existing glazing. Vertical pro-
files, suspended from a steel-framework which rests on the main bearing structure, give a struc-
ture to the building. This creates a vertical emphasis and transparent appearance for the office 
tower. (Figure 6) The existing closed facade will not be changed (Figure 7). Besides avoiding 
disturbance with the interior this also contributes to fire protection. Sprinkler installation in both 
the cavity and near the façade inside office-space avoids the need for horizontal separation of 
the cavity. All sprinkler-tubing is installed within the additional façade. 

 

    
Figure 6: Design for refurbishment      Figure 7: Schematic principle of the facade 
 

5.3 Climate-Design 
To prevent interference with the interior the covers of the existing climate units are re-used. 
Modern de-central climate units are installed therein. These units provide individual mechanical 
ventilation with heat recovery and combine this with convector units for both heating and cool-
ing. In wintertime the preconditioned air from the cavity is used, while exhaust air is let out to 
the outside. In summertime fresh air is drawn in from outside, while the solar chimney effect in 
the cavity supports exhaust ventilation. Every room is equipped with controls for individual 
regulation of ventilation and heating/cooling. 



5.4 Results 
The biggest economic and ecologic gain lies in the improvement of the building performance. 
Simulations have proven that the proposed solution (version 2) provides an energy saving po-
tential of 75%. The actual 315 kWh/m²a primary energy demand will be reduced to 81 kWh/m²a 
in the future (Evers et al.). This is mainly based on better insulation and an accurately adjustable 
HVAC system. Figure 8 also shows that cooling-energy is almost not required; this is due to 
sufficient sun-screens and ventilation(Evers et al.). 

 

 
Figure 8: Total final energy consumption (Balck + Partner) 

 
 

The feasibility study showed that only on energy savings the break even point for the installed 
building services will be reached within 11 years (figure 9). This is due to the facts that energy 
costs will rise and that the “old” HVAC-system will require significantly more maintenance. 
Taking the entire refurbishment-project into account, the investment will pay back only on en-
ergy saving within 18 years (figure 10), which is well within the technical lifespan of all its 
components. (Evers et al. 2006) 

 
 

 
Figure 9: Life Cycle costs HVAC (Balck + Partner)  
 



 
Figure 10: Life Cycle costs project (Balck + Partner) 

 
 
The feasibility study has not taken into account further added value like better lettability and 

higher rental rates that can be achieved. One example shall represent these factors: New, 
smaller, air-conditioning units are placed in the existing. When the interior will be renovated, 
the big covers will be replaced by smaller ones. This will lead to a gain of 14 m² or 4% of 
rentable area per floor. 

6 CONCLUSION 

Facades are one of the most important and complex parts in building. The integration of new 
materials and climate installation into the building envelope is state of the art and will be one of 
the major tasks for the future. Façade renovation has to be considered together with climate de-
sign. It provides the chance to save material and energy and thus improve sustainability of 
buildings. The real estate market offers a great number of projects for refurbishment. The au-
thor’s research shows that integrated envelopes are applicable in refurbishment projects. 

Double skin facades provide a number of disadvantages such as overheating in summer and 
condensation in winter, high costs and a bigger consumption of resources and grey energy. Nev-
ertheless, for the task of renovation they may be particularly useful, as they provide installation 
space and the big opportunity to build without interference with on-going work and the interior. 

Taking all aspects of renovation into account system-based solutions can be developed for the 
market. The integration of services into the building envelope provides many advantages par-
ticularly in renovation. The big task for planners is to prove that such solutions are economically 
feasible and individually adaptable. For this it needs more case studies which show that intelli-
gent renovation in Europe not only supports sustainability but also is profitable investment. 
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1 INTRODUCTION 

Lisbon elementary public schools serve a population of 15800 children, with ages ranging from 
six to nine years old (30% of these children live in the outskirts but the expenses are supported 
by the City Council of Lisbon - CCL). 

The elementary educational school facilities include 97 buildings, most of them property of 
the municipal authority and a few rented. CCL, as responsible for the activity of facilities man-
agement, must deal with a variety of building construction styles and functional concepts such 
as one school building dated from 1875 or a group of school buildings belonging to the con-
struction program for educational facilities from the period called “Estado Novo” (1926-1974). 

The existing building stock was built, on average, 50 years ago. This is even more worrying 
because, in many cases, the original buildings have not been submitted to any relevant mainte-
nance practices or renovations. Lack of maintenance and conservation speeds up the deteriora-
tion of the buildings and the need to replace equipment, it increases the cost of maintaining 
school facilities and it can also result in health and safety problems.�

A study on the physical condition of Lisbon elementary public schools was conducted in 
2003 by the CCL. Data was compiled based on the overall condition of various types of the 
building exteriors, and an identification of the main building features’ problems was also per-
formed: roofs, exterior walls, framing, windows, plumbing and electric wiring. 

This paper reports the results of the follow-up study begun in 2007 to collect information on 
the actual condition of these public schools. They provide an outlook of current maintenance 
practices and contribute to the knowledge of how local authorities manage their schools’ facili-
ties. 

To maintain and improve the quality and performance of school buildings it is important that 
local and governmental authorities are aware of the necessity of adopting sustainable mainte-
nance practices for the existing building stock. The implementation of such practices requires 
an accurate assessment of each type of school building’s characteristics. A large number of 
Lisbon elementary schools are made up of old buildings, with historical and architectural value, 
and a small number of buildings from the 1980/90s. Current maintenance practices must be im-
plemented immediately as well as a written long-range facilities plan for making major repairs, 
renovations or replacement of building features. 

Characterization of the Lisbon elementary public school building 
stock 
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ABSTRACT: Lisbon elementary public schools serve a population of 15800 children, with ages 
ranging from six to nine years old. The existing building stock was built, on average, 50 years 
ago. This is even more worrying because, in many cases, the original buildings have not been 
submitted to any relevant maintenance practices or renovations. This paper reports the results 
of the follow-up study that began in 2007 to collect information on the actual condition of these 
public schools. 



2 BUILDING MAINTENANCE 

The maintenance of buildings may have different natures: deferred, emergency, corrective, gen-
eral, preventive, predictive and proactive. Figure 1 illustrates the sequence of these seven dif-
ferent types of maintenance in accordance with the level of planning (OLA 2000). 

 

 
Figure 1. Types of maintenance (Source: Office of the Legislative Auditor 2000) 

 
Maintenance is said to be deferred when identified needs to execute works are not followed 

through. Budgetary limitations or weather-related factors may be the reasons that motivate this 
delay (Arditi 1999). Emergency maintenance occurs when there are urgent situations that in-
volve users’ health and safety that demand immediate response. Maintenance is corrective 
when there is a need to repair unimportant elements that, even though are not of an urgent na-
ture, cannot wait for general maintenance. Emergency and corrective maintenance are activated 
to provide response to situations when failures occur (BRE, 2003). 

Maintenance is said to be general when works aim at reestablishing the elements’ initial con-
ditions and allow their functioning under good conditions of performance. When there is a seri-
ous planning of the activities to be developed, namely inspections, evaluation of a building’s 
condition status and execution of subsequent repair works on the various elements, and a regis-
ter of all these periodical activities, maintenance is said to be preventive (OLA 2000). 

For predictive and proactive maintenance, tests of the elements are used that allow, in the 
first case, to detect performance trends before failure occurs and, in the second case, to detect 
the failure’s origin. It demands a high level of planning with a restrictive scope (OLA 2000). 

Even though it demands an initial and constant investment of technical and financial re-
sources, preventive maintenance allows for the maximization the operational capacity of the fa-
cilities, extending the components’ service life, preventing the occurrence of unpredicted fail-
ures that always lead to costlier repairs, minimizing lost time, avoiding closing down the 
building, saving energy by keeping the ventilation equipment in a good state and preventing 
significant degradation of the building’s envelope. Its absence leads to an acceleration of the 
degradation with sometimes irreversible results and extensive increments of the repair costs. 

The strategies to be adopted in managing a building stock involve balancing the planned and 
non-planned maintenance activities. 

Factors pointed out as relevant in maintenance management of the building stock are: the age 
of the buildings and their condition status, characteristics of the construction - architecture, ar-
eas, function, installations and equipment - (Arditi 1999) and also the quality of the materials 
and components used, the criminality rates and aspects related with the building’s location 
(BRE 2003). 

3 RESEARCH METHODOLOGY 

In terms of data collection, the online databases of the City Council of Lisbon (CCL), the In-
formation and Evaluation Cabinet of the Education System (GIASE) from the Ministry of Edu-
cation and the Regional Education Direction of Lisbon (DREL) were consulted. 

It was possible to collect data concerning the total number of schools, their geographic dis-
tribution in the Lisbon parishes, the number of students per school and the total number of stu-
dents. Data concerning the existence of kindergartens and/or other levels of learning (integrated 



schools) were also collected even though it was not possible in most cases to understand 
whether they function in autonomous buildings or in common areas. 

The GIASE also provides data on the curricular activities made available by the schools, 
while the CCL provides the construction date of the building and patrimonial elements (owner-
ship of the buildings) for some schools. By cross-referencing data from these three databases it 
was possible to check the accuracy of the data presented here even though regularly there were 
some discrepancies mostly due to schools which had been shut down during the present school 
year or very recently. 

To complement the data collected, some visits were made to the buildings (from the outside) 
and some informal telephone contacts were established with the management of the schools. 

4 FINDINGS AND DISCUSSION 

4.1 General data on the building stock 

Lisbon is divided into 53 parishes and, according to the CCL online, the elementary schools (1st 
cycle) are located in 43 of them. In figure 2, a map of Lisbon is presented showing the approxi-
mate geographical distribution of the elementary schools. 
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Figure 2. Distribution of the schools by parishes in the city of Lisbon  
 

Table 1 presents a summary of the results relative to the date of construction and the average 
age of the buildings. The building stock is made up of old buildings, some of them over 200 
years old, located mostly in the city’s oldest districts that still represent around 24% of the 
global stock. However, the buildings of the “Centenary Plan”, from the 30’s to the 70’s, of the 
Estado Novo make up the greatest percentage (41%). The most recent schools from the 70’s and 
80’s and after the 80’s represent respectively 14 and 21% of the stock. 

 
Table 1. Schools by construction period and average age  

Buildings Construction date Average age Construction epoch 
No. % Minimum Maximum. Average  

Before 1930 22 24 1742 1918 1826 181 
From 1931 to 1970 38 41 1932 1970 1954 53 
From 1971 to 1980 13 14 1972 1980 1975 32 
After 1981 20 21 1981 2002 1988 19 

Period of construction 



The construction date and the average age per construction period must be considered as a 
good enough indicator to be used in the first stage of the characterization of the school’s build-
ing stock. The determination of the actual age of each building will have to take into account 
the history of maintenance activitiy, improvement and rehabilitation performed throughout the 
years (NCES 1999). 

As referred by Hinum (1999), the quality and longevity of the buildings are affected by the 
way they are taken care of, maintained and preserved and also by the evolution of the functional 
requisites demanded by the users (obsolescence). 

In figure 3, it can be perceived that there is a greater number of small schools in the older 
buildings and that the predominant dimension of the schools, defined by the number of stu-
dents, is in the interval of 125 to 300. In terms of distribution of students by construction period 
44% of the 15800 students use schools from the Estado Novo period. On the other hand, in 60% 
of the buildings the pre-school level (kindergarten) is installed either autonomously or not. 
 

 
Figure 3. Dimension of the schools and distribution of students by school construction period 
 

4.2 Data on construction technology 

The building stock is made up of buildings that comprise a wide range of construction periods 
and therefore present a variety of characteristics both at the architectural level and of the mate-
rials and construction solutions. 

Until 1930, buildings designed as dwellings and later adapted to be used as schools prevail. 
Many of them are classified as municipal heritage or located in protected areas, in the oldest 
Lisbon neighbourhoods, presenting characteristics from the Pombalino Period (built after the 
1755 earthquake until 1870). 

Generically they are 3-storey buildings plus mansard with high ceilings (4 meters) that pre-
sent a masonry and timber framed vertical structure, and horizontal structure and roofs also in 
timber. Roofs are slanted and coated with ceramic tiles, outer walls present painted renderings 
and stone cladding and two-leaved windows are in timber with inner shutters. Inner walls are 
usually rendered in gypsum plaster, ceilings are made of gypsum plaster on lathing and pave-
ments of timber boards and natural stone (report CCL 2003; Sousa Oliveira & Reis Cabrita 
1998). In figure 4 (left), the building where school 13 is installed, in downtown Lisbon, is pre-
sented. 

From 1930 to 1970, buildings were originally designed as schools and were built within the 
“Centenary Plan” (Beja, F. et al. 1996). Initially (until the 50’s) the structure of these buildings 
is characterized by pavements in timber girders resting on masonry walls, sometimes with rein-
forced concrete slabs in the WC and common areas. These facilities are two stories and have 
two separate areas, for female and male students. Roofs are slanted and coated with ceramic 
tiles. Inner walls, in hollow brick masonry, are coated with lime and sand renders. Some of the 
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typical pavement claddings of the period are still present, e.g. cement and marble sand plaster 
and blue limestone (Bernardino 2003). Figure 4 (right) presents the building where school 142 
is located. 

From the 50’s to the 70’s, the use of reinforced concrete structures became generalized, us-
ing light prefabricated slabs, horizontal roofing with fibrocement sheets or waterproofing as 
cladding, and double walls in brick masonry. The topping of roofs, namely those with reduced 
slanting, is made with short vertical slabs and vertical plumbing is embedded in the walls. 
Original window frames are in timber. 

 

        
Figure 4. School 13 (left) in downtown Lisbon and school 142 (Actors District) (right). 

 
In the 70’s and 80’s, schools were built according to the “Standard Project for Elementary 

Schools” later known as schools type P3. It is a heavy prefabrication design, composed of 
modular blocks up to two stories high. The standard structural solution was not always used and 
there are schools with the same modular typology but with a structure of concrete cast in situ 
(Bernardino 2003). In figure 5 (left), school EB1 in Telheiras is presented. 

In the early 80’s, schools with great areas as part of the plan were built with low budgets in 
the new town districts, now generally very degraded (Bernardino 2003). Buildings from the end 
of the 90’s and early 2000’s seem to offer good conditions, both in terms of construction and 
functional spaces (figure 5 (right), Alto da Faia school). The Vasco da Gama school located in 
the Expo 98 area, inaugurated in 1999, incorporated a pioneering experience to be followed in 
the years ahead of concentrating a kindergarten and every elementary school level (EB1, 2 and 
3) in one single building. 

 

      
Figure 5. Telheiras school (left) Alto da Faia school (right) in Lumiar parish. 

4.3 Data on the overall condition of the buildings 

In 2003, the CCL performed evaluations of thirty buildings of the school building stock aiming 
at checking and identifying the aspects related with structural safety, service safety and safety 
against fire (CCL 2003). Due to reasons inherent to the goal of the work, the schools inspected 
correspond in most cases to buildings prior to 1930 and even in some cases prior to 1755. 



 The following occurrences are referred in terms of structural anomalies: foundation deficien-
cies (5 schools), incompatibility of the structure in terms of overload above regulatory levels 
(13 schools), cracking in vertical bearing elements (15 schools), cracking in horizontal bearing 
elements (7 schools), timber rot (15 schools), unstable ceiling cladding (15 schools) or brittle-
ness of the structure due to posterior works (7 schools). An analysis concerning the earthquake-
related anomalies was performed with reference to walls deformation to unlevel, walls buck-
ling, punching effects in walls and cracking of stone frames of windows and doors. 
 It was difficult to analyze the overall condition of the oldest buildings, because throughout 
the years they have been subjected to improvement and rehabilitation works in which materials 
and claddings typical of the periods when the works were performed were used. 

Of the 30 schools inspected, around 20% presented roofing cladding materials of more than 
one type, ceramic tiles being the most frequent of them (present in 80% of the buildings). In 
2003, the need to replace fibrocement in 23% of the schools was referred to since they were fal-
ling behind code regulations. In 59% of the cases, roofing claddings were classified in good 
condition, 33% in reasonable condition and 8% in bad condition. Pavement claddings were 
classified in reasonable condition in 63% of the cases, in 27% as good and in 10% as bad. In 
47% of the cases, classroom ceiling claddings were in reasonable condition, in 30% in bad con-
dition and in 23% in good condition. Water plumbing was classified in reasonable condition in 
87% of the cases and sewer plumbing in 68%. 

The report proposes the shutting down of some schools (that have been closing), sometimes 
because they do not present good working conditions or safety in the case of an earthquake, for 
safety reasons or related to patrimonial and financial management of resources. 

In 2006, with the elaboration of the Lisbon Educational Chart, an evaluation of the condi-
tions of the learning establishments under the cargo of the CCL was performed. Some of the lit-
tle data available point to the need of performing great repairs in 53 of the 96 schools focusing 
on roofings, facades, ceilings, walls and pavements, water and sewer plumbing, electric and gas 
systems and also sanitary and kitchen equipments (DN, 2006). In the study, three schools were 
classified in critical situation (one has already been closed, in S. Vicente parish). 

5 STRATEGIES FOR THE FUTURE 

5.1 Further data collection and integrated and participated management  

As referred by Freire da Silva and Melo da Silva (2005), characterizing and knowing well the 
building stock is essential for its management. In 1997, the results of the condition evaluations 
of the school building stock of the 2nd and 3rd cycle were published and became paramount in 
the characterization not only of the quality of the facilities but also of the quality of the teach-
ing. The age of the buildings, their type, the school population, the type of construction and the 
way the space was used were some of the data collected in that study. 

In England in the late 90’s, an integrated system of analysis and evaluation of school build-
ings was created, with the following 6 steps: identify responsibilities and attributions of the 
various parties involved and define objectives and strategies (1); perform the evaluation of the 
functioning facilities within the net by resorting to the database and compiling all the data on 
each building (2); identify the needs (3); identify priorities (4); perform viability studies, the 
validation of options and financial alternatives (5); and execute the works, by implementing ra-
tionalized and innovative maintenance (6). The whole system is periodically evaluated (Beeton 
1999). 

Other countries report progress in various work fronts, e.g. Mexico that in 2006 initiated the 
use of a computer program of evaluation of school facilities made online. The new system, de-
veloped within the 01-06 National Education Plan, was conceived to compile data gathered 
consistently allowing the reduction of paper and human resources consumption (OECD n.d.). 

In Canada, Quebec has developed a school facilities evaluation system based on criteria such 
as the adequacy of the schools to the new teaching techniques, their adaptation to new envi-
ronmental requisites and demographic previsions. The method is founded on data “modules” 
such as component inventory, maintenance impact calculation, execution of financial projec-
tions for long-term improvement works, rating of activities by priority, preventive maintenance, 
repair costs, and the elaboration of a final report (PEB 2005). 



5.2 Adoption of a preventive maintenance 

Planned maintenance actions of a preventive nature should be adopted, requiring task planning 
for each building. At an initial stage of implementation of the method, it will be necessary to 
“waste some time” in planning the better way of performing an inventory and codification of 
the elements that constitute each building (Kishk et al. 2003) and defining the evaluation 
method of the building state of conservation (Paiva et al. 2006, NCES 2000). This method 
should bear in mind aspects of standardization in data collection, the teaching of the personnel 
working on site, and the evaluation criteria of the condition of the different inspected elements. 
Only by adopting standard procedures and eliminating (as much as possible) subjective judg-
ments will it be possible to compare data from different inspections and dates. 

The scope for each inspection (the building as a whole or parts of it) must be defined, as well 
as the instrumentation needed, checklists and rating and register criteria. The frequency of in-
spection will depend a lot on the age and state of conservation of the building. 

Auxiliary documentation, such as repair files, may be developed gradually, from the most 
frequent technical solutions within the building stock to the more specific and rare, and by 
adapting some already developed models (Abrantes et al. 1999, Hoffmann Arch. 1997). 

At the stage of establishing priorities and making decisions, aspects that lead to risk of users 
safety or health (justifying shutting down the school) or, at another level, degradation that jeop-
ardize comfort and salubrious demands are usually considered of maximum priority and ur-
gency. 

5.3 Adoption of tools based on the life cycle analysis of components 

One of the tools to be used is called Whole Life Costing (WLC) and it consists generically in 
quantifying every cost and benefit associated to the acquisition, use, maintenance and exploita-
tion of any goods. This tool has been essentially used at the design and project stages, in the 
analysis of alternative solutions, taking into account not only the initial costs but also those re-
sulting from the exploitation and maintenance stages. 

Recent studies revealed that around 80 to 90% of the exploitation, maintenance and repair 
costs of a building are defined at the Project stage (Kishk et al. 2003). 

WLF must be used as a support tool in preventive maintenance activity. This analysis, per-
formed by the manager, may reveal that some replacement solutions or the acquisition of a 
given equipment are more economic in the long run than others. 

Some of the obstacles to the current use of WLF result from the time consumed in this type 
of analyses and, on the other hand and to an even greater extent, the lack of available data on 
maintenance costs and expected service life of various components. In England there are some 
manuals, such as those published by the Housing Association Property Mutual (HAPM) and the 
Building Maintenance Information (BMI) that provide data on the components’ service life and 
on repair and maintenance costs (BRE 2003). In Portugal there are some publications, such as 
those from the Institute for Management and Sale of the State Dwelling Patrimony and from the 
Porto University Engineering Faculty (Abrantes et al. 1999), but they have only a limited scope 
and need further development and periodic updating. The history of registers of maintenance 
and repair expenses or the consultation of suppliers are other sources of data to be used. 

6 CONCLUSIONS 

Various factors that allow the characterization of the elementary school (1st cycle) building 
stock of the city of Lisbon were drawn. 

It was found that there are a large percentage of schools installed in very old buildings in the 
most ancient districts of Lisbon. These buildings have a great historical and architectonic value 
but show functional problems and also in terms of the state of conservation. The percentage of 
students of these schools is low (around 14%) possibly made up of grandchildren of the inhabi-
tants of these old districts that present worrying ageing and desertification ratios. A desirable 
revitalization of these areas depends on the creation of infrastructures and social facilities that 
offer adequate conditions to the settling of young families. 

The greatest part of the school population attends the schools built during the Estado Novo 



period. These buildings have an architectonic and historical value and even though rather old 
(from 30 to 70 years) seem to provide functioning conditions and very reasonable performance. 
The greatest problems are related with roofings, windows, and water and sewer plumbing due 
to the end of the expected service life of these elements. 

The state of conservation of the schools built between the 70’s and the 80’s is more worrying 
since apparently the low initial budgets of construction associated with missing preventive 
maintenance practices are reflected in an acceleration of the predicted degradation ratio of the 
buildings. Nevertheless, it will matter in future studies to know in detail the deterioration level 
of the buildings at the technological, functional and economic level. 

For more recent schools, built after the 80’s, a study of their state of conservation and the 
implementation of planned maintenance practices have been recommended. 

For the future, it is recommended that more data is collected involving all the interested par-
ties, namely users, managers, authorities and the community in general, the adoption of planned 
and preventive maintenance and also of tools of analysis of the life cycle such as WLC. 
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existing commercial office buildings 
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ABSTRACT: There is a perception that a high proportion of the commercial office buildings 
that we will use this century are already built, that many of these buildings perform poorly with 
respect to the environment, resource use and user well-being and that while building owners are 
prepared to spend significant amount of money on cosmetic upgrading, they are reluctant to 
commit funding to sustainability related performance improvements in upgrades of existing 
commercial buildings.  
   Through an analysis of a series of stakeholder interviews this paper seeks to better understand 
whether or not these perceptions concerning building performance and owner attitudes are 
widespread. It also seeks to identify the perceived barriers to Environmentally Sustainable 
Design (ESD) upgrading of existing office buildings and discusses possible solutions to 
overcome such barriers. 
 
 
1  INTRODUCTION 
 
A substantial amount about what we ‘know’ about the sustainability and potential use of our 
existing office buildings in New Zealand is a combination of, industry experience, anecdotal 
evidence and conventional wisdom. Collectively this body of knowledge drives the decisions 
made concerning the development of and investment in existing buildings. It is necessary that 
these perceptions and attitudes are understood if ‘green’ agendas are to be progressed. 
      In this survey a series of key property industry stakeholders operating in Wellington were 
interviewed.  They were asked to consider and respond to a series of statements concerning 
property sector attitudes and perceptions and to indicate barriers and possible solutions to ESD 
upgrading of existing office buildings. 
   The study was focused on existing office buildings in the Central Business District (CBD) of 
Wellington, New Zealand. Wellington was selected because it is a compact city yet contains 
buildings having a wide range of physical and performance characteristics in terms of form, 
size, age, materials, ownership and quality.   
   Wellington is New Zealand’s capital city and about 60% of large lettings of office space are 
occupied by government departments, quasi government agencies and state owned companies.    
Government policy is that departments and agencies lease space rather own their own buildings.   
   Because of a major stockmarket crash and coincidental governmental reorganisation and 
downsizing, there was suddenly a glut of office space in 1989 and very little new office space 
has been built in Wellington in the subsequent 15 years. Virtually all office related building 
work during that period was upgrading existing buildings. During this period a significant 
number of existing office buildings were adapted for use as apartment buildings. A high 
proportion of existing office buildings in Wellington were built in the 1960s, 70s and 80s, 
fuelled by high demand and the identification and replacement of earthquake hazard buildings.  



Many of the buildings built at this time were built on a speculative basis by developers who sold 
them on as quickly as possible. They were often constructed to the lowest possible cost and 
specification. 
   The current ownership pattern is for buildings to be retained and leased out by their 
developers. In the last two years several major new office developments have been started. 
Several of these buildings have been designed to achieve a 4-5 Greenstar NZ rating, equivalent 
to Silver and Gold ratings under the LEED assessment system.  These developments are likely 
to have a significant effect on the commercial viability of existing office buildings in 
Wellington. 
   Comments of one of the respondents were made on the basis of a series of 20 industry 
workshops organised by the respondent to discuss the future of Wellington’s CBD (Dow), but in 
all the other cases respondents cited industry knowledge and experience rather than evidence 
based research as their information source. 
 
 
2  EXISTING OR NEW 
 
Industry professions were asked to respond to the statement “A high proportion of the office 
buildings that we will use this century are already built.”   
   There was significant variation in the responses obtained ranging from full agreement to 
disagreement. The developer-owners (McGuinness, Burrell) suggested that in the immediate 
future new, waterfront buildings with large footprints are favoured and that while existing 
buildings are being renovated this can often involve a total rebuilt behind a retained façade and 
in some cases this was also accompanied by a change of use. 
   Others respondents suggested that most existing buildings were likely to be retained and 
upgraded in less drastic ways (Humphries, Myers)).  Some upgrading is occurring on a floor by 
floor, piecemeal basis using simple, usually energy related technologies, such as heat pumps, 
new generation fluorescent lamps and better control mechanisms (Humphries).  It was 
suggested that rainwater collection would be comparatively simple to install and could result in 
major water savings (Baker). Humphries suggested that it was uneconomic, impractical and 
logistically impossible to perpetually renew all our existing office stock.    
   In the longer term it was suggested that the workplace environment was likely to undergo 
radical change and that this would significantly impact on the nature and composition of the 
CBD (Dow, McGuinness). One particularly compelling CBD scenario suggested that only small 
‘shopfront’ workplaces combined with a mixture of, common, amenity, residential and retail 
spaces would be located in the CBD with other workplaces being remotely located. This vision 
would, it was considered, lend itself to the reuse of smaller footprint characteristics of good 
quality, older, existing buildings (Dow).   
   Several respondents considered that buildings built during the 1960s, 70s and 80s would be  
economically difficult to change for continued office use and that that these same buildings 
were most at risk of demolition or of being stripped back to their basic structure prior to 
rebuilding. Buildings with a good ’image’ were thought most likely to be retained and 
refurbished and were likely to include significant ‘green’ features in their upgrading.   
   Replacement rates information is not readily available in New Zealand, but the consensus 
view was that the replacement rate for office buildings is around 1.5% per annum.  This 
suggests an average 50-60 year replacement cycle  
   A study by The Athena Institute in 2003 into the reasons for demolition of buildings in St 
Paul, Minnesota, USA, concluded that while a major (22%) reason for demolition was that the 
building was not suitable for its intended purpose, the cost of improvements required to bring 
the building up to Code requirements accounted for a only a tiny fraction (2%) of the numbers 
of demolished buildings involved (The Athena Institute). The results of this survey cannot be 
directly transferred to Wellington, New Zealand, but suggest that if alternative uses can be 
found for buildings found to be unsuitable their original purpose, then the cost of bringing the 
building them up to Code would probably not inhibit conversion.  



 
 
3  PERFORMANCE OF EXISTING BUILDINGS 
   
Stakeholders were asked to respond to the statement “Many existing office buildings perform 
poorly with respect to the environment, resource use (energy, water and materials) and user 
well-being.”   
     Both new and existing buildings will need to have a 4-5 Greenstar NZ rating to attract future 
government leases. Early indications are that building owners are increasingly interested in what 
measures need to be put in place to achieve the various Greenstar ratings (Wood). 
   Several respondents suggested that most corporate tenants are not yet particularly interested in 
ESD. Existing high occupancy rates suggest that it is still possible to rent out resource 
inefficient buildings in Wellington. Realtor respondents suggested that ESD features were 
currently well behind factors such as location and image in terms of the priorities assigned by 
many corporate entities for spaces they would wish to rent.   
   Most respondents considered that older buildings performed poorly in terms of operational 
resource use, but some considered that a combination of operable windows, small floorplates 
and good natural daylight provided more enjoyable and healthier working conditions for users 
than many newer mechanically ventilated, overglazed and artificially lit buildings.  
   Research carried out by the IEA and EC in the BRITA in PuBs extension to Annex 36 
concludes that post 1980 buildings comprise 20% of the building stock in Europe but only use 
5% of the energy consumption (Erhorn-Klunnig).  This research relates to all buildings rather 
than being specifically related to office buildings, but it tends to support the suggestion that 
older office buildings are considerably less energy efficient than more modern buildings.   
   Water use in existing office buildings in New Zealand has not been considered until very 
recently, because Wellington does not currently have a water supply problem.  The new NZ 
Building Code is likely to mandate water conservation measures nationwide. Government 
tenants and several publicly funded organisations are beginning to take water conservation 
seriously with Government pre-empting regulation and insisted that water saving features are 
incorporated in all its own future leased space.  
   Generally the measures incorporated are low level, spray taps, dual-flush toilets and low water 
use appliances but rainwater collection has been incorporated in some recent government leases. 
The Department of Conservation (DOC) building in Wellington also incorporates rainwater 
collection, and 65,000 litre storage tanks used for all non-potable purposes in the building. This 
results in a saving 77% of mains water supply (Baker).   
   Material conservation is not currently being considered by the property sector although this 
too will change with the introduction of the new NZ building Code and the application of the 
Greenstar rating system.  
 
 
4  APPEARANCE VERSUS PERFORMANCE 
 
Responses were sought to the statement “Building developers/owners are prepared to spend 
substantial amounts of money on upgrading the appearance of existing buildings, but very little 
on upgrading the sustainability related performance of those same buildings” 
   The consensus was that until quite recently appearance was more important than performance 
to most tenants and that in consequence owners tended to carry out mainly cosmetic upgrading 
of their buildings.  This appears to be changing, particularly within the Government sector 
where ‘green’ performance criteria now tend to dominate the list of priorities.  This trend is seen 
to be gathering momentum because of actual or impending government regulation and leasing 
strategies. Respondents suggested that the corporate market as a whole is still not entirely 
convinced about the merits and value of incorporating sustainable design features in their rentals 
particularly if it means a rental premium has to be paid.  Priorities for many corporate clients 
remain location, view, image and so visible appearance related improvement still rates higher on 



their list of priorities than operational performance criteria; but even here the situation is 
beginning to change.  
   All respondents agreed that big renters, defined in Wellington terms as those letting more than 
3000m2, are now becoming more demanding and more are willing to pay a premium for ‘green’ 
features, whereas ten years ago no tenant even mentioned ESD. Even three years ago when the 
Department of Conservation sought expressions of interest on the basis of a ‘green’ brief only 
two out of twelve bidders were willing to offer anything other than a conventional building 
solution (Baker). 
 
 
5  OVERCOMING THE BARRIERS 
  
5.1 Introduction 
 
Two questions were asked was “What do you consider to be the barriers to incorporating 
sustainability related performance improvements into existing office buildings?” and “What do 
you believe would be the best way of overcoming these barriers”  
   Twenty one specific barriers were identified.  For the sake of clarity these have been divided 
into four categories, knowledge/education, information/standards/tools, leasing arrangements, 
cost/value/investment. Identification of the barriers and suggests on how such barriers might be 
overcome have been brought together in this section of the paper to minimise repetition. 
 
  
5.2  Knowledge/education 
 
1: There is a lack of educational opportunities for decision makes to learn about the 
opportunities and benefits of ‘green’ buildings in their own ‘language’   
Senior decision makers are often unwilling to expose their ignorance by attending open 
workshops or consulting junior staff and they often do know what they don’t know. 
   Distance education, workshops and seminars for senior managers, open websites, one-on-one 
teaching, confidential telephone or e-mail consultation provision can all help to overcome this 
problem. 
2: Risks involved in investing in ‘green’ building upgrades are perceived as being too great, 
especially by those who have no experience in this area 
60% of the big tenants and a significant proportion of the small tenants are in the public sector.  
With the Government deciding that as from the 1st July 2007 all new direct public service 
departments office lettings will be in 4-5 Greenstar rated buildings and the likelihood that many 
other publicly funded organisations will follow suit, there seems to be more risk in not investing 
in ‘green’ building upgrades than in doing so. 
   The new NZ Building Code will define minimum ESD requirements, will reduce the risk 
factors involved in ‘green’ renovation yet further and facilitate the transition of ‘green’ building 
from an exceptional into a normal way of refurbishing or reconstructing buildings. 
Demand for ‘green’ space is rising and if it is not provided by Wellington based companies it 
will be provided by Australian property investors, who are more aware of the potential profits to 
be made, than many New Zealand investors seem to be at this time (Wood). 
3: Sub-sector professionals in the property/building industry do not understand the language, 
imperatives and motivations of people in other sectors of the industry. 
ESD aims to provide holistic financially, socially and environmentally sustainable and 
responsible outcomes and these need to be very clearly communicated to all stakeholders. 
Opportunities need to be deliberately created through multidisciplinary conferences, events and 
gatherings to enable these different points of view to be aired, understood and accommodated.   
 
 
5.3  Information/standards/tools 



4: Even big tenants only have an opportunity to exert pressure on the landlord to provide 
‘green’ features during lease negotiations.  Small tenants cannot exert pressure at all. 
 The new NZ Building Code will set a ‘level playing field’ minimum condition for ESD that 
will apply to all new buildings, to existing buildings undergoing major renovation and to the 
parts of a building undergoing renovation.    
   The New Zealand Green Building Council Green Star v1 Commercial Building Assessment 
Tool is seen as the principle mechanism for voluntary action, just as LEED has been in North 
America.  A preliminary version of the Green Star tool was released in New Zealand in 2006 
and a developed version of this tool is due later in 2007.  
  Taken together these interventions should go part way towards answering this problem.  
However, tenants whether singly or in groups will still have maximum opportunity to obtain 
higher levels of ‘green’ features during lease negotiations.  Even small tenants have the option 
of relocating into a ‘green’ building and carrying green features into their fitouts. 
   An international survey carried out by the OECD in 2003 failed to find any mandatory or 
voluntary regulations anywhere in the world that dealt specifically with ‘greening’ existing 
commercial office buildings (OECD).   
5: There is a lack of benchmarking tools or industry rating tools for existing buildings. 
Myers suggested that an existing office building tool was needed that focused on what was 
achievable and financially viable and a further tool was required to measure and monitor both 
new and existing buildings on the same basis.  Dow suggested the need for a tool to measure 
and recognise incremental ESD gains achieved in existing buildings which are not covered by 
the Greenstar assessment system.    
There is a lack of good examples of ‘green’ renovation in Wellington. 
This is still generally correct, but now there is one excellent exemplar of ‘green’ renovation of 
an existing building in Wellington.  This is the recently completed Department of Conservation 
(DOC) Headquarters.  It has been extensively published and rather to DOCs surprise has 
generated enormous interest right across the building sector.  Its 5 star equivalent Greenstar 
rating confirms its standing as the new benchmark of economically viable green workplace 
renovation in New Zealand.  
7: Scepticism continues about whether designed performance will be achieved in practice. 
There remains a certain amount of truth in this statement, mainly due to the unhelpful, over 
optimistic predictions and the failure to adequately take account of occupant use factors by 
inexperienced professionals.  
   The DOC headquarters building is being extensively monitored and will be able to provide 
valuable data comparing actual against theoretical design performance. Productivity and 
satisfaction surveys are also being conducted (Baker). Early indications are that actual 
performance equal or exceed design performance; for instance energy savings predicted at 40% 
are actually about 53% (Baker).    
   Some work has been done in this area by the IEA/EU through Annex 36 (Erhorn–Klunnig) 
but this is restricted to energy assessment, is not specifically focused on office buildings and 
primarily uses north European data so its usefulness in the NZ context is limited.  
 
 
 
 
5.4 Leasing arrangement 
 
8: ‘Green’ attributes are only necessary if seeking government leases. 
Twelve months ago this statement was essentially correct, however while Government retains 
its leadership role, other quasi government agencies, state owned commercial companies, local 
government and state funded organisations such as universities are beginning to follow the 
Central Government lead. It is reported that a major privately owned bank is seeking to relocate 
into a 4-5 Green Star rated building.  Others are likely to follow. 



9:  Most buildings in Wellington are multi-tenanted.  In this situation leases terminate at 
different times and landlords find it problematic to carry out whole building upgrades or even 
piecemeal upgrades especially when remaining tenants  have ‘freedom from disruption’ 
provisions their leases. 
Multi-letting does not prevent tenants adding ‘green’ features during fit-out work, especially in 
a ‘shell and core’ arrangement. Smaller governmental departments and allied organisations are 
being encouraged to get together and develop a joint ‘green’ specification so that whole 
buildings can be let on a ‘green’ lease basis.  This is viewed as a model for groups of small 
commercial tenants to cooperate to achieve the same end (Wood).    
10: Buildings can be readily let without ‘green’ credentials, so why bother? 
One developer–owner considers that a ‘tipping point’ has been reached in Wellington during the 
past twelve months and that demand for ‘green’ space will rise (McGuinness). International 
experience suggests that lettable space that can demonstrate ‘green’ credentials is likely to 
command premium rental rates.     
11: A lot of small lettings are for outpost offices of international companies.  Decisions 
concerning performance criteria are often made at head office, remote from the Wellington 
context.  
Internationally an increasing number of companies are going ‘green’, both to enhance their 
image and because it makes good business sense.  It is likely that these companies will want to 
demonstrate their ‘green’ credentials worldwide.       
12: Very few small renters research space requirements; they tend to accept what the market 
has to offer. 
While this is perceived to be true, the reason for this remains a matter of conjecture.  It may 
simply be that small organisations feel powerless in this situation.  Getting together with other 
like minded small tenants could alter the situation in favour of tenants. 
13: Renters want new not refurbished existing buildings. 
The current demand is for new, buildings located on the waterfront in Wellington.  However 
such locations are at a premium. It is likely that demand will quickly outstrip supply.  One 
commentator considered that as more organisations move more towards evaluating the cost to 
‘service’ each employee, finding a good match between identified needs and renting the 
minimum space to satisfy that need, would become the priority concern for most organisations 
(Dow). 
 
 
5.5  Cost/value/investment 
 
14: There is a lack of knowledge about the real costs and benefits of ‘green’ renovation by 
tenants, landlords, owners, valuers and realtors. 
The new generation of designers, engineers, investors, building owners and accountants are 
likely to emerge from their training with greater knowledge of green issues, challenges and 
opportunities.  However their training must include broad based education on and knowledge 
about the interactions required to maximise benefit for all parties involved.   
15: There is often no recognition of any extra value of ‘green’ features in rent reviews or in 
property owners building classification systems so landlords are unwilling to go to the extra 
expense of incorporating ‘green’ features. 
Green leases seek to address this dilemma.  With green leases the ‘green’ component is 
explicitly and separately acknowledged and factored in as extra rental to avoid its becoming lost 
during rent review negotiations.  ‘Flexible’ leasing is another method of addressing this 
situation. With a ‘flexible’ lease arrangement a tenant commits to rent space from a particular 
owner for an extended period but the actual space occupied can change depending on 
organisational circumstances. The landlord has the security of knowing that they will make 
money from the tenant for a long period and can afford to satisfy particular ‘green’ requests at 
the beginning of the lease period, while the tenant knows that they do not have to remain in a 
space that no longer suits their needs. 



16: Very few ‘green’ buildings are available in Wellington.  
In the rapidly changing sustainable design sector and with the current high levels of space take 
up in Wellington this is probably inevitable. With Government and other publicly owned or 
financed organisations accounting for 60% plus take up of lettable space in Wellington, demand 
will almost certainly grow. Achieving a satisfactory balance between supply and demand may 
take some time. In the meanwhile ‘green’ buildings are likely to command a rental premium. 
The original developer-owner of the DOC building has indicated that in today’s market they 
would have been able to achieve an additional 30% rental premium if he were letting this 
building today.      
17: Lack of experience and expertise by professionals may lead to excessive on-costs. 
The US experience is that as professional expertise grows ‘green’ building on-costs fall.  In 
many cases the greatest benefits seem to occur when the same team works together on a series 
of contracts (Kats).   
18: Owners-developers still focus on initial rather than life cycle costs.   
Tenants are now much more demanding and, as most new and refurbished schemes are pre-let 
before work starts on site, tenant requirements for ‘green’ enhancements can be accommodated 
if the tenants are willing to pay for the ESD performance enhancements requested.  Some 
measure of longer term thinking is however required by all of the parties involved and such 
thinking is beginning to emerge. 
19: Refurbishment of buildings to incorporate ‘green’ design features is costly and tenants are 
unwilling to pay for ESD upgrades. 
In the Wellington situation at least the cost of not going ‘green’ in terms of lost opportunities, 
rental premiums foregone and in the self-imposed limitations on the types of tenants the 
building will attract is more significant than the cost of going ‘green’.   There will always be 
tenants who want to pay as little as possible and resist change but these are increasingly likely to 
be the companies at the low end of the market. 
   While some developers consider that the initial on-cost of ‘green’ refurbishment is likely to be 
in the order of 25% over the cost of conventional refurbishment, the DOC headquarters 
conversion demonstrates what can be achieved on a more modest budget.  In the DOC HQ, 
landlord capital on-costs were about 12% and tenant capital on-costs about 10% to achieve this 
building’s 5 star Green Star NZ equivalent rating.  All investments will achieve payback well 
within the guaranteed lease period. 
   Kats (2003) suggests that in California the capital on-cost of building ‘green’ in new and 
refurbished buildings is quite low and reduces over time, with many ‘green’ buildings being 
built/refurbished within the same cost budget as a ‘conventional’ building.  On average the on-
cost to achieve LEED Silver and Gold standard buildings, equivalent to Green Star NZ  4 and 5 
star ratings in California, was 2.11% and 1.82% respectively, having reducing from 3-4% over a 
period of years, as professionals became more familiar with techniques and technologies and as 
green material costs reduced.  In New Zealand these on-costs are currently more in the range of 
2-6% (Fulbrook), but are likely to fall over time in the same way and for the same reasons as 
have done in the USA.   
20: There are no subsidies or incentives from Government to go ‘green’. 
Some countries have incentive and subsidy schemes in operation to encourage take up of 
particular technologies or to encourage changes in user behaviour, but successive New Zealand 
governments have resisted going down this path. Instead the NZ Government has chosen to use 
its considerable purchasing power to induce market change.  To this end it is ‘greening’ its 
leasing arrangements, is currently considering the level of ESD to be employed in directly 
owned buildings, is operating a preferential ‘green’ purchasing policy, and is providing strong 
support for ‘green’ legislation in the building sector.   
21:  It is very difficult and costly to upgrade existing buildings to the same performance levels 
as new buildings.  Yet if there is not to be two tier market existing and new must compete on 
equal terms. 
The refurbishment work carried out for the Department of Conservation seems to indicate that 
this perception is not necessarily correct but most respondents agreed that buildings built prior 



to 1960 are often easier and less costly to renovate than those built between 1960 and 1989, 
many of which were built to minimal standards of constructional quality and space. 
 
 
CONCLUSIONS 
 
There has been a massive positive shift in attitudes to the provision of ‘green’ space in 
Wellington during the last twelve months.  This has been driven both by the firming up of 
government commitment to the ‘greening’ of the public sector and because several ‘green’ 
building exemplars can now be visited.  There was a perception that the CBD area would 
change significantly over the medium term with a need for more multi-functional buildings that 
are much more adaptable than the current generation of multiple-use buildings.  
   There was general agreement that buildings built during the 1960s, 70s and 80s are just as 
resource inefficient but are less well constructed harder to adapt and provide a poorer quality of 
user well-being than earlier buildings, that professional organisations tend to be slow to respond 
to ‘greening’ buildings and that many commercial companies are still not fully convinced of the 
merits and benefits of ‘green’ upgrading.  
   There is considerable discrepancy between various respondents concerning the on-costs of 
‘green’ renovation of existing office buildings.  This is a very significant barrier and merits 
further investigation.   
One of the next steps in the research process is to prepare a list of direct questions based on the 
responses received to date and direct them through a postal questionnaire to a full range of 
industry professionals in numbers sufficient to produce statistically meaningful results 
concerning the topics raised.    
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Sustainable management of existing building stock: a strategy to 
reduce the energy consumption and the environmental impact. 
 
Érika Mata, Fabian López & Albert Cuchí 
Technical University of Catalonia (UPC), Barcelona, Spain 

ABSTRACT: People aim for quick efficiency results, once they have decided to modify build-
ing behavior. Technical University of Catalonia (UPC) has drawn up a Sustainable Develop-
ment Plan (CITIES, 2005) which aims to join efforts within education, research, operations and 
management activities over the 2005-2015 period. UPCO2 program has been created to reduce 
greenhouse gas (GHG) emissions at UPC. Buildings of the UPC have already been the subject 
of several studies, including a PhD Thesis (LOPEZ PLAZAS, 2006) which identified that, for 
the main energy appliance (heating, ventilation and air conditioning: HVAC), the final energy 
consumption in this type of buildings, depends on three fundamental parameters: energy de-
mand, efficiency of systems and management. Results of this Thesis showed that the influence 
of management and use on energy consumption reached 22 to 38% for the UPC buildings stud-
ied, and that management conditioned the rest of parameters.  The Higher School of Architec-
ture (ETSAV) building, near Barcelona obtained the worst results and was chosen for a detailed 
study, which consists in translating the results and conclusions of the PhD work to the ETSAV 
building at first, then establishing a regular analysis and management procedure for the energy 
consumption, and finally becoming a reference for the sustainable planning of the university.  

1 SCOPE 

The objective of this work is to identify the possibilities to optimize the use and management 
profile of the ETSAV building, as part of a strategy to reduce carbon dioxide emissions associ-
ated to the energy resources consumption as quickly as possible. 

2 CONTEXT: ENERGY CONSUMPTION AND CARBON DIOXIDE EMISSIONS  

Comparing ETSAV carbon dioxide emissions data with these from the UPC, it has been ob-
served that they were constant until 2005, with an annual average of 54.1 kg CO2 /m2, which is 
over the UPC annual mean consumption that is 40.9 kg CO2 m2. 

Energy consumption in the ETSAV building has as main protagonist the HVAC systems con-
sumption (mainly gas supplied heating) that is about 61% of the total of the billed energy. The 
39% left corresponds to electricity consumption. But as far as carbon dioxide emissions are con-
cerned, emissions due to electricity consumption represent 51% of these and makes equal to the 
emissions associated to the natural gas, since the emissions associated to 1 kWh of electricity 
are twice the emissions associated to 1 kWh of natural gas in Spain (I.D.A.E, 2005). 

As it has been mentioned before, one of the main conclusions in the PhD thesis which moni-
tored the consumption and the post occupancy of the building throughout the academic year 
(2002-2003), was that the low performance of heating system and inefficiency in its manage-
ment increased final energy consumption by more than 30%. Therefore, management appeared 



as a possible strategy to reduce energy consumption already while further studying other pa-
rameters, such as energy demand or design and efficiency of the systems. 

3  PRELIMINARY WORKS 

In order to be able to operate immediately, some aspects had to be taken into consideration be-
fore defining the intervention criteria: 

3.1 

3.2 

3.3 

Characteristics of the heating system 
All the (very limited) information available was compiled, and the plans and the characteristics 
of the system and its components were updated, especially paying attention to the regulation and 
circuits. This information allows to value –approximately- the system operation and to intuit 
how could be its response capacity to management. 

The usual management profile of the heating system 
Two sources of information were available: first – lacking an official management profile- the 
information provided directly by the responsible of building maintenance. Secondly, the auto-
matic data obtained by online monitoring within the system SIRENA (Information system of 
power resources of UPC –CITIES, 2006), which provides historical and instantaneous con-
sumption data -every 15 minutes- of the electricity and natural gas supplies. Both information 
revealed that the heating system management only consisted in turning on/off the whole system 
at the beginning and at the end of the winter period. Figure 1 shows how the heating system was 
working completely all day and night long and also during the weekends. Small variations cor-
respond to demand variations. During the weekend, there are less variations since the building is 
almost empty, except for security staff and some students.  

 

0

10

20

30

40

50

60

Hours

m
3 

of
 g

as

Figure 1. Natural gas consumption (m3 / 30 minutes), during one sample week in February 2006. Source: 
SIRENA System–UPC/CITIES 

The occupancy profile  
Before proposing actions on the heating system management, it was necessary to obtain data on 
theoretical occupation of the different building spaces during the autumn 2006– taking into ac-
count the number of students registered in every subject and prior distribution of lecture rooms, 
and considering that the professors remain in their department office at least during their lec-
tures-. Based on all this information, a theoretical profile was drawn up (figure 2). 
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Figure 2. Theoretical occupancy profile for an autumn sample day in 2006. Source: self-made. 

3.4 

3.5 

The climate variability  
Climate data from national weather stations were compared to data from the local weather sta-
tion installed in the building. Climatic variation was measured in degree days, and showed the 
trend of heating demand in the building. 

When the characteristics of the heating system, the actual building occupation, and the varia-
tions of the climate were analyzed altogether regarding to the observed management, it was 
immediately apparent that there was no relation: the heating was working all day and night long 
no matter what the climate variations or building occupancy were. 

The building and systems response capacity 
Simulations of the hourly building indoor temperature were done with Balanç Energètic pro-
gram (DE BOBES, 2006). The aim was to verify the possibilities for the heating system to pre-
heat the building, and the role of the building thermal mass to delay the effect of the external 
climate variation –the building envelope response capacity- on the indoor temperature of the 
different spaces. On the basis of this analysis, the night period turn-off and the re-programming 
of on/off cycles of the heating system throughout the day could be defined, as to satisfy internal 
environment requirements reducing the energy consumption.  
 

 
Figure 3.  Indoor temperature evolution for a sample winter day. Left: evolution from an initial tempera-
ture of 20ºC. Right: evolution with stops of the heating contribution at midday and during the night. 



4 ACTIONS CARRIED OUT 

First phase: Actions at the beginning of the winter period: from November 2006 to January 
2006 including non-academic activities. 

First, the management of the heating system was adapted to the actual building operation, 
identifying the hours in which the occupation would be minimum or null and the systems could 
be programmed to turn off, without affecting the proper operation of the building. Secondly, it 
was adjusted to the climate variations, considering mainly if it was sunny or not, accordingly to 
the building characteristics (plenty of huge windows at south facade). Since no measurement 
equipment was yet available to record ambient temperature data, regular users poll was used as 
support to modify criteria and correct future actions.  

As expected, this management profile could maintain the conditions of comfort (and even 
adapt them to a more adequate level) and allowed important energy saving. New consumption 
levels were more appropriate to the building demand. At the same time, the necessity to estab-
lish a model of management for the non-teaching/instructional periods within the heating season 
was apparent, since these periods included normal labor days, vacation, etc. Different typical 
days were identified, and a management profile was defined for each, including schedules to 
turn on/off the heating system and to turn on/off the artificial lighting. Spaces of preferred use in 
the building were identified as well. Lastly, and since normally students need to remain inside 
the building outside lectures schedule –nights and weekends- an only working-room was created 
to reduce the surface to heat and light out of the lectures schedule became smaller. Up to that 
moment, every room was ready to use all the day and night long by students. 

These actions, despite bothering some users (problems of adaptation to new rules), contrib-
uted significantly to the saving in terms of consumption, fundamentally because they allowed to 
limit the heating and lighting surface to approximately 70%.                                                                   
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Figure 4.  Management profile of heating system during the second week of December 2006 
 
Second phase: Actions after the period of normal operation and to the end of winter (14th Janu-
ary-15th April 2007)  

 According to the obtained results, in this phase we went on working on the management of 
the heating systems, adjusting management profiles to building occupation rates, also consider-
ing the users’ complaints and suggestions. A monitoring template was created to regularly regis-
ter the system’s operation mode. The template had to compile the following information: 
- Outdoor temperatures: maximum, minimum and media per day 
- Feed/ return water temperatures of the piping circuits 
- On/off timetables for each piping circuit 
- Comments 

A data logger measuring surface temperature was incorporated to record feed/return water 
temperatures of the piping circuits as well as radiators’ surface temperature. For measuring in-
door comfort, another data logger would record temperature, humidity, barometric pressure and 
carbon dioxide. First of all -and taking into consideration the spaces in the building for which 



more problems and complaints had been noticed in the first phase of the work- the library was 
chosen for further analysis.  
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Figure 5: Example of indoor temperatures evolution: ETSAV Library -26th to 28th February 2006-. Light 
grey lower line shows outdoor temperature recording. Dark grey lines show indoor temperature for two 
different inside points. 

 
Monitoring and registering helped to verify some considerations which where theoretical until 
that moment, such as the indoor temperature response to the on/off switch of the heating system 
or to the outdoor temperature variations along the day, and also to the variations of the occu-
pancy rates. Finally and as a novelty for this second phase, lecture rooms assignments for every 
subject were reviewed to check if they were associated according to heating circuits. In accor-
dance with professors and the School management team, the lecture rooms for some subjects 
had to be changed to favour and optimize management of heating and lighting systems.  

5 RESULTS 

Absolute value results are shown in terms of consumption index in table 1, where gas consump-
tion during 2006-2007 heating period (from November 2006 to March 2007, both included) is 
compared to that of the same period in 2005-2006. 
 
Table 1. Comparing the evolution of consumption and its associated emissions to reference index. __________________________________________________________________________________________________________ 
Period     kWh gas    Period degree day   kWh gas/m²   kWh/ degree day __________________________________________________________________________________________________________ 
2005-06    1,035,280 100%   1510  100%   111.71 100%   685 100% 
2006-07    644,381  62%    1241  82%    63.61  57%    519 76% 
 
Period     tn CO2     Period degree day   kg CO2/ m²   kg CO2/ degree day __________________________________________________________________________________________________________ 
2005-06    211.2  100%    1510  100%   22.8 100%    140 100% 
2006-07    131.5  62%     1241  82%    13.0 57%     106 76% __________________________________________________________________________________________________________ 
 
Comparing gas consumption of the operation period with that of the same period last year, en-
ergy consumption was reduced by 38%. Regarding to Carbon Dioxide emissions, 79.7 tons of 
CO2 have been saved. Even when there is a significant absolute value reduction, it is necessary 
to distinguish the causes of the reduction and the incidence of the variations of the climate and 
of the building surface. Even when there is not a direct relation between the variations of cli-
mate and building surface and its energy consumption, in table 2 the same variations are applied 
to calculate approximately theoretical energy consumption. Therefore, the variations not attrib-
utable to climate or surface variations are considered attributable to management. 
 
Table 2. __________________________________________________________________________________________________________ 
CO2 tons due to gas consumption in 2005-06                   211.2 



“Expected” CO2 tons due to gas consumption in 2006-07, considering that the  
building surface was augmented 9%                      230.2 
“Expected” CO2 tons due to gas consumption in 2006-07, considering that the  
degree day variation was -18%                        188.8 
Real CO2 tons due to gas consumption in 2006-07                 131.5 __________________________________________________________________________________________________________ 
CO2 tons saved attributable to management in 2006-07               57.3 
 
To sum up, 57.3 tons of the 79.7 CO2 tons saved are attributable to sustainable management. In 
table 3, the month by month evolution is detailed and analyzed. The “expected” consumption 
for the 2006-2007 period, which is that of the year before - 2005-2006- adjusted to the degree 
day variation registered, is compared to the real consumption registered during this period. In 
March, where the number of degree days was higher this year (it was colder), energy saving was 
greater due to the more optimal management than during the rest of the months. 
 
Table 3. Comparing the month by month evolution of the associated tons of CO2 emissions to those in the 
same period in 2005-06. __________________________________________________________________________________________________________ 
            November   December   January   February   March __________________________________________________________________________________________________________ 
2005-06 consumption      32.9     52.1     47.4    46.9    32.0 
Degree day variation      -8.6     -10.6     -8.3    -14.6    +5.7 
“Expected” consumption 2006-07  24.3     41.5     39.1    32.3    37.7 
2006-07 consumption      19.0     34.6     36.0    23.7    18.2 __________________________________________________________________________________________________________ 
Saving due to management    -5.3     -6.9     -3.1    -8.6    -19.5 
 
Compared in terms of building surface (square meters) to the historical evolution of the index 
for the ETSAV building in the winter period (November, December, January, February and 
March), consumption has been greatly reduced.  
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Figure 6: Evolution of the index: emissions associated to gas consumption for the ETSAV building in the 
winter period (kg CO2/ m2) 

6 CONCLUSIONS 

This work has proved that it is possible to check and validate the performance validity and suit-
ableness for the management of energy systems and occupation rates in a building to reduce en-
ergy consumption and its associated CO2 emissions. We have also verified that quick results can 
be achieved without high economical costs. Modifying only the management of the on/off 
switch of the heating system and without any investment in regulation systems, a new manage-
ment can be set up. Even if this management could still be optimized, it aims for giving a better 
response to climate variations outside the building.  



 
In this case, the operation strategy has been tested on a much defined period of the year and 

only for one of the energy appliances (heating), but similar strategies could be defined for an-
other period of the year and for other energy systems of the building (cooling, lighting).   

This work is still being developed and intends to achieve a second level of further analysis to 
identify other operation guidelines in different areas (the building skin/envelope, energy sys-
tems, use of programming). 
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1 CONTEXT 

This paper describes a Ph.D. research that is currently being developed at Instituto Superior 
Técnico (IST) and at the National Laboratory for Civil Engineering (LNEC) on the subject of 
“Housing and Information Society: study for the integration of Information and Communica-
tions Technologies in existing residential areas”. It builds on a preliminary project called "Hous-
ing for the future" which was developed at LNEC a few years ago.  

The Ph.D. thesis sets off with the premise that the future of real estate market in Portugal will 
require the rehabilitation of existing residential areas and that it will be of utmost importance the 
incorporation of Information and Communications Technologies (ICT) in the quest for added 
sustainability, social integration, support for elderly and people with reduced mobility, and in 
the improvement of quality, comfort, and adaptability of housing.  

2 PROBLEM 

In an era in which information and energy have structural roles in society, it is herein proposed a 
reflection on the transformation of the ways of life occurred over the last decades and its impact 
on the demand of new housing functions and types. The incorporation of new housing functions 
calls for a new approach to the design of domestic space, in which the diversity of conventional 
spaces must interact with the inclusion of new multifunctional spaces that accommodate activi-
ties such as telework and telehealth in order to respond to the growing demand of information 
access and of comfort in homes. 

In addition, it is hereby acknowledged that the construction industry is, of all human activi-
ties, the main responsible for energetic consumption, and therefore, it is necessary to reduce the 
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ABSTRACT:  
This paper describes an ongoing research concerned with the insertion of technology in domes-
tic spaces, and more specifically in the existing housing stock. The study evolves with the prem-
ise that the insertion of technology in domestic spaces can reduce energy consumption and the 
environmental impact, in general, of the use and functioning of buildings, while contributing for 
improving the quality of life of its inhabitants. It also considers that the rehabilitation of existing 
buildings and urban areas is preferable to the construction of new housing, if one is concerned 
with the environmental impact of construction activity in the city. The study focus on the build-
ings built in Lisbon during the period 1950-1970 which accounts for a considerable part of the 
existing housing stock. The goal is to identify the strategies to follow in the refurbishment of 
these buildings so that they fulfill the requirements of modern life.  



negative environmental impact of buildings both in the sheer construction, in maintenance, and 
in rehabilitation. 

Considering that Lisbon has a high percentage of vacant housing, and that the existing hous-
ing infrastructures are sufficient to respond to the housing demand in the city (vide Table 1), the 
problem that concerns us is how to rehabilitate existing buildings and supply them with the 
specifications that fulfill the contemporary needs of comfort, homeliness, and information ac-
cess, among others. 

3 HYPOTHESIS 

Lisbon’s resident population has been diminishing at a fast rate, currently amounting to 
564,000, after having dropped 14.9% in ten years time (INE 2002). The loss of resident popula-
tion has been followed by a progressive degradation of the city’s housing infrastructure with the 
consequent growth in the number of vacant houses. 

The extent of the vacancy problem is illustrated by the fact that the full occupancy rate of the 
existing, under construction, licensed and planed housing is of over 930 thousand habitants 
(Pinho 2005).  

As shown in Table 1, the vacant house figures in 2001 were considerably superior to the 
housing shortage in the city. In fact, 9% of Lisbon’s housing is utilized for seasonal residence 
and 14% is vacant (CML 2002). In addition, 51% of the traditional residences in Lisbon are oc-
cupied under capacity and only 16% are filled over capacity. 

 
 

Table 1 – Housing quantity deficit and vacant housing by NUTS II, Lisboa, 2001. (Rodrigues 2002) 
 Portugal Lisbon 
Unconventional housing 27,319 11,960 
Traditional families resident in hotels and in communions 8,178 1,981 
Shelters for families residing is shared occupation methods 68,299 21,376 
2% of the traditional resident families 73,015 20,113 
Total deficit 176,811 55,430 
Vacant housing 543,777 149,327 
Vacant housing available in the market 185,509 58,403 

 
The above figures suggest that more than the construction of new buildings we need to reha-

bilitate existing ones. However, in 2002, the activity of conservation and rehabilitation in Portu-
gal represented a mere 6% of the construction trade (the european mean was 37%) (Aguiar 
2007). Statistics indicate that, although rehabilitation is now a very popular subject, new con-
struction continues to largely dominate the housing market.  

The reduction of the environmental impact of buildings inevitably calls for the rehabilitation 
and reutilization of existing infrastructures.  This fact seems to be well accepted by the consum-
ers, but is not echoed by the construction industry, which seems ill prepared for responding to 
such a demand.  It is not uncommon to find plans for urban renovation with conversion of use in 
historical areas that are advertised as urban rehabilitation, while focused on sheer maintenance 
of building facades, while destroying all of its interiors to construct new structures., These plans 
are purposefully misleading as they attempt at taking commercial advantage of public interest in 
sustainability and heritage conservation. 

The construction industry is the main responsible for energy consumption and it is, therefore, 
necessary to reduce the negative environmental impact of buildings. The construction process 
has a huge negative impact on the environment for it consumes and uses up considerable natural 
resources. Construction alone, on the one hand, generates the emission of polluting agents and, 
on the other, creates waste that to be processed requires, in turn, more consumption of re-
sources. This consumption cycle proceeds during the use of the building and it aggravates itself 



towards the end of its lifespan. Not only does this phenomenon occur at the building level but 
also at the city level (Mourão 2005). 

The use of ICT and of domotic in the dwelling use and maintenance period may also contrib-
ute for a reduction of the environmental impact of buildings. Domotic may protect the environ-
ment by optimizing the processes involved in use and maintenance to allow a more rational use 
of natural resources, such as energy and water, and a more rational set up of the inhabitable 
space. The most common domotic specifications and systems that favor energetic efficiency of 
the building are energy management, blinds control, lightning control, heat and cooling systems 
control, automatic ventilation control and the use of ICT to remotely control the house and en-
ergy the consumption. 

4 OBJECTIVES AND METHODOLOGY 

The ongoing research has the following objectives: 
− Studying and defining the functions of housing in the current Information Society (IS), 

through the analysis of the impact produced by the integration of ICT in the dwelling space, 
both on spatial and functional organization, and building methods; 

− Determining the adequate set of ICT to incorporate in the dwelling spaces, so that it values 
sustainability and the social integration of citizens, while making it possible to progress to-
wards a fine tuning of solutions, adapted to each household, according to its present and fu-
ture needs.  Such set of ICT would be applicable to the dwelling as well as the building, not 
only in new construction but in the existing residential areas’s rehabilitation as well; 

− Defining design guidelines to support architects in the adaptation of existing residential areas 
with the purpose of ICT incorporation, thereby allowing those professionals to balance new 
dwelling trends with sustainable requirements and economic feasibility.  
 
The first stage of the research is concerned with a literature survey of studies on the effects of 

architectural transformations that are emerging as a result of new ways of living that imply in-
creasing housing requirements. Out of the aforementioned requirements, emphasis will be given 
to the ICT impact on spatial and functional organization caused by telework and the need to at-
tend to a growing number of seniors and people with reduced mobility. 

The ICT also has impact on construction, since the increasing requirements of information 
access and comfort in housing have called for new changes in the building’s image as well as in 
the ways of thinking and defining the basic infrastructure. The necessity of networks and infor-
mation systems that require physical space to run the cables between components of the domotic 
system, together with the tendency to make the housing spaces more flexible and adaptable, 
demand different construction solutions that require study. 

The second stage of the research aims at identifying the adequate set of ICT to incorporate in, 
a dwelling considering its household profile.  

Due to the fact that there is no single technological solution that fits all, it becomes necessary 
to define an adequate set of ICT and domotic that can be integrated in each home and that pro-
motes environmental sustainability and social integration of its inhabitants. In addition, the set 
should be able to adapt to the evolution of the household. This issue will be addressed first by 
considering several households and then by identifying the corresponding patterns of ICT. 

The study will use as a case study a specific housing stock in Lisbon, to make it possible to: 
(1) To gather data referring to the current housing types, its spatial and functional organiza-

tion, and its building characteristics; 
(2) To assess existing problems: 

(a) at a functional level, by matching the spatial and functional patterns proposed 
in the original project, with current requirements when articulated with the in-
troduction of ICT and domotics in housing. 

(b) at a building level, by matching existing building characteristics and infrastruc-
tures with present needs, namely as far as ICT are concerned. 

(3) To propose generic solutions that satisfy current demands and that may be applied to 
other similar buildings. 



 
Due to the large variety of buildings that require rehabilitation in Lisbon, it was necessary to 

select a specific stock to use as a case study. The housing stock built in the 50’s and 70’s of the 
last century was chosen on account of what it represents (circa 36% of Lisbon’s buildings were 
constructed between 1946 and 1970 – vide Table 2) and its expectancy of rehabilitation in a 
short term. According to the 2001 census, 55% of the buildings constructed in Lisbon between 
1946 and 1970 needed improvement repairs, and 24% was considered to be in medium to highly 
deteriorated conditions. 
 
 
Table 2 – Housing according to the period of construction. (CML 2002)  

Period of construction Lisbon 
Built before 1919 18,28% 
Built between 1919 e 1945 23,66% 
Built between 1946 e 1960 22,01% 
Built between 1961 e 1970 14,21% 
Built between 1971 e 1980 8,96% 
Built between 1981 e 1985 2,73% 
Built between 1986 e 1990 2,94% 
Built between 1991 e 1995 3,17% 
Built between 1996 e 2001 4,04% 

 
 

Table 3 – Conventional housing according to occupation form in the period of construction between 1946 
and 1970. (CML 2002)  

Occupation form Lisboa 
Occupied – usual residence 79,97% 
Occupied – seasonal or secondary use 8,80% 
Vacancy – for sale 0,94% 
Vacancy – for rent 2,22% 
Vacancy – for demolition 0,23% 
Vacancy – others 7,84% 

 
 
The type of building that was chosen is commonly labeled tenement building” (subsequent to 

the 2nd world war) and it presents a “right and left” displacement (vide Figs. 1-2), variable 
heights with a four-flour average, and a preponderance of reticulate concrete structure filled 
with masonry walls. 

In the two decades that this study concerns, it was observed a slow increase in the height of 
buildings, as well as the employment of new construction techniques and the increasing use of 
concrete. According to the 2001 census, 46% of the buildings built between 1946 and 1960 have 
a concrete structure, and in the period between 1961 and 1970, the figure rises to 63,1% (INE 
2002). 

The type emerged in Lisbon after 1951, when the General Regulation of Urban Buildings (or 
RGEU) was created, and it influenced the 1967 Regulation of Concrete Structures (or REBA) 
and its subsequent revised regulation, approved in 1983, called Regulation of Reinforced and 
Pre-stressed Concrete Structures (or REBAP). 

The dwellings are essentially very similar to each other, and present mainly two and three 
bedroom layouts, with relatively small, highly split areas. 

 



 

 
Fig. 1 - Multi-ocuppancy habitational building 
in Lisbon, Av. de Roma, decade of 1950.   Fig. 2 - Multi-ocuppancy habitational building 

in Lisbon, Bairro de Alvalade, decade of 1950.  

5 REHABILITATION AS A SUSTAINABILITY STRATEGY 

The city of Lisbon needs to reassess its housing policy so that the main concern becomes to re-
habilitate the existing housing infrastructure rather than constructing new buildings.   

As mentioned above, the high number of vacant buildings and houses in the city, along with 
the fact that they have already restrained the use of the soil and usually have a long-term use ex-
pectancy, are good and undeniable reasons why the addition of houses should preferably be 
made by the rehabilitation of old ones (both function wise and construction wise) and the reuti-
lization of the existing infrastructure. 

The reutilization of existing buildings contributes for urban sustainability, since it renews, re-
generates, and rehabilitates the city.  

To reclaim residential use for the city’s downtown allows the regeneration of urban areas, 
while bringing new population to the center, making the most of the existing infrastructures, 
making proper use of the already conditioned soil, and reducing voids in the city, thereby en-
dorsing full city occupancy. 

From a financial viewpoint, rehabilitation also reduces investment because of the exception-
ally high value of land for new residential buildings prevalent within cities. 

According to Daniels (2000), “transport is the next major consumer of energy after build-
ings.” Hence, drawing new population to the city center is a factor that endorses the existing 
transportation infrastructure use while reducing the distance between home and the work place. 

The major drivers for rehabilitation are the following: it is a viable solution to the need for 
complying with high environmental standards, it overcomes the scarcity of available land in the 
city, it depletes renewable and non-renewable resources (materials, water and fuel) to a lesser 
extent, and it reduces the waste in construction by reducing demolition. 

6 FUNCTIONAL REHABILITATION OF LISBON EXISTING RESIDENTIAL AREAS  

Although the existing housing stock in Lisbon has the potencial to draw more population to the 
city, the truth is that 55% of dwellings built in the studied period requires construction rehabili-
tation (INE 2002). The need to rehabilitate these dwellings from a functional perspective is also 
vital, but perhaps not as easy to quantify as it is to understand. 



The existing housing stock does not fulfill the present lifestyle’s needs, both function wise 
and comfort standards wise. The selected housing stock, now a few decades old, present several 
problems that jeopardize its functional and constructive performance, particularly in terms of 
comfort. This situation is the result of a set of factors, of which we underline the following: life-
style changes that demand new needs and requirements; and the inexistence of regular repair 
works, which cause deterioration of materials, components and utilities. 

One premise of the current study is that the functional adaptation of houses to new ways of 
living and to the diversity of current needs and requirements can be facilitated by the incorpora-
tion of ICT and domotic. The rehabilitation concept that is herein supported involves the con-
servation of rehabilitated buildings and the incorporation of ICT for adaptating its use to the 
demands of today’s Information Society. 

Over the last decades, social and technological changes have affected the ways of living and 
the requirements and functions of housing. These have changed the families’ lifestyle, thereby 
making traditional house types inadequate to the contemporary society’s demands. Although the 
concept of family unit still represents the majority of homes, the crescent number of other forms 
of cohabitation and new ways of grouping individuals cannot be ignored. 

The integration of new functions in homes calls for new approaches to the design of domestic 
spaces, in which it is necessary to incorporate the diversity of conventional spaces to the multi-
plicity of new-functions created by the emergence of activities like telework. 

In addition, the technological dependence that characterizes the current civilization, along 
with crescent demands of access to information and comfort, claim for the incorporation of a set 
of support infrastructures in the dwellings.  

7 INCORPORATION OF ICT AND DOMOTICS IN THE REHABILITATION OF 
EXISTING RESIDENTIAL AREAS  

Home networking and automation systems can have a very important role in contemporary 
dwellings because of the benefits they bring to residents. The incorporation of intelligent fea-
tures adds value to homes and enhances the lives of those who inhabit them while contributing 
to better housing management.  

There are a wide variety of automation and control systems, from basic mood lighting sys-
tems to full house automation that can be viewed and controlled from anywhere in the world. In 
this paper, we list the services and functions of domotic that can contribute for increased sus-
tainability through better housing management. 

Domestic automation is composed of a series of domotic systems (or services) that perform 
several interlinked functions. The main systems can be described as follows: 
− Security and safety: intruder alarms, central locking of doors and windows, fire alarms, 

smoke and CO2 detectors integrated with other systems such as lighting and locks; 
− Comfort: environmental control, acclimatizing appliances control, appliance programmed 

timetable, lighting control, mobile phone alarm connection, medical alarms, and others; 
− Management of energy systems: remote metering, energy read-out, effective heat and cool 

control, lightning control, electric appliances control, this systems encourage sustainability 
through improved use of energy; 

− Information and Communications: open multi-media communications infrastructure for TV, 
telephone and computers, and house automation controlled from anywhere in the world; 

− Entertainment systems and environments: online games, interactive digital TV solutions, 
home cinema, video-on-demand, and so on; 

− Central control: central computer control of all systems; 
− Disability systems: video cameras, CCTV and access control systems, alarms, and detectors 

for disabled, elderly, and sickness people or maternity. 
 
First and foremost, it is important to address domotic as a means to manage home electronic 

appliances and to complement, not to substitute, passive solutions. As an example, we can point 
out that the incorporation of efficient heating and cooling systems, controlled by domotic, 
should not let us overlook the need to improve building insulation; instead, domotic should 



function as a complement in those situations in which passive solutions are insufficient or diffi-
cult to achieve, as it is often the case in rehabilitation. 

It’s necessary to consider energy saving strategies that can be applied to existing buildings in 
rehabilitation. The intelligent technologies do not have to be confined to new building design. 

In Portugal, housing represents around 13% of the country’s energy consumption and it is 
breakdown as follows: 50% for kitchens and heated waters, 25% for cooling and heating, and 
25% for lighting and appliances (Mourão 2005). 

The use of solar passive strategies in existing housing frequently fails to satisfy the higroter-
mic and luminic requirements, mainly because design did not attend to the matter. This requires 
increasing comfort standards using active systems, but balancing them by limiting internal heat 
gains through the use of more efficient heating, cooling systems, and lighting systems. 

In such contextss, better control systems for heating and cooling management are fundamen-
tal and can promote energy efficiency.  

If a house can collect detailed information relating to environmental conditions outside and 
inside the house, this information can be used in domotic control decisions. For example, an ef-
ficient artificial lighting system has the ability to deactivate or dim itself in response to adequate 
natural lighting levels (Wigginton 2002). 

There several domestic automation solutions that can be used for cutting energy consump-
tion, including presence detection devices, solar control systems (intelligent control of blinds 
and other protective shades that can be lowered, raised and tilted according to the detected pres-
ence of the sun), and computer controlled ventilation by motorized opening of doors and win-
dows.  The specification of high and low temperature intervals and the increase of a few degrees 
in such intervals allow better energy management and it can be performed by a domotic system. 

Systems that promote an efficient use of non-renewable energy sources, such as the split pe-
riod power counter, the task ranking controller, and integrated systems for reduction and control 
of energetic consumption, are also domotic strategies in the sense that they aim at better energy 
management of the house. In addition, systems that use of renewable energies, such as solar wa-
ter heaters, photovoltaics and wind turbines also can be integrated into domotic systems. 

The information and communications systems are required in homes for two purposes: to im-
prove the performance of the building through effective management of automation devices, 
and to help improving the lives of people within the building. For example, installing a cabling 
network at both the building and flat levels will allow residents to benefit from new media, such 
as cable television and broadband internet access with no need to use wireless technology or 
ICT infrastructures attached to the facades. 

As an alternative course of action, the intelligent house, equipped with ICT and computer 
means that anticipate and respond to its resident’s demands, can also serve the elder and people 
with reduced mobility, as well as other groups of habitants, in such a way as to secure their 
comfort and protect their safety, by allowing them to surpass obstacles and supporting the exe-
cution of their daily tasks. 

For houses that require a level of control for disabled or elderly residents, the market offers 
nowadays numerous assistive technologies that can be designed to evolve as the resident re-
quires more assistance around the home. 

The smart house that provides assistive technologies to help living more independently can 
assist with:  
− safety and security maintenance, such as effective alarm call and smoke, heat, water and gas 

detectors (Dewsburry 2005); 
− automation or remote control of tasks that an individual is unable to perform, such as turning 

lights on and off, and opening or closing of doors, windows, and blinds; 
− communication (external and internal); 
− proximity or motion sensing; 
− fall detection; 
− assistance with food preparation and storage; 
− unobtrusive ADL monitoring and assessment, that is, the use of control systems to provide 

passive and unobtrusive monitoring of residents and check that regular habits are kept; 
− vital signs monitoring.  



8 CONCLUSIONS 

Information is playing an increasingly important role in our lives and, as a consequence, ICT is 
changing the ways in which we inhabit spaces. Recent intelligent technologies aim at maximiz-
ing the use of information with the dual goal of providing the house with increased information 
access and comfort through the use of automated control systems.  

However, the crescent demand of domestic comfort is often incompatible with the environ-
mental sustainability that we try to promote. The excessive use of heating and cooling systems, 
as well as, of other electrical appliances, together with the excessive use of water, are factors 
that improve the quality of the dwelling environment but push us away from environmental sus-
tainability. Intelligent technologies can play an important role in energy saving strategies and 
can be introduced in existing buildings as part of their rehabilitation process. 

In addition, the rehabilitation of Lisbon’s existing housing stock must fulfill new space-use 
requirements demanded by the new, information age lifestyles. Such rehabilitation must also be 
guided by ecological, social, and economical sustainability. Ongoing research aims at identify-
ing the strategies that permit to achieve an adequate balance between these conflicting goals.  
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1 INTRODUCTION 
 
The "Politehnica" University of Timisoara, Romania is one of the largest and best-known tech-
nical universities in Central and Eastern Europe. Located in Western Romania, The 
"Politehnica" University attracts students both from the city and form the neighboring regions.  

During the university years, the administration offers students the possibility to find accom-
modation in the campus. The students’ campus located in the city centre hosts over 25 hostels. 
During a university year, over 5,000 students can be accommodated in the hostels of the 
Politehnica University.  

The administration of the University is permanently concerned with the improvement of the 
accommodation offered to the students, therefore, the investments have been directed especially 
to the rehabilitation of the students’ hostels. This activity has been carried out during the latest 3 
years and the interventions were focused on the reconstruction of the finishing works, as well as 
the improvement of the comfort conditions. Taking into account the age of the buildings and the 
installations thereof, the works aimed at the total change of the installations, the complete re-
making of the finishing, the improvement of the thermal insulation and installing of one thermal 
station for each hostel.  

2 PRESENTATION OF A TYPICAL STUDENTS’ HOSTEL 

One of the students’ hostel that has been rehabilitated is Hostel 20C (Fig.1). The building is in-
cluded in the accommodation park of the Politehnica University of Timisoara, being erected in 
1978. It has a basement, a ground floor and five storeys, each storey hosts ten apartments, each 
apartment includes two rooms, a shower room and a water closet. The apartments also have a 
hallway, with two sinks. Figure 2 shows the functional architecture of one apartment. 

Thermal rehabilitation of a student’s hostel belonging to the 
Politehnica University of Timişoara 

D. Dan, V. Stoian, T. Nagy-Gyorgy, C. Dăescu 
Politehnica University of Timisoara 

ABSTRACT: The student’s hostels located in Timişoara-Romania were mostly built from 1970 
to 1980 with the adoption of minimum solutions for the thermal insulation required at the time. 
The hostels are heated by using a district heating station. The use of the buildings without gen-
eral repair work has led to the occurrence of certain damages, especially because of the asweat 
on the walls.The technical department of the university has promoted and sustained the im-
provement of the energetic performances of the hostels located in the campus area.  
The paper presents one student hostel before and after thermal rehabilitation, along with the so-
lution adopted and the economical study performed in order to sustain the execution of the con-
structional works. The solutions adopted referred to the improvement of global thermal resis-
tance of the envelope elements in order to reduce the pollution and the energy loss. 



 

Figure 1. General view of  hostel  20C 
 
 

Figure 2. The functional architectural structure of one apartment 
 

On each floor, at the end of the hallways, there are the stairways and 2 pantries, nowadays 
also used for students’ accomodation, although, in the past, they contained electric cookers or 
washing machines. As a matter of fact, the hostel is part of a chain of 4 similar hostels, related 
by linking buildings that include the ground floor and two storeys and host the students' reading 
rooms. The total surface of the building is about 6566 square meters (out of which the 938 
square meters of the technical basement). The surface of one floor is about 938 square meters. 

From the point of view of the structure, the hostel has a vertical resistance structure com-
posed by structural reinforced concrete walls made up of large prefabricated panels for the fa-
cade walls and cast in place structural reinforced concrete interior walls. The horizontal struc-
ture is made of reinforced concrete prefabricated panels. The partition walls between the rooms 
hallways and the bathrooms respectively the shower rooms are non-structural, made of rein-
forced light weight concrete blocks. The original roof was initially a terrace-roof. Nowadays, it 
has a sloping roof. The roof envelope and the envelope accessories are newer than the building, 
being built after 1985. The interior finishing of the walls is done with lime mortar coating and 
clay painting, that has to be entirely remade, due to the high level of degradation. On the build-
ing side that shows to the park nearby, in several rooms there have been noticed mouldiness 
caused by the insufficient thermal insulation and to the existing thermal bridge (Figure 3a). The 
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access hallways to the hostel rooms are partially covered with tiles, that show degradation and 
need to be entirely replaced. The bathrooms also have tiles that are damaged (Figure 3c). The 
floor of the main hall is covered with cast mosaic or cast mosaic plates. The floors of the rooms 
are covered with linoleum, badly run out (Figure 3b). The carpentry is old and badly damaged 
(Figure 3d). 
 

 
 

a. Mouldiness on the exterior walls b. Degradation of the linoleum floors 
 

 

 
c. Degradation of the tiles and piping d. Situation of the exterior carpentry 

 
Figure 3. Aspects of the hostel’s status 

3 EVALUATION OF THE ENERGETIC PERFORMANCES OF THE EXISTING 
BUILDING 

In view to the rehabilitation of the hostel, there has been performed a technical and thermo-
energetic expertise in order to decide upon the intervention measures. From the structural point 
of view, the building can take both gravitational and horizontal (earthquake) loads. No structural 
damages have been noticed during the operation along the years. The thermal-energetic exper-
tise aimed at establishing the level of the energetic performances of the existing building and to 
decide upon the principle solutions for rehabilitation. The heating of the hostel was done by the 
centralized city system.   



4 REHABILITATION OF THE STUDENTS’ HOSTEL 

4.1  Structural solutions 

The good behavior in time of the structure led to the lack of imposing special rehabilitation 
steps. But the proposal to install the hostel’s own heating station required the consolidation of 
the floor over the basement and the ground level, due to the increased loads brought to the in-
stallations. The floor intended to support the boilers of the heating station was made of rein-
forced prefabricated concrete 9 cm thick, designed for an effective load of 150 daN/m2. The 
structural solution adopted was to build an additional floor over the existing one, the new floor 
coming with cross beams able to take over the vertical concentrated loads from the equipments 
and the elements of the station. In order not to overload the existing floor, between the beams of 
the new floor and the old floor there was laid a layer of polystyrene. The composition details of 
the proposed solution are shown in Figure 4.  
 
 

Figure 4. Details of the proposed structural solution 
 

4.2 Solutions for thermal rehabilitation 

The investigation performed led to the conclusion that exterior envelope elements were built as 
follows (from the interior to the exterior): 

- The side panel, concrete 20 cm, Autoclaved Aerated Concrete 12.5 cm, concrete 6 cm, 
mortar coating 1.5 cm  (Precast Panel Type 1); 

- Between the windows: concrete 20 cm, Autoclaved Aerated Concrete 12.5 cm, mortar 
0.5 cm (Precast Panel Type 2); 

- The bottom panel under the window, concrete 10 cm, Autoclaved Aerated Concrete 
12.5 cm, concrete 7.5 cm (Precast Panel Type 3); 

- The front walls: concrete 15 cm, Autoclaved Aerated Concrete 12.5 cm, face brick work 
7.5 cm (Precast Panel Type 4); 

- Double-winged coupled windows; 
- Single-wing windows; 
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- Metallic single-wing doors; 
- The flat roof over the fifth storey: concrete 10 cm, vapour barrier made of bituminous 

membrane of 0.02cm, autoclaved aerated concrete 12.5 cm, cement flooring 10 cm, wa-
terproof membrane with 5 layers of about 1cm thick; 

- The floor over the basement, linoleum 0.5 cm, 10 cm cement flooring, 10 cm reinforced 
concrete. 

Table 1 shows the heat flow resistances of the envelope elements, the minimum required resis-
tances, the ratio between them and the average thermal resistance of the building. 
 
Table 1 – Resistances to heat flow – current situation  
Type R’ 

[m2K/W] 
R’nec 
[m2K/W] 

R’/R’nec 
 

R  
[m2K/W] 

Precast Panel Type 1 0.82 1.4 0.58 
Precast Panel Type 2 0.78 1.4 0.55 
Precast Panel Type 3 0.77 1.4 0.55 
Precast Panel Type 4 0.9 1.4 0.64 
Double Coupled Window 0.39 0.5 0.78 
Simple Window 0.17 0.5 0.34 
Metallic Door 0.17 0.5 0.34 
Roof floor 0.87 3.00 0.29 
Floor under basement 0.39 1.65 0.23 

 
 
 
 
0.61 

 
In order to evaluate the energetic classification, there has been calculated the normal annual 

heat necessary and the normal annual heat necessary for hot water preparation. Based on the 
values obtained, there was established the energetic classification according to the Romanian 
codes in force (Figure 5).  
 

 
Figure 5. Energetic classification of the existing Hostel C20 
 

Because all the envelope elements of the building show short-comings regarding the resis-
tance to heat flow, the following measures have been proposed, in order to improve the per-
formances of the building. Thus, concerning the exterior walls, there was proposed the execu-
tion of a thermal system, composed of an additional thermal protection applied to the exterior, 
made of polystyrene, over which there is applied a finishing layer on a support of glass fibre. 
The building will be painted in pastel colors. The existing carpentry will be entirely replaced by 



plastic carpentry and thermally insulated windows. For architectural reasons, the face brick fa-
cades will not be altered, in order to comply with the urban regulations of the area. The floor 
over the basement will be insulated by the application of a layer of polystyrene 5 cm thick, and 
the floor over the highest storey will be insulated by the application of a polystyrene layer 10 
cm thick and a cement flooring minimum 2 cm thick. Based on the solution proposed, there 
have been recalculated the resistance to heat flow of the envelope elements respectively the av-
erage thermal resistance of the building. The values obtained are shown in Table 2. 
 
Table 2 – Resistances to heat flow – current situation 
Type R’ 

[m2K/W] 
R’nec 
[m2K/W] 

R’/R’nec 
 

R  
[m2K/W] 

Precast Panel Type 1_R 2.17 1.4 1.55 
Precast Panel Type 2_R 2.13 1.4 1.52 
Precast Panel Type 3_R 2.11 1.4 1.50 
Precast Panel Type 4_R 0.9 1.4 0.64 
Double Window_C 0.5 0.5 1 
Thermoinsulated Door_C 0.5 0.5 1 
Roof floor_R 3.49 3.00 1.16 
Floor under basement_R 1.65 1.65 1 

 
 
 
 
1.37 
 

 
The analysis of the resistance to heat flow obtained after the application of the thermal reha-

bilitation solutions proved that the resistances to heat flow of the envelope elements exceed the 
minimum values required, except for the walls of the Eastern and Western facade. Although the 
solution of the application of a thermo-insulating layer over the interior sides of these walls 
could be adopted, this has not been done, since the areas neighbouring the non-rehabilitated 
walls housed the staircase and the common pantries. After the rehabilitation, the average resis-
tance to heat flow of the building doubles. 
 

 
Figure 6 – Energetic classification of the Hostel C20 in the proposed solution 
 

In order to improve the heating system and to reduce the losses, there has been proposed the 
installation of a heating station on gas, the overall replacement of the radiators and the heating 
system. The proposed pipe lines were made of high density polypropylene, pre-insulated in the 
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basement of the building. Each distribution casing will have devices for evacuation and clean-
ing. 
 
Figure 6 shows the new classification of the thermally rehabilitated building.  

5 ECONOMICAL STUDY OF THE INVESTMENT. CONCLUSIONS 

The evaluation of the investment was performed on the basis of the quantity of the determined 
works according to the proposed interventions. The graphs in Figure 7 show the distribution of 
the expenses by specialties.  
 

 
 

 
 
 
 
 
 
 
 

 
Figure 7. Distribution of the investment costs on specialties [%] 

5.1 Comparative study concerning the energy consumption 

Based on the theoretical evaluations performed, there can be noticed that the thermal rehabilita-
tion led to the reduction of the heat consumption necessary for the heating of the area by nearly 
50% from the initial consumption. The reduction of the total energy consumption is by more 
than 50% of the initial consumption. The heat consumption for the heating of the areas reduces 
because the average thermal resistance of the building doubles and because of the thermal sta-
tion located within the building, thus reducing the losses along the distribution network.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Variations of the heating consumption 
 
The important reduction of the hot water consumption is due to the high efficiency of the 

thermal station, to the insulation of the distributions pipes and to the installation of timing taps 
in the shower cabinets. These timing faucets have actually led to a reduction of 40% of the hot 



water consumption in the whole building. Figure 8 shows the variations of the heating consump-
tion, based on the real data gathered along two years of operation of the building. 

As is shown in the Figure 8 the heating consumption during the winter decrease with 23% 
from the values registred before thermal reabilitation of hostel.  

Taking into account the total amount of the termal reabilitation, that is about 110.000 Euros, 
and the economy achieved of 2100 Euros/month for heating and hot water, the value of the in-
vestment for the thermal rehabilitation is to be amortized in about 6 years. Figure 9 shows as-
pects of reabilitated hostel. 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
a. South facade reabilitated – general view 

 

 

 

b. General view of student’s room c. Aspects of bathroom 
Figure 9. Aspects of the hostel’s status after reabilitation 
 
REFERENCES 
 
C107/1-3/1007 - Romanian standard for the calculus of the global thermal insulation coefficients for the 

civil residences 
D. Dan, S. Secula, V. Stoian – Technical project for reabilitation of C20, Campus Area Timişoara, Roma-

nia 2005  
GT 036- 2002 - Guide for the thermal and energetic audit for the existing buildings and for the prepara-

tion for the hot water necessary for these buildings 
GT 037- 2002 - Guide for the elaboration and assignment of the energetic certificate for the existing 

buildings 



1 INTRODUCTION 
1.1 Back ground 
The value of Finnish buildings and infrastructure is about 300 billion euros (Technical R 
esearch Centre of Finland, Civil Engineering, 2001). Compared with the rest of Europe the Fin-
nish building stock is quite young. Most of it has been built in the 1960’s or later. The construc-
tion and real estate business accounts for more than 30 % of Finnish gross domestic product. 

Since the 1960’s a total of about 44 million square metres of concrete-panel facades have 
been built in Finland as well as almost a million concrete balconies (Vainio et al. 2005). Several  
problems have been encountered in their maintenance and repair. The structures have deterio-
rated due to several different degradation mechanisms whose progress depends on many struc-
tural, exposure and material factors. Thus, the service lives of structures vary widely. In some 
cases the structures have required, often unexpected, technically significant and costly repairs 
less than 10 years after their completion. For that reason, Finland has during the last 20 years 
developed many new methods for maintaining and repairing these structures. The methods in-
clude a condition investigation practice and its extensive utilization, rational repair methods and 
their selection as well as first-rate repair products and appropriate instructions for managing re-
pair projects. 

Concrete structures have been repaired extensively in Finland since early 1990s. During that 
almost 20 years period about 10 percent of the stock built in 1960-1980 has been repaired once.  
It is estimated that the total annual value of building repair work in Finland is about 5,500 mil-
lion of euros, of which about 30 % involves external structures (walls, balconies, roofs, win-
dows, etc.). The total annual volume of facade renovation is about 15 million m2. In addition, 
40,000 balconies are repaired annually and 4,500 new balconies are added to old buildings. It is 
estimated that the volume of facade renovation will grow 2 % annually (Vainio et al. 2005 and 
Vainio et al. 2002). 

Because of great amount of those existing concrete structures, it is very important to solve 
their incident repair need economically and technically durable. This means, we have to use the 

Existence and progress of deterioration of concrete facades 
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ABSTRACT: Concrete structures exposed to outdoor climate are deteriorated by several differ-
ent degradation mechanisms, whose existence and progress depend on many structural, expo-
sure and material factors. Under Finnish outdoor climate the frost damage of concrete together 
with corrosion of reinforcing steel is the major degradation mechanism that causes the need to 
repair of concrete facades. During ongoing project Service life of concrete facades – Existence 
and progress of deterioration, it has been gathered the condition investigation data from about 
700 buildings for now to a database. The database allows, for instance, reliable evaluation of the 
development of the condition, repair needs and repair market for concrete facades and balco-
nies. 



most suitable repair methods for each case and it is also important to be able to determine the 
optimal time of those repairs. 
1.2 Objectives 
This paper is based on the authors' experiences from about 150 condition investigations of 
concrete structures, long-continued development of condition investigation systematics, and a 
ongoing project called Service life of concrete facades – Existence and progress of 
deterioration. The general objective of this research is to study the factors that have actually had 
an impact on the service life, existence and progress of deterioration in concrete facades and 
balconies. The three subgoals of the research are: 

1 To find out the factors that have actually had an impact on the existence and progress 
of different deterioration mechanisms in concrete facades. 

2 To find out the relative importance of said factors. 
3 To provide new reliable data on the service-lives of concrete facades and balconies 

for use in calculational durability design and LCC-analyses of concrete structures. 
 

The research project has started in March 2006 and it will continue until the end of March 2009. 

2 ABOUT DEGRADATION MECHANISMS OF CONCRETE 
 
The degradation of concrete structures with age is due primarily to weathering action which de-
teriorates material properties. Degradation may be unexpectedly quick if used materials or the 
work performance have been of poor quality or the structural solutions erroneous or non-
performing. Weathering action may launch several parallel deterioration phenomena whereby a 
facade is degraded by the combined impact of several adverse phenomena. Degradation phe-
nomena proceed slowly initially, but as the damage propagates, the rate of degradation generally 
increases. 

The most common degradation mechanisms causing the need to repair concrete facades in 
Finland, and concrete structures in general, are corrosion of reinforcement due to carbonation or 
chlorides as well as insufficient frost resistance of concrete which leads to, for instance, frost 
damage (Pentti et al. 1998). 

These degradation mechanisms may result in, for instance, reduced bearing capacity or bond-
ing reliability of structures. Experience tells that defective performance of structural joints and 
connection details generally causes localised damage thereby accelerating local propagation of 
deterioration. 

3 CONDITION INVESTIGATION 
 
Damage to structures, its degree and extent, due to various degradation phenomena can be de-
termined by a comprehensive systematic condition investigation. A condition investigation in-
volves systematic determination of the condition and performance of a structural element or an 
aggregate of structural elements (e.g. a facade or balcony) and their repair need with respect to 
different degradation mechanisms by various research methods such as examining design 
documents, various field measurements and investigations and sampling and laboratory tests. 

The wide variation in the states of degradation of buildings, and the fact that the most signifi-
cant deterioration is not visible until it has progressed very far, necessitate thorough condition 
investigation at most concrete-structure repair sites. Evaluation of reinforcement corrosion and 
the degree of frost damage suffered by concrete are examples of such investigations. 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Different research methods in systematic condition investigation (Anon. 2002). 

4 CREATING A DATABASE 

Condition investigation systematics for concrete facades and balconies have been developed in 
Finland since the mid-1980s. A large body of data on implemented repair projects has been ac-
cumulated in the form of documents prepared in connection with condition investigations. 
About a thousand precast concrete apartment blocks have been subjected to a condition investi-
gation, and painstakingly documented material on each one exists, including the buildings’ 
structures and accurate reports on observed damage and need for repairs based on accurate field 
surveys and laboratory analyses. 

During ongoing project Service life of concrete facades – Existence and progress of deterio-
ration, it has been gathered the condition investigation data from about 700 buildings for now to 
a database. Those condition investigation reports has been collected from companies which 
have conducted such investigations as well as from property companies owned by cities. At this 
moment we have about 200 reports waiting for feeding into the database. In average each report 
includes investigation data from two buildings. This means, that in the end of summer 2007 the 
database will include the condition investigation data from about 1100 buildings. 

4.1 Distributions of buildings and structures 
Most of the blocks of flats stock in Finland is situated southern part of Finland. In the database 
those buildings has been divided in three different group based on their geographical position: 
coastal area, inland and North Finland. About thirds of those buildings are situated on coastal 
area and two-thirds on inland. Only few of buildings in the database is situated North Finland 
(see Fig. 2). This means we have to get more condition investigation reports from north. 

Figure 2. Geographical position of buildings in the database in five years period. 
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Prefabricated concrete facades have been the most common facade of residential buildings in 
Finland since late 1960s, at least in blocks of flats. A typical concrete element consists of an 
outer layer, thermal insulation (typically mineral wool) and an inner layer. The outer and inner 
layers are connected by trusses. The outer layer is typically 40 – 85 mm thick, and the strength 
of concrete is typically near C20. The thermal insulation is usually mineral wool with a design 
thickness of 70 – 140 mm. Due to the compaction of thermal insulation, the actual thickness is 
usually between 40 – 100 mm. The thickness of the inner layer is normally 150 – 160 mm (load 
bearing element) or 70 – 100 mm (non-load bearing elements). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Typical outer layer of a Finnish concrete facade element. 
 
Basically all prefabricated concrete panels has been made in the same way, but there is a lot of 
differences in their surface finishing and manufacturing. Those has a strong effect, for instance, 
on the situation of rebars and the quality of concrete. In the database the most common surface 
finishing are brushed and painted concrete, exposed aggregate concrete and painted plain con-
crete. The distributions of surface finishing on the database is shown in Fig. 4. 

 
Figure 4. Distribution of surface finishing in the database. 
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The most common type of balcony from late 1960s in Finland consist on frame, slab and para-
pet elements which are prefabricated from concrete. Those balcony elements consist so called 
balcony-tower, which has own foundations and the whole tower has been connected to build-
ings frame only for horizontal loads. 

5 EXECUTION OF THE RESEARCH 
5.1 Corrosion of steel 
Reinforcing bars in concrete are normally well protected from corrosion due to the high alkalin-
ity of the concrete pore water. Corrosion may start when the passivity is destroyed, either by 
chloride penetration or due to the lowering of the pH in the carbonated concrete. Steel corrosion 
in carbonated concrete or in chloride migrated concrete has been widely studied (Tuutti 1982, 
Parrott 1987, Schiessl 1994, Richardson 1988, Broomfield 1997, Mattila 2003 etc.). 

In condition investigation reports there is a lot of measured data concerning corrosion of steel 
in concrete. This data consist on several measurements of cover depth of steelbars, carbonation 
of concrete, chloride migration in concrete, quality of concrete (porosity, comprehensive 
strength), size and amount of reinforcement, dimensions of structures and structure members 
etc. 

In written mode is also a lot of qualitative information on direction and heights of sampling 
points, situation of building (coastal area, inland), high or low building, amount of visible corro-
sion damages, type of facades surface (exposed aggregate concrete, brushed and painted con-
crete, painted plain concrete etc.) etc. This data together with measurements tells actual effects 
of outdoor climate on different concrete facades. 

5.2 Active corrosion 
Once the passivity is destroyed either by carbonation or by chloride contamination, active cor-
rosion may start in the presence of moisture and oxygen (Parrott 1987). Corrosion may run for a 
long time before it can be noticed on the surface of the structure. Because corrosion products are 
not water soluble, they accumulate on the surface of steel nearby he anodic area (Mattila 1995). 
This generates an internal pressure, because the volume of the corrosion products induced by 
carbonation is four to six times bigger than original steelbars (Tuutti 1982). 

Internal pressure caused by corrosion products leads to cracking or spalling of the concrete 
cover. Visible damage appears first on the spots where the concrete cover is smallest. 

Comparing the quantity and stage of damage of steelbars in corrosion state and their cover 
and carbonation depths to visible corrosion damages, it is possible to estimate the actual time for 
active corrosion in different Finnish climatic conditions.  

5.3 Disintegration of concrete 
Concrete is a very brittle material. It can stand only extremely limited tensile strains without 
cracking. Internal tensile stresses due to expansion processes inside concrete may result in inter-
nal cracking and, therefore, disintegration of concrete. Disintegration of concrete accelerates 
carbonation and this way also steel corrosion. Concrete may disintegrate as a result several phe-
nomenon causing internal expansion, such as frost weathering, formation of late ettringite or al-
kali-aggregate reaction. 

5.4 Frost resistance of corrosion 
Concrete is a porous material whose pore system may, depending on the conditions, hold vary-
ing amounts of water. As the water in the pore system freezes, it expands about 9 % by volume 
which creates hydraulic pressure in the system (Pigeon and Pleau 1995). If the level of water 
saturation of the system is high, the overpressure cannot escape into air-filled pores and thus 
damages the internal structure of the concrete resulting in its degradation. Far advanced frost 
damage leads to total loss of concrete strength. 



The frost resistance of concrete can be ensured by air-entraining which creates a sufficient 
amount of permanently air-filled so-called protective pores where the pressure from the freezing 
dilation of water can escape. Finnish guidelines for the air-entraining of facade concrete mixes 
were issued in 1976 (Anon. 2002). 

Moisture behaviour and environmental stress conditions have an impact on frost stress. For 
instance, the stress on balcony structures depends on the existence of proper waterproofing. 

In condition investigation reports there is a lot of measured data concerning frost resistance of 
concrete or frost damages in concrete. This data consist on several measurements of quality of 
concrete (porosity, comprehensive strength), protective porosity of concrete, tensile strength of 
concrete, thickness of insulation layer etc. 

In written mode is also a lot of qualitative information on thin-section analysis, moisture be-
haviour, coatings and amount of visible frost damages etc. in addition to mentioned before. 

5.5 Statistical studies 
The data from the condition investigations will be used to determine how various factors (struc-
tural, exposure and material factors) have contributed to the existence of damage and the rate of 
its advancement as well as the relative importance of the factors. 

A large group of buildings that has been subject to actual climatic stress for a long time pro-
vides valuable indication on the advancement of deterioration when constructing models to pre-
dict the service life of, for instance, new structures and in defining their parameters. Such mate-
rial provides data on many parameters influencing the advancement of deterioration, such as 
quality of concrete, dimensions of structures, surface materials and treatments as well as envi-
ronmental conditions. It will also be interesting to discover the relationship between the amount 
of visible damage and the actual state of deterioration and how closely the data derived by dif-
ferent condition investigation methods correspond. 

5.6 Other studies 
Codes and instructions in building as well as concrete and cement standards have been changed 
a lot since 1960’s. The present-day cement is much more fine-grained and the compressive 
strength of concrete has increased from C20 to C35 or higher. In this research it will be studied 
how those factors influence deterioration of structures. 

General economical situation has a strong influence on the amount of buildings which are 
under construction in a certain time. During an upward economical trend there is a lot of build-
ings under construction and both constructors and precast element factories are overbooked. It is 
interesting to discover if this has any influence on the general quality of precast concrete ele-
ments and their deterioration. 

5.7 Service-life models 
In most of the present service-life models the limit state determining the theoretical end of the 
service-life is considered to be the initiation of corrosion or frost damage. Models for service-
live calculations have been prepared by Bob 1996, Lindvall 1998, Maage et al. 1996, Parrot 
1994, Vesikari 1988 and 1998. Those models are made for new structures, not for old and al-
ready deteriorated structures. 

The present service-life models will be evaluated critically based on received results of this 
research. 

5.8 Evaluating different condition investigation methods 
Research data produced by different measurement and investigation methods will be compared 
and evaluated. The present Finnish guidance for condition investigation methods will be evalu-
ated too. The condition investigation practices and experiences of European countries will be 
looked into. 



6 EXPECTED RESULTS 

The research will produce at least the following benefits: 
- a more clear and reliable assessment of the condition and renovation need of the existing 

concrete facade and balcony stock as well as their future development 
- new data on deterioration of concrete structures and the factors affecting it under actual 

natural conditions 
- new data on the applicability and reliability of different condition investigation methods. 

6.1 Utilization of research results 
The statistical data on the progress of deterioration collected and analyzed in this research are 
needed in forecasting future repair needs on a national scale in Finland. In addition, the data can 
be made use of, for instance, in the development of residential neighbourhoods and financial 
planning by large property owners as well as in planning the operations of companies involved 
in the repair sector. The data can also be used to identify the factors contributing to deteriora-
tion. Discovered causal relationships in practical conditions are necessary for assessing and cre-
ating theoretical models for the design and evaluation of the service life of concrete structures. 

The data may also be used in the development of condition investigation methods by, for in-
stance, comparing the reliability of different measurement methods representing various indica-
tors of deterioration. The resources available for condition investigations are usually limited 
which is why they are made with the sampling method, which always involves a factor of uncer-
tainty. On the basis of this research, the resources invested in condition investigations can be 
targeted more accurately on critical structures, mechanisms and parameters of deterioration 
which, again, will improve remarkably the accuracy and reliability of condition investigations.  
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1 INTRODUCTION 

Environmental impacts related to residential buildings cover a large part of the total annual en-
vironmental impact in the Netherlands. Each year, about 65,000 new dwellings get built (CBS 
2006), which requires material and energy resources. The building parts need to be produced 
and transported, which causes waste and emissions to the environment. About 13,500 dwellings 
get demolished on a yearly basis (CBS 2006), which produces a lot of waste that needs to be 
processed. Another 6.9 million dwellings are in use (CBS 2006). These dwellings continuously 
require energy to provide a comfortable indoor climate, and they need to be maintained and 
adapted to changing needs of occupants. 

The focus of research in the field of environmental assessment of buildings thus far has been 
on the use of resources in the construction phase, the use of energy for climate control in the op-
erational phase of a building, and waste processing after demolition. In the Netherlands, three 
quarters of the existing residential building stock is less than 50 years old. At the current re-
newal rate of about 0.25% per year (Thomsen 2006), the existing stock is here to stay for an-
other 350 years on average. 

The existing residential building stock is an important factor to look at in an attempt to reduce 
the annual environmental impact associated with residential buildings, because on a yearly ba-
sis, the environmental impact caused by living in and maintaining residential buildings in the 
Netherlands might be bigger than the impact caused by building and demolishing residential 
buildings. During the use phase of a building, environmental impact occurs because of the use 
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ABSTRACT  

In this paper, some environmental aspects of the maintenance of Dutch residential buildings are 
assessed quantitatively. The emphasis is on existing buildings, built by traditional Dutch build-
ing methods. Since there is no assessment method readily available to assess maintenance sce-
narios, an environmental assessment method has been developed based on existing environ-
mental assessment methods, such as life cycle assessment (LCA). The aim of performing the 
assessments is threefold: they are used to further develop the assessment method for residential 
building maintenance in an iterative way; they are used to distinguish the type of environmental 
problems that building maintenance contributes to; and the factors that have the highest poten-
tial for improvement of the environmental performance of maintaining a building are identified. 
The development of the assessment method includes determining which activities should be 
taken into account, either because they occur frequently or because they are expected to cause a 
relatively high environmental impact. 



of energy for climate control and other activities, the maintenance of the building and building 
services, and replacement of interior finishing. 

In this paper, the focus is on the quantitative environmental assessment of the maintenance of 
residential buildings in the Netherlands. Maintenance will lead to environmental impact because 
of the use of materials and energy that is needed to perform maintenance. However, mainte-
nance will also help postpone or prevent other activities, such as replacement of building parts 
and demolition of the building. It is therefore not sufficient to assess maintenance activities 
separately. Maintenance activities should be assessed in relation to each other and other proc-
esses that they influence. This is why in this research maintenance scenarios are assessed, in 
which multiple activities and processes are included.  

Environmental assessment methods combine several aspects. In section 2, the basis for the 
assessment method, the set of indicators and the corresponding calculation methods are dealt 
with.  The object of the assessment, which determines part of the environmental assessment 
method, is explained in section 3. Section 4 contains two comparative calculations: the compari-
son between the environmental impact caused by maintenance to façade openings and the envi-
ronmental impact caused by the production of the façade; and a comparison between the envi-
ronmental impact caused by the production of high thermal insulation glazing and the 
environmental impact caused by energy for space heating. Finally, in section 5, the calculations 
are discussed and conclusions for further research are drawn. 
 
 
2 ENVIRONMENTAL ASSESSMENT 

A quantitative environmental assessment method is the calculation of the (potential) contribu-
tion of an object to predefined environmental problems and the analysis of the results. The ob-
ject of the assessment can be a product or a process. There is not one single quantitative envi-
ronmental assessment method that can be used for any kind of object. The specific combination 
of the object, the type of results needed, the set of predefined environmental problems and the 
corresponding calculation methods leads to an environmental assessment method for a specific 
goal. In this research, the environmental assessment method is based on existing methods, 
which will be explained in this section. The object of the assessment is maintenance of residen-
tial building, which is further explained in section 3. 

Quantitative environmental assessment methods are based on an inventory of material and 
energy flows that occur during the production, use and disposal of a product. The basis of these 
methods is the closed mass and energy balance: all natural resources that are needed to produce 
a product will eventually be discharged to the environment. There are two levels at which quan-
titative methods operate: at the level of bulk material and energy flows and at the far more de-
tailed level of individual substance flows (Daniels & Moore 2002). Methods operating on the 
first level are based on the idea that the source of environmental problems is the volume of ma-
terial and energy flows, which means that smaller flows are better. Tools that operate on the 
second level also look at the effect or the impact that substance flows have on the environment. 
In the impact assessment, the potential contribution of the flows to specific environmental prob-
lems is determined. This quantitative assessment method is known as life cycle assessment 
(LCA). At this level, the quality of material and energy flows are taken into account as well, 
which allows for choosing between different kinds of material and energy.  

Life Cycle Assessment is the basis of the environmental assessment method developed for 
this research. Because of the many ways LCA can be used and the growing number of environ-
mental effects that are taken into account, an international standard for LCA has been devel-
oped: the ISO 14040 series. The standard describes the four steps that have to be taken in a life 
cycle assessment (Fig. 1). The ISO-standards merely pose the components that an LCA study 
should contain, but the way the assessment is conducted depends on the goal and scope of the 
assessment. This means that only LCA studies with the same goal and scope can be compared, 
because the way in which the assessment is conducted will be defined by it. The goal and scope 
definition also contain the questions that the results of the assessment should answer and the in-
dicators that are used to describe the environmental performance of the assessment object. 



Figure 1. The four steps of an LCA, according to ISO 14040. 
 
 
There are basically two ways to define indicators for environmental performance (Blom 

2005; Guinée 2002; Heijungs et al. 2003). The first is a top-down method, which is based on the 
information that is needed in order to make decisions. The indicators describe the final effects 
on human health and ecosystems, such as the years of (healthy) life lost or the loss of biodiver-
sity. These effects are situated at the end of the chain of causes and effects, which is why they 
are called endpoint effects. Most of these effects cannot exactly be determined, because there 
are some assumptions about causes and effects that cannot be verified yet. The second type of 
indicators is based on information that is available and can be verified. There are some trends in 
the environment of which the cause is known. For example, the depletion of the ozone layer is 
caused by the presence of substances in the stratosphere that decompose ozone molecules. The 
amount of these substances that is emitted to the air can be calculated. The potential ability to 
decompose ozone molecules is a midpoint effect. Depletion of the ozone layer will be the cause 
of other effects, such as more cases of skin cancer, which cannot be calculated yet. In this re-
search, the midpoint indicator set that is described in the CML method will be used (Guinée 
2002). The indicators are: abiotic resource depletion, greenhouse effect, depletion of the ozone 
layer, photochemical oxidation (smog), human toxicity, fresh water ecotoxicity, terrestrial 
ecotoxicity, eutrophication and acidification. 

 
 

3 MAINTENANCE SCENARIOS 

In this research, maintenance is defined as activities that are aimed at maintaining a certain per-
formance level of the building parts and stretching the service life of both building parts and the 
building itself as much as possible. The activities include protecting building parts from deterio-
rating and keeping the protection intact. It also includes replacing parts of the building that no 
longer function or that could function better. Traditionally, the definition of maintenance does 
not include activities that result in a higher or different performance level than the original per-
formance level of the building or component (Straub 2001; Vijverberg 1991). However, the re-
quired performance level of buildings and building parts by regulations and demand changes. 
Therefore the upgrading of the performance level of buildings and components by replacing 
with higher quality products is also taken into account. At times, replacing a building part with a 
higher quality part leads to changes in the use of buildings. For example, when glazing is re-
placed by glazing with a higher thermal resistance, the loss of energy will be less. Thus, less en-
ergy is needed to heat the dwelling. 

The focus of this paper is on maintenance of façade openings (windows and doors) of exist-
ing houses. First, a comparison is made between the environmental effects of maintaining fa-
çade openings and the environmental effects embodied in the façade itself (materials). This way, 
we’ll be able to make a raw estimate of the environmental significance of maintenance activities 
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compared to construction activities. Additionally, a raw estimate of the significance of mainte-
nance at the building stock level can be made.  

Second, the effect of replacing the existing double glazing by high thermal insulation glazing 
will be studied. The environmental effects of the annual energy use for space heating are taken 
into account, which will decrease after the replacement of the glazing. 

 
 

4 CALCULATIONS AND RESULTS 

4.1 Calculation method 

The calculations consist of summing up the environmental profiles of the materials and proc-
esses used in the maintenance scenarios. An environmental profile consists of the contribution 
of a unit of the material or process to the 9 environmental effects mentioned before. The envi-
ronmental profiles used are taken from the EcoQuantum 2.0 database, unless indicated other-
wise. The results of the environmental impact of products, activities and scenarios are displayed 
on a year by year basis, cumulative, according to the method described in (Itard and Klunder, 
2007a and Itard 2007b). 

In the case of the replacement of double glazing, the time it takes for each environmental im-
pact of the replacement to be ‘paid-back’ by the environmental impact saved because of the re-
duction in energy use for space heating is calculated. To do this, for each environmental effect 
the difference in annual impact by energy use between both glazing types is divided by the im-
pact of the production of thermal insulation glazing. 

4.2 Effect of maintenance of façade openings relative to the façade 

4.2.1 Assumptions  

First, the environmental impact caused by maintaining façade openings for 50 years is compared 
with the environmental impact of producing the entire façade. Table 1 shows the façade compo-
nents taken into account. The components and their measurements are taken from a Dutch sin-
gle-family reference dwelling (‘tussenwoning’), as described in (Novem 2001). The service life 
is taken from EcoQuantum 2.0. 

 
Table 1. Façade components and service life in the reference building. 
Façade components Service life [years] Amount 
Brickwork 
Insulation (rock wool) 
Load-bearing wall 
Timber window and door frames*  
 
Door and window furniture (hinges, locks)*  
Doors*  
Glazing* 
 
Ventilation grille 
Windowsill 
Concrete beams 
Water barrier 

 
 
 
50 (paint: 35) 
 
20 
40 
double glazing: 25 (sealant: 
15) 

69.8 m2 
53.1 m2 
53.1 m2 
23.3 / 5.5 m2 
(fixed / opening) 
 
3 
0.8 / 18.3 m2 
(single/double) 
3.5 m 
13.2 m 
15.2 m 
23.8 / 18 m 
(ldpe / lead) 

Components marked with * are maintained and / or replaced in the 50 year scenario. 

 
In the maintenance scenario, the following activities are taken into account: 
- applying a new layer of paint on timber parts: every 6 years; 
- removing old paint layers and applying a new base layer: after 35 years (starting a new 

cycle of 6 years); 



- replacing glazing sealant: every 15 years; 
- replacing double glazing: after 25 years; 
- replacing door furniture (hinges and locks): after 20 years; 
- replacing doors: after 40 years. 

4.2.2 Results 

In Table 2, the results of the calculations are listed. For each environmental effect, the contribu-
tion of maintenance activities is related to the contribution of producing the entire façade.  

 
Table 2. The contribution of maintenance to the environmental effects, related to the production of the en-
tire façade. 
Environmental effect Relative contribution of maintenance [%] 
Human toxicity 5 
Terrestrial ecotoxicity 10 
Ozone layer depletion 12 
Eutrophication 15 
Ecotoxicity fresh water 18 
Photochemical oxidation 19 
Greenhouse effect 20 
Acidification 22 
Abiotic depletion 43 

 
The results of the calculations are for a 50 year scenario. The service life of buildings will be 

longer than 50 years, at least 200 years if the current renewal rate of dwellings would double in 
the Netherlands. Therefore, the environmental impact of maintenance during the entire service 
life of the building will be higher than the calculated contribution. 

When looking at the entire building stock in the Netherlands, which contains 6.9 million 
dwellings and to which about 65,000 dwellings are added annually, the environmental impact 
by maintenance in relation to the production of new façades can be estimated as follows. The 
environmental impact of producing a façade for one dwelling is indexed at 100. If the environ-
mental impact of maintenance is 20% of the impact of the façade after 50 years, like the contri-
bution to the greenhouse effect, than the annual index for the maintenance of one façade is 
20/50. The façade index is multiplied by the amount of new dwellings per year, and the mainte-
nance index is multiplied by the total amount of dwellings in the Netherlands. In this case, the 
environmental impact by maintenance is about 40% of the impact caused by producing new fa-
çades. 

4.3 Effect of replacing double glazing by high thermal insulation glazing  

4.3.1 Assumptions 

A comparison is made between two scenarios of 25 years: 
- Scenario A: no replacement of the existing double glazing, annual energy use for space 

heating. 
- Scenario B: replacement of double glazing by high thermal insulation glazing in year 1, 

annual energy use for space heating. 
In scenario B, only the production of the high thermal insulation glazing is taken into account. 
The environmental impact of the waste processing of the removed double glazing is not taken 
into account, because the waste of the double glazing was already going to happen, no matter if 
the new glazing is being put in or not. In this research, only additional environmental impact by 
maintenance and replacements to the impact of the existing building is taken into account. The 
waste that is produced when the new high thermal insulation glazing is eventually removed or 
replaced will be taken into account.  
 
Table 3: calculation values for scenario A and B. 
 Scenario A Scenario B 
U-value glazing 2.6 W/m2K 1.8 W/m2K 



Glazing area 18.3 m2 18.3 m2 
Energy use for space heating (natural gas) 24847 MJ/year 20475 MJ/year 
 

 
The environmental profile of high thermal insulation glazing is not available in EcoQuantum 

2.0. The profile was therefore calculated in SimaPro 7.0, using the same CML baseline method 
as used for the environmental profiles of EcoQuantum 2.0. One square meter of high thermal in-
sulation glazing consists of: 

- 10 kg of coated glass (4 mm thick); 
- 12.5 kg of uncoated glass (5 mm thick); 
- 0.449 kg of aluminium spacer; 
- 0.000025 kg of silicone product. 
All data is from the ecoinvent 1.2 database. Not included in this study are the steel part of the 

spacer, the outer profile of PE and the argon gas in the cavity. 

4.3.2 Results 

 Figure 2. Replacing glazing has an immediate impact on the greenhouse effect. 

 
For both abiotic depletion and the greenhouse effect, replacing the glazing has an immediate 
positive effect on the annual environmental impact. This is because energy use has a big impact 
on those environmental effects. For photochemical oxidation and terrestrial ecotoxicity, the pro-
duction of high thermal insulation glazing has a positive effect after 14 years. For all other ef-
fects, the pay-back time is more than 25 years (see Table 4). Especially the human toxicity and 
ecotoxicity fresh water have long pay-back times, which are caused by the coating used on the 
thermal insulation glazing. The coating consists of metal ions, which contribute considerably to 
the two effects mentioned.  

 
Table 4. Pay-back time of high thermal insulation glazing and amount of environmental impact. 
Environmental effect Pay-back time for high  

thermal insulation glazing 
[years] 

Contribution to effect 
‘saved’ after 25 years 
[%] 

Abiotic depletion 1 401 
Greenhouse effect 2 18.6 
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Eutrophication 14 0.79 
Photochemical oxidation 14 0.61 
Terrestrial ecotoxicity 26 -0.06 
Ozone layer depletion 59 -0.59 
Acidification 96 -0.75 
Ecotoxicity fresh water 170 -0.86 
Human toxicity 214 -0.89 

 
High thermal insulation glazing has been developed to reduce the depletion of energy re-

sources and CO2 emissions, which is effective. The amount of abiotic resources used for the 
high thermal insulation glazing is low compared with the annual amount of abiotic resources 
needed for space heating. After 25 years, 400 times the input of abiotic resources for the high 
thermal insulation glazing is saved by the reduced energy use for space heating. The same rea-
soning is valid for the greenhouse effect, though the reduction after 25 years is only 18.6% of 
the amount of CO2 equivalents emitted for the production of the high thermal insulation glazing. 
For the other 7 effects, the environmental effects saved after 25 years are low, because these ef-
fects are hardly influenced by energy for space heating.   

 
 

5 DISCUSSION AND CONCLUSIONS 

At the façade level, the environmental impact of 50 years of maintenance compared to the im-
pact of producing the façade ranges from 5 to 43%. When the entire service life of the building 
– which is at least 200 years in the Netherlands at the current renewal rate – is taken into ac-
count, the relative impact will be more. Moreover, if the annual environmental impact of main-
taining the entire residential building stock of 6.9 million dwellings is compared with the pro-
duction of about 65,000 new facades per year, reducing the environmental impact of 
maintenance will contribute to the reduction of the annual environmental impact of buildings in 
the Netherlands. 

In the continuation of the research, other activities that are related to maintenance will be 
taken into account. For example, the influence of transport related to maintenance activities will 
be taken into account. Additionally, activities that do not require any other materials and proc-
esses than transport, such as inspection of the building to assess the need for maintenance, will 
be taken into account. Inspections are needed if a just-in-time policy is adopted, in which main-
tenance activities are not performed until they are actually needed instead of when they are 
planned. More comparisons between complete maintenance scenarios will be made. In order to 
calculate the environmental impact of complete maintenance scenarios, additional data needs to 
be assembled on both the materials and processes level, and at the activity level.  

The questions for further research are: 
- What is the relation between the environmental impact by maintenance activities and the 

prevented environmental impact in the building service life, when the performance level 
of the building is kept constant? 

- Does this relation change when higher quality products are used to replace building 
parts? 

- What is the pay-back time for higher-quality products in terms of environmental impact? 
- At the level of the building stock, what is the contribution of maintenance to the total an-

nual environmental impact in the Netherlands in relation to other environmental impact 
related to residential buildings? 
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1 INTRODUCTION 
 
RE-ARCHITECTURE is a design process support system that aims to support designers, when 
involved in rehabilitation design developments of one or more buildings, dated of more than 
one generation old. RE-ARCHITECTURE provides free and fast access to a wide range of 
technical sustenance - knowledge and tools - for the different stages, sub-stages and activities, 
common in such design processes. 

Rehabilitation design developments are usually complex, in the sense that the designer has to 
deal with a pre-existence that should not be neglected or predominantly be destroyed. Other-
wise, such intervention should no longer be called building rehabilitation. Eventually, it could 
be called urban rehabilitation or, even more specifically e.g. reuse of structural elements. 

RE-ARCHITECTURE is the implementation of the design process theorised in the doctoral 
research RE-ARCHITECTURE: lifespan rehabilitation of built heritage; hosted at the Faculty 
of Architecture, Building and Planning, Eindhoven University of Technology (TU/e), The 
Netherlands; and funded by the Foundation for Science and Technology, Portugal since 2004. 
 
2 METHOD 
 
This research has now come to the test period, where designers - architects and architecture stu-
dents - from the Netherlands and Portugal, with experience in rehabilitation design develop-
ments, were invited to register and get free access to RE-ARCHITECTURE, for a period of 
four months. As public invitation, some articles and short news items were published in both 
countries (paper and web-based). Among others, the Royal Association of Dutch Architects and 
the Portuguese Order of Architects were most cooperative. Several e-mails were also sent to 
those designers who had previously shown interest in RE-ARCHITECTURE. 

After registering as a new user and before getting access to the full content of RE-
ARCHITECTURE, users were asked to contribute to a pre-survey, by answering online Ques-
tionnaire B1. Then, their workflow was controlled through process mining techniques (Alves de 
Medeiros, 2006), researched at the Faculty of Technology Management, TU/e. In the end, they 
were asked to fill in a post-survey. 
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Eindhoven University of Technology, Eindhoven, The Netherlands 

ABSTRACT: RE-ARCHITECTURE is a design process support system that aims to support 
designers, when involved in rehabilitation design developments. Before getting access to the 
full content of RE-ARCHITECTURE, users were asked to contribute to a pre-survey, by an-
swering online Questionnaire B1. The analysis of its results, intended to identify the category 
of designers, their design processes and guiding principles. As RE-ARCHITECTURE aims to 
contribute to a more sustained and lifespan conscious rehabilitation design development, this 
pre-survey is fundamental to understand how sustainable rehabilitation designers really are and 
how appropriate RE-ARCHITECTURE can be to sustain their aims. This paper synthesizes the 
pre-survey results, where such issues were most evident. 



The pre-survey comprised a group of forty five questions; nineteen main questions and 
twenty six sub-questions. The analysis of its results, intended to identify the design processes 
and guiding principles of the designers, before being exposed to RE-ARCHITECTURE. It was 
fundamental to understand how sustainable rehabilitation designers really are. 

Together with the post-survey, the pre-survey was essential to achieve accurate results and 
conclusions at the end of this research. Both surveys reveal the effective role and/or contribu-
tion of RE-ARCHITECTURE, as a support system that was proposed to support designers rais-
ing their lifespan consciousness in their rehabilitation design processes and the consequent sus-
tainability of their designs. 

 
3 RESULTS 

3.1 The sample 

The universe of RE-ARCHITECTURE users, was limited to those who simultaneously regis-
tered before April 1st, 2007 and submitted entries in the Pre-survey system (Nt=408). Among 
this universe, three categories of users were identified (Table 1): first, who filled in the Pre-
survey accurately (complete, valid); second, who did not fill in the Pre-survey accurately (com-
plete, invalid); and third, who did not complete the Pre-survey (incomplete). 
 
Table 1. The universe of RE-ARCHITECTURE users 
 Architects Architecture students Other occupations Total 
 CV CI I Na CV CI I Ns CV CI I No Nt 
Portugal 79 14 110 203 20 2 15 37 12 19 24 55 295 

The Netherlands 25 5 30 60 27 3 2 32 2 2 1 5 97 

Other countries - 2 6 8 - - - - 2 2 4 8 16 

 104 21 146 271 47 5 17 69 16 23 29 68 408 
*CV = Complete, Valid; CI = Complete, Invalid; I = Incomplete; N = Universe (total number) 

 
The following chapters synthesize the answers of the RE-ARCHITECTURE users, who 

filled in the Pre-survey accurately. Moreover, it groups the users according to two fundamental 
variables; the country (values: Portugal, The Netherlands and other countries) and the occupa-
tion (values: architect, architecture student and other occupations). As this research aims to 
survey Portugal and The Netherlands; as well as, architects and architecture students only; the 
answers of the other users were left out of consideration. 

Due to the fact that the variables and values differed in number of users; a sample was taken 
to enable accurate comparisons and disable deviation of results, when correlating the answers. 
The total number of architecture students (Npt/s=20), registered from Portugal – the smallest – 
was the limiting value for the sample of users (Table 1). 

Therefore, a sample of twenty users was also selected from the other three groups (Npt/a; 
Nnl/s; Nnl/a). The rule was to select the first twenty users, independent from the quality of their 
answers. In total, the surveyed sample represents a universe of eighty users (Nt=80). They char-
acterize approximately twenty percent (20%) of the surveyed universe of users; and, forty-eight 
percent (48%) of the total number of users that have completed the pre-survey accurately. 

The following chapters characterize this sample on four aspects: experience in developing 
rehabilitation designs (see section 3.2); interest of developing rehabilitation designs (see sec-
tion 3.3); aims towards the building subtractions, remainings and additions (see section 3.4); as 
well as, percentual relation (see section 3.5). In order to effectively reveal the survey results 
that would indicate how sustainable rehabilitation designers really are; the researcher has se-
lected some particular survey results for this paper. 

3.2 The experience in developing rehabilitation designs 

As already expected, fifty-two users (65%) confirmed their previous experience in developing 
rehabilitation designs. Unexpectedly, twenty-eight (35%) affirmed to have never developed a 
rehabilitation design. Either, because it is really true or because the users were just trying to 
make a shortcut and access faster the RE-ARCHITECTURE content; fact is that, this percent-



age of inexperienced users clearly reflects the current reality and sustains the urgent need for 
raising the attention towards the field of building interventions, rehabilitation included. 

Just by comparing the percentage of built newness (buildings younger than 25 years old) 
with the percentage of built heritage (buildings older than 25 years old); an architect, even if he 
has never constructed a rehabilitation design development, should at least have simulated few 
of them, while being oriented and instructed as an architecture student. 

The Architect’s Council of Europe (CAE, 2005) is very clear about it and states in the Euro-
pean Deontological Code for Providers of Architectural Services that they “must respect and 
help to conserve and develop the system of values and the natural and cultural heritage of the 
community in which they are creating architecture. They shall strive not only to improve the 
environment through the highest quality of design but also to improve the quality of the life and 
the habitat within such a community in a sustainable manner, being fully mindful of the effect 
of their work on the widest interests of all those who may reasonably be expected to use or en-
joy the product of their work”. 

How can society expect from architects to reach results of sustainable quality and lifespan 
consciousness while developing rehabilitation designs, if some of them have never been ade-
quately oriented and instructed? It would be the same as placing yourself in the hands of a doc-
tor for a heart surgery, when he did not learn nor practice enough. Would you feel safe? The 
building also, certainly not! 

Back to the fifty-two users, that confirmed their previous experience on rehabilitation de-
signs. They were respectively: fourteen architects (70%) and ten architecture students (50%), 
from the sample registered from Portugal; and sixteen architects (80%) and twelve (60%) archi-
tecture students, from the one registered from Netherlands. The following chapters shall only 
consider the answers of those users, slightly more Dutch (54%) than Portuguese (46%). 

3.3 The interest of developing rehabilitation designs 

All users (100%), from the four groups, qualified their own rehabilitation designs as interesting. 
This overall recognition clearly shows an interest from the designers for this category of design 
developments. The variety of the answers emerges, in the arguments used to justify their con-
siderations, the advantage of the new existence versus the pre-existence and the most important 
factors that have clearly influenced their designs. 

The designs of rehabilitation interventions of built heritage differs from the designs of built 
newness, mostly due to the fact that there is a pre-existent building or group of buildings; which 
designers are obliged to consider during their design developments. Along the design process, 
this pre-existence is converted into a new existence; harmonizing a universe of actions and in-
herent aims towards the building. 

RE-ARCHITECTURE guides the subdivision of this universe in three groups: the actions 
towards what is being subtracted from the building (subtractions), the actions towards what re-
mains in the building (remainings), and the actions towards what is being added to the building 
(additions). Accordingly, the degree of harmony between these three groups is directly related 
to the degree of the designer’s lifespan consciousness, as well as, how he considers the build-
ing’s past, present and future. (Pereira Roders, 2006) 

These degrees are not only identifiable in the proposed design solutions, but also in the ar-
guments used by the designers to justify their considerations. Therefore, the arguments used by 
the fifty-two users, to sustain why their rehabilitation design was considered interesting, were 
ordered according to their final target; the subtractions, the remainings and/or the additions. 

Most answers (71%) could be ordered accordingly. However, there were five users (10%), 
one Portuguese and four Dutch architects, who placed the interest of the rehabilitation design in 
other targets rather than the building; however, non less valid. Those were respectively, the de-
gree of sustainability of the intervention; the context as input / guideline (two users), the com-
munication with the involved actors, the integration of past and future. Ten users (19%) did not 
exactly answer the question, so their arguments were considered invalid. 

Table 2 summarizes the users’ arguments, ordered according to their final target. It is inter-
esting to verify that only one Dutch architecture student (2%) mentioned the subtractions as ar-
gument to sustain her interest for the rehabilitation design.  

 



Table 2. The users’ arguments ordered according to their final target 
 Architects Architecture Students 
 S R A R+A O I T S R A R+A O I T 

Portugal - 6 1 3 1 3 14 - 2 2 4 - 2 10 

The Netherlands - 6 - 2 4 4 16 1 2 - 8 - 1 12 
*S = Subtractions; R = Remainings; A = Additions; R + A = Remainings and Additions; O = Other argu-
ments; I = Invalid answer 

 
Far more users considered the remainings (31%) among their arguments. Even more were the 

ones, arguing both remainings and additions (33%). Surprisingly, the additions were only refer-
enced individually by two Portuguese users (4%), one architect and one architecture student. In-
terestingly, independent from the country, architects mainly sustained their arguments in the 
remainings (40%), while the architecture students sustained their arguments in the remainings, 
combined with the additions (57%). 

The users were also asked to describe the advantages the design (new existence) brought to 
the building + environment (pre-existence). To better synthesize, the universe of answers was 
ordered according to the five primary aims: decrease, restore, maintain, improve and replace. 
Again, three answers (6%) did not match such aims and four other (8%) were considered inva-
lid, as they did not respond to the question. 

The three that did not match the ordering referenced as main advantage of their design, the 
contribution to the environment with the building reuse; the art of blending – the remainings 
with the additions; and the fact that the design was not only made by the user, but also the own-
ers contributed to its quality. 

Table 3 summarizes the answers of the forty-five users (83%), ordered according to the five 
main aims and to the fact if it was a general or a directly consideration pointed to the building 
or to its environment. As some of the users described more than one advantage, the researcher 
was able to identify and order a total number of eighty-six advantages. There was a clear ten-
dency to state advantages related to what the user improved (66%) and replaced (22%) with his 
design; rather than what he managed to maintain (12%), decrease (7%) and restore (1%). 

First, the advantages related to what the user “improved” were the most homogenous among 
the four groups of users. Registered from Portugal; the architects described fifteen advantages 
(32%), related to the current needs / living standards and the building physics; while the archi-
tecture students described only nine (19%), framing both building and environment. 

Registered from The Netherlands, the architects described only ten advantages (21%), 
equally framing the building and environment; while the architecture students described three 
more advantages (28%), mostly related to the current needs / living standards and the building 
physics, similarly to the architects, registered from Portugal. 

Second, the advantages related to what the user “replaced” were equally considered by the 
users registered from Portugal (50%) and The Netherlands (50%). Difference is that now, the 
architects registered from Portugal described very few advantages (5%), compared with the ar-
chitecture students (45%). This difference is weaker among the users, registered from The 
Netherlands, where the architects described seven advantages (32%), while the architecture 
students described only four (18%). 

Third, the advantages related to what the user “maintained” were mostly described by the us-
ers registered from The Netherlands (70%). Registered from Portugal, only the architects de-
scribed three advantages (30%), having maintained the tangible heritage within the building, as 
well as, the environment’s history and image concept. 

Fourth, the advantage related to what the user “restored” was only mentioned by one archi-
tect registered from The Netherlands. Accordingly, the use of “bio-ecological solutions as well 
as materials” would restore and replace their life cycles, implying the improvement of both 
building and environment. 

Last, the advantages related to what the user “decreased” were exclusively presented by four 
architects, mostly registered from The Netherlands (83%). There was only one architect, regis-
tered from Portugal (17%); together with one architect, registered from The Netherlands who; 
described as advantage, the reduction of energy losses. The last one even described the reduc-
tion of money and resources. The two other users referenced the contribution to the decrease of 
demolition and to the decrease of little spaces. 



Table 3. The advantages presented by the users, ordered by aim 
  Portugal The Netherlands  

  A S T A S T T 

loss of money - - - 1 - 1 1 

demolition / loss of resources - - - 2 - 2 2 

little spaces - - - 1 - 1 1 
Decreases 

loss of energy 1 - 1 1 - 1 2 

Restores material lifecycles - - - 1 - 1 1 

old and monumental values - - - 1 - 1 1 

features and characteristics - - - 1 - 1 1 

identity - - - 1 - 1 1 

history - - - 1 1 2 2 

form - - - - 1 1 1 

building 

tangible heritage 1 - 1 - - - 1 

history 1 - 1 1 - 1 2 

Maintains 

environment 
image concept 1 - 1 - - - 1 

- - 5 5 1 - 1 6 

coherence between exterior and 
interior 

- - - - 1 1 1 

current needs / living standards 4 - 4 1 2 3 7 

physics / comfort / light /  
acoustics / thermal behavior 

6 - 6 1 3 4 10 

purpose - - - - 2 2 2 

living space / space 2 - 2 - - - 2 

functions / equipments - 1 1 - - - 1 

aesthetics - 1 1 - - - 1 

building 

solutions / materials - 1 1 1 - 1 2 

- - 2 2 3 4 7 9 
economic potential and social 
cohesion 

- - - 1 - 1 1 

contribution for its humanization 1 - 1 - - - 1 

Improves 

environment 

solutions / materials - - - 1 - 1 1 

uses / functions 1 2 3 2 2 4 7 

image / façades - 1 1 1 - 1 2 

processes - - - 1 - 1 1 

identity - - - 1 - 1 1 

building 

relation with the environment - 1 1 - - - 1 

lives /activities / dynamics - 6 6 1 2 3 9 

Replaces 

material lifecycles - - - 1 - 1 1 
* A = Architects; S = Architecture Students; T = Total 

 
The users were also asked to describe the most important factors that have clearly influenced 

their designs. This time, the answers were not particularly ordered, but grouped when describ-
ing the same factor. There were some factors that were specifically related to the building 
(59%), others to the environment (17%); and others generally related to factors involving both 
building and environment (24%). 

From the universe of eighty-seven important factors there were few (17%) that were only ref-
erenced once. The building “accessibility”, “surprise”, “history”, “relation with the environ-
ment” and the “involvement with experts and technical knowledge” was only referenced by the 
architects, registered from Portugal. The building “form”; “changeability”; environment “speci-
fications”, “identity”, “materials” and “climate”; “time”; “prospects” and “cultural factors” 
were only referenced by the architects, registered from The Netherlands. Last, the building 
“condition” was only mentioned by an architecture student, also registered from The Nether-
lands. 



However, the building structure/construction was the most important factor, referenced by 
fourteen users (27%) from the four groups of users. Referenced by half the number of users 
(14%), both building qualities/architecture and functions/performances/program were equally 
referenced; the first one more referenced by the users registered from the Netherlands and the 
second one more referenced by the ones from Portugal. 

Even if few of the important factors described by the users could be part of a broad sustain-
able strategy, e.g. building, environment, etc.; sustainability was specifically referenced by 
three users (6%), one architect and one architecture student, registered from Portugal; as well 
as, one architect, registered from The Netherlands. Even if not considerably representative, it is 
already better, than no reference at all. 

3.4 The subtractions, remainings and additions 

When directly asked to scale the importance given in their design to the subtractions, remain-
ings, additions, and particularly to the connections between the remainings and the additions; 
users could choose between a scale of five values; very low, low, reasonable, high and very 
high. Table 4 describes the scale of importance given by the users to the four realities. 

The users registered from Portugal have mostly considered of reasonable importance; the 
subtractions (29%), the remainings (52%) and the additions (42%). With a slight advantage re-
garding the users who considered the connections between remainings and additions of reason-
able importance (37%), they were mostly considered of very high importance (38%). 

Instead, the users registered from The Netherlands have mostly considered of high impor-
tance the remainings (60%), the additions (39%) and the connections between remainings and 
additions (57%). Again, with a slight advantage regarding the users who considered the subtrac-
tions of high importance (36%), they were mostly considered of very high importance (39%). 

When just focusing on what the users considered of very high importance; we can easily ver-
ify that the subtractions and remainings were less valued than the additions and connections 
(between remainings and additions), in both countries. Probably that is because, often designers 
do tend to overvalue what they add, rather than what they subtract and remain from the pre-
existence; which is the first motive why they are involved in such a rehabilitation intervention. 

That is even shown more clearly in the following results: when asking if they did plan what 
to do with the subtracted, remaining, and added elements, as well as, with the connection be-
tween the remaining and added elements; users were also asked to select the classification that 
would better describe their main aim. Moreover, they should provide a justification, as well as, 
an example from their design that could illustrate this aim. 

 
Table 4. The scale of importance given by the users in their design 
Portugal    

25%

21%

29%

17%

8%

 

8%

4%

55%

25%
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The Netherlands    

7%

11%

39%

36%

7%

 

4%0%

29%

60%

7%

 

7%

11%

7%

39%

36%

 

11%

0%

14%

57%

18%

 
Subtractions Remainings Additions Connections 
* very low low reasonable high very high 



The subtractions were part of the design plan considerations by twenty-five users (48%); 
comprising ten architects (71%) and four architecture students (40%), registered from Portugal; 
in addition to eight architects (50%) and three architecture students (25%), registered from The 
Netherlands. When asked about their main aim, most users selected “reuse” (64%), five se-
lected “relocate” (20%) and four selected “recycle” (16%). “Reuse” was the main aim of most 
architecture students, registered from both countries and of the architects, registered from Por-
tugal. Instead, “recycle” was the main aim of most architects, registered from The Netherlands. 

More than the subtractions, the remainings were planned by thirty-seven users (71%). Except 
for the six architecture students (60%), registered from Portugal, more than seventy percent of 
the users, from the other three groups, planned what to do with the remained elements. All 
groups have selected “repair” as the classification that would better describe their main aim. 
However, while the users registered from Portugal equally selected the highest scale of classifi-
cation, “consolidate”; the users registered from The Netherlands equally selected a lower scale 
of classification, “reinforce”. 

As foreseen, the additions were the most planned from the four realities, by forty-nine users 
(94%). Only one architect (7%) of the fourteen registered from Portugal; and two architecture 
students (17%), registered from The Netherlands; answered not to have particularly planned 
what to do with the additions. Probably, that had to do with their lower scale of intervention, 
where only minor additions were made. In the four groups of users, most additions (60%) were 
located “inside, connected” with the remainings. Nonetheless, there were already few users that 
planned their additions “outside, apart” from the remainings (20%); or “inside, demountable” 
(16%). 

Less than the additions, the connections between the additions and remainings were planned 
by forty-three users (83%) comprising thirteen architects (93%) and eight architecture students 
(80%), registered from Portugal; in addition to fourteen architects (88%) and eight architecture 
students (67%), registered from The Netherlands. The architects registered from both countries 
have mostly selected the classification “punctually fixed” (23%), to classify their main aims. In 
contrast, most architecture students (15%) selected “totally fixed”. Generally, most groups se-
lected the classification “demountable” and “loose”, except for the architecture students; re-
spectively registered from The Netherlands and Portugal.  

The second part of the sub-questions – its justification and example – had the particular pur-
pose to verify the consistency of the first part of the sub-questions. Generally, when someone; 
would have planned particularly each of the four realities; would not have any problem finding 
the sustaining argument and/or an example within his design developments that could exactly 
illustrate how he managed to achieve such main aims.  

Curiously, when considering valid only the answers that provided an example, a major num-
ber of users that initially affirmed to have had a particular plan for those four realities fall im-
mediately into the group of users that had no particular plan for them. This reduction is quite 
considerable; of approximately fifteen users (30%) for the subtractions, remainings and addi-
tions; and of exactly thirty users (60%) for the connections between the remainings and connec-
tions. Nevertheless, the global overview of their main aims towards the four realities did not 
change so much. 

There are, however, some interesting justifications for such main aims, among the answers 
given by all users, inclusive the ones that did not provide any example. With no reference to 
“reprocess” among the main aims towards the subtractions; there are, though, references to the 
“reuse of the existing structure to sustain the new elements”, the “relocation of stone elements” 
and the “recycle of concrete and steel”. 

Again, with no reference to “arrest decay” as main aim towards the remainings, several were 
examples of main aims to “repair windows”; to “reinforce the construction / structure” and to 
“consolidate the finishings”. For the additions, all main aims were illustrated with examples to 
add; “outside the building elements that would bring too much destruction to the building”; and 
to the inside the building; “fixed new floors”, “demountable partition walls” and “loose vol-
umes”. Last, the examples illustrating the connections between the remainings and additions 
gave only more detail to the previous answers, without generalizing how they were aimed, for 
this particular design. 



3.5 The subtractions versus remainings versus additions 

Considering the pre-existence, users were asked about the percentual relation, between subtrac-
tions and remainings. Figure 1 illustrates their answers, filtered per group. Most users selected 
the relation fifty�fifty (33%); however, the second place is the relation seventy-five�twenty 
five (25%), followed by the relation ninety-five�five (19%). Only afterwards comes the rela-
tion twenty-five�seventy-five (15%); and as last, the relation five� ninety-five (8%). 

Similar results were presented in figure 2, illustrating the answers of the users, also filtered 
per group, when asked to consider the new existence, and the percentual relation, between addi-
tions and remainings. There are however, some differing points. No architecture students regis-
tered from Portugal selected both relations five� ninety-five and seventy-five�twenty five; and 
no architect, registered from The Netherlands, selected the relation ninety-five�five. 

 
Figure 1. The Subtractions versus Remainings Figure 2. The Additions versus Remainings 
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4 CONCLUSION 
 
One could argue that just by rehabilitating buildings from the built environment, designers are 
being already sustainable. That can be true, even in very high scales of rehabilitation, in the 
sense that the urban infrastructures and services are reused and it is not necessary to go to the 
natural environment and make it suitable to the current living, working and leisure needs. 

On the other hand, rehabilitation interventions can cover serious degrees of lifespan uncon-
sciousness, behind very modern and fashionable additions; neglecting its past, present or future. 
After the rehabilitation intervention is finished, too often, is impossible to discern what was 
subtracted, what remained and what has been added. Even more difficult is to understand the 
logic behind some design decisions, when simply comparing its advantages and consequences. 

One needs to assess the effective relation and degree of harmony between these three reali-
ties, in order to determine how sustainable a rehabilitation intervention or its designer really is. 
There are no receipts to follow in every building, as various aims might seem totally sustained 
for one building, and result totally unsustained for others. It truly depends on the significance 
and condition of a building and respective environment identified during a pre-design stage. 

Therefore, as a preliminary conclusion of the survey results, it can be stated that sustainabil-
ity is a factor that is emerging into the world of the designers, from Portugal and the Nether-
lands, involved in rehabilitation developments. Nevertheless, this path is still long and requires 
the serious effort to recognize that not all design solutions that might initially seem very origi-
nal are actually suitable. They might bring irreversible consequences, not only to the building, 
but to the natural and built environment. Future generations shall surely valorize the effort. 
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1 INTRODUCTION 

The majority of European countries have experienced an increased rate of residential construc-
tion in the period after the World War II. Due to enlarged needs of the population, large neigh-
bourhoods consisting of multi-apartment buildings were built in that time. Condition monitoring 
of this residential stock shows that today, these buildings often fail to comply to contemporary 
living standards in terms of the size and human comfort as well as to building regulations rela-
ted ot thermal and acoustic insulation and structural safety. As a consequence, increased migra-
tion of the tenants was observed in large neighbourhoods from this time period over the past two 
decades (Žarnić & Šelih, 2004). 

In general, two options are available for the management of these buildings: demolition and 
construction of new buildings complying to contemporary requirements, or refurbishment of 
existing buildings. Following the sustainability principles applied to the built environment 
(Agenda 21, 1999), and considering the proportion of the building stock from the discussed 
period, in most cases, refurbishment is preferred to demolition. Asset management of this buil-
ding stock integrated with maintenance management is therefore indispensable if adequate per-
formance of the stock over its entire life cyle is to be achieved (Vanier, 2001).  

Asset management of multidwelling residential stock is a complex process consisting of seve-
ral steps. First, asset inventory has to be created. The performance requirements have to be iden-
tified and the condition of the each building forming the building stock has to be assessed by 
using a pre-defined assessment methodology. For all buildings under consideration, a decision 
between maintenance and refurbishment has to be made. If the condition of the building 
requires refurbishment, the process of  refurbishment planning can be initiated.  

A detailed comprehensive assessment of the existing state of the building and identification 
of elements with insufficient performance that consequently require repair, upgrading or re-
placement has to be carried out for buildings where the decision to start refurbishment has al-
ready been taken. The market offering products, materials and components to be used in refur-
bishment is marked by extensive development. As a consequence, a number of various 
alternative refurbishment actions can be used for each element with unsufficient performance. 

Sustainable management of building stock refurbishment by using 
MCDM 
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In addition, the realization of some objectives seems more rational from the cost perspective 
than from other perspectives, which makes the decision process on selecting the “best” set of re-
furbishment actions complicated (Zavadskas et al, 2004).  

These decisions are mainly made by a design team that consists of a design group, a client 
and, depending on the type of the building contract, a representative of the contractor. The de-
sign group typically includes an architect, a structural engineer, a HVAC engineer and an elec-
tricity engineer. A consensus between the members of the design team in as many as possible 
points of view has to be achieved if an optimum solution is to be found. Within this process, it is 
extremely important to capture the requirements of the client / user of the building. New build-
ing design as well as design of refurbishment of existing buildings is therefore an iterative proc-
ess (Alanne, 2004). 

Identifying the best combination poses a real challenge for the decision maker – the design 
team. Both functional and visual aspects have to be accounted for. In addition, as the awareness 
of the importance of sustainable development is increasing, the environmental performance of 
the refurbished building is becoming an essential criterion used in the selection of a set of refur-
bishment actions to be employed as well. 

Refurbishment design can be viewed as selection of a set of various refurbishment actions, 
selected from a wide range of viable actions. The selected portfolio should have the largest 
value possible, where the value is judged by several pre-defined criteria. As already discussed, 
the number of possible actions is large, therefore the use of a computer-based decision support 
tool is indispensible if the optimum selection of actions is to be achieved. 

Existing decision support tools are aimed at supporting the condition-rating process and at as-
sessing the total value of the selected set of actions (Zavadskas et al, 2004, Rosenfeld & Shohet, 
1999; Balaras, 2002; Flourentzos et al, 2004) with respect to the selected criteria. However, 
these tools do not take into the account the inevitable real life monetary limitations that accom-
pany each refurbishment and simultaneously ensure the maximum value of the planned refur-
bishment. 

The goal of this paper is therefore to present a mathematical model to be used for selection of 
the most valuable set of refurbishment actions from a comprehensive range of available actions. 
The value, or the total utility score, depends upon the selected criteria and their relative impor-
tance. The tool is based on multi-criteria decision method and takes into the account the finan-
cial constraint that limits the choice of actions.  By using the model, the design team can select a 
set of options, i.e. refurbishment actions that yield a maximum total value for the decision 
maker while the total cost does not exceed the financial constraint. Functional and environ-
mental aspects of each feasible refurbishment action are considered. Mathematically, the model 
is based on the knapsack problem solution that leads to an optimized portfolio of actions. 

2 METHODOLOGY   

Conventionally, once it is decided that the refurbishment will be carried out, the designers gen-
erate a few design alternatives, which are then evaluated by the design team. A limited number 
of alternatives can be assessed if evaluation is based solely upon the experience of the members. 
Therefore, an automated decision support model has to be used if a larger number of alternatives 
is to be evaluated.  

In this paper, refurbishment of a building is considered as a set of single actions that are ex-
pected to increase the sustainability and functionality of the building.  Each action is therefore 
assessed by these two criteria. The single actions are members of a comprehensive list of all 
feasible actions. 

The possible refurbishment actions, or decision variables, are labelled as 
 

a1, a2, …, ai, …, an 

 
where { }1,0∈ia .  ai =1 if the action is carried out, else ai = 0. n is the total number of all vi-

able actions.  
Total utility score, Stot, is defined by the expression 
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where Si is the utility score achieved by selecting the renovation action ai. Refurbishment 
should result in maximum total utility score, therefore the function  

)(
1

i

n

i

iSa∑
=

 (2) 

 is the objective function of the problem to be solved. The problem solution is subject to con-
straint 
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where Ci is the cost of the individual action ai, and Cmax is the maximum total allowable cost 
of the refurbishment project. 

In addition, the problem may be subject to other constraints that define  
− which actions can or have to be carried out at the same time;  
− necessary actions for the building (case-based constraints);  
− minimum required performance (user-defined constraints); and  
− other constraints, such as constraints dictated by laws or regulations.  

The mathematical form of above listed constraints depends on the case under consideration 
and has to be studied individually for each case. Thorough knowledge of possible refurbishment 
actions and their interaction is required to determine the actions’ compatibility. 

The importance of different criteria used in the selection of actions can be captured by assign-
ing criteria weights, wj, to indicate their relative importance, where the sum of all criteria 
weights equals to 1 as presented in Eq.(4). m is the number of criteria employed in the decision 
process. 
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Assigning the importance to individual criteria has to be performed prior to selection process 
and is the responsibility of the decision-making team.  

Utility score for action i, Si, can be seen as a value that can be expected by a decision maker 
when selecting an option. Each action is assigned a utility value Sij related to the individual cri-
terion j used in the analysis.  
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Total utility score of a set of actions is the sum of utility values of all actions selected. The 
objective of the decision process is to select a set, or a portfolio, of actions that results in maxi-
mum total utility score (Eq.2) according to the criteria and their relative importance by taking 
into the account the financial constraint (Eq.3) and compatibility constraints defined for each 
individual case. The problem can be solved numerically by using the SOLVER function pro-
vided by the MS Excel software. 

The cost of the selected portfolio, Ctot, of refurbishment actions is the sum of costs related to 
chosen actions. 
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3 CASE STUDY 

3.1 General data 

Refurbishment of a residential multi-apartment building was selected to demonstrate the use of 
the presented multi-criteria decision support system for selection of refurbishment actions. The 
building under consideration was built in 1960. Total heated area of the building is 1860 m2, and 
the total envelope area (in contact with environment) is 1191 m2. The windows’ area is 189 m2. 
Existing envelope consists of prefabricated concrete plates with the thermal insulation core 8 cm 
thick, and the plate has a total thickness of 16 cm. The building dates from the period where no 
energy efficiency codes existed. An assessment showing that 40% of the energy could be saved 
by improving the thermal envelope was carried out in 2003. The recommendations made at the 
same time conform to the new thermal efficiency code from 2002. The energy loss could be re-
duced by adding insulation to the exterior walls or to the roof. The appearance of the building 
was visibly degraded, and there was a clear need for a new façade. 

The actual list employed in the study was longer, however for the sake of clarity of the paper, 
a reduced list of 22 refurbishment actions was extracted. The listed actions can be divided into 
the 6 groups according to their effects as described in Table 1. The cost of each action and as-
signed utility values Si,j for the criteria employed in the analysis are presented in Table 2.  

 
 

Table 1.  Groups of actions considered in the case study analysis. 
Group Description No.of options     Actions No. 

I Additional insulation of exterior walls              3 1,2,3 
II Façade change              3 4,5,6 
III Roof change                2 7,8 
IV Window change           6 9,10,11,12,13,14 
V Additon of shading devices       5 15,16,17,18,19 
VI Balcony alternation      3 20,21,22 

 
A refurbishment action can affect the functionality either in positive or negative way, there-

fore the scale for the utility values used in Table 2 ranges from -10 to 10 for the functional crite-
rion. In the case study presented, the environmental aspect is considered to be related to energy 
efficiency only, and no other environmental effects related to the production of materials re-
quired for the execution of a particular action are accounted for. The scale for the utility value 
for the environmental criterion ranges therefore from 0 to 10 as the adverse effect of the action 
upon the environment is not possible. 

Only one action can be chosen out of each group listed above. For the first group of actions, 
this constraint can be mathematically expressed as 

1
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Equivalent expressions can be written for all 6 groups of actions presented in Table 1. 
Theoretically, if no constraints were imposed to the selection problem and there would be no 

dependences among the activities, there would be 222 alternative sets of selected actions for the 
case presented. The use of decision tool presented leads to selection of the activity set with 
maximum total utility score with respect to the chosen combination of criteria.  

3.2 Utility values for individual actions 

Several goals should be attained by the selected set of refurbishment actions. Thermal effi-
ciency of the building should be improved in order to reduce the energy required for the heating 
and the associated CO2 release. Therefore, the largest environmental utility values are assigned 
to actions where thermal insulation is added to the building envelope and change of windows. 
Values presented in Table 2 are a first judgment that can be quantified more precisely by a de-
tailed energy losses calculation for each action.  



 
Table 2. List of possible refurbishment actions, their costs and selected values for environmental and 
functional utility values. 
  Cost (EUR) Utility values 
i Description of refurbishment action Ci S i,env 

[0,10] 
S i,funct 

[-10,10] 
1 Thermal insulation on outside wall (d=4 cm) 7.5/m² 2,00 -1,00 
2 Thermal insulation on outside wall (d=6 cm) 8.3/m² 5,00 -3,00 
3 Thermal insulation on outside wall (d=8 cm) 9.6/m² 7,00 -5,00 
4 Façade – type A composite system 17.5/m² 0,00 -1,00 
5 Façade – type B 121.7/m² 0,00 -2,50 
6 Façade – type C 32/m² 0,00 -4,00 
7 Flat roof type A (RC concrete, mineral wool 

(6 cm),  waterproof layer, gravel) 
 

138/m² 1,50 3,00 
8 Flat roof type B (RC concrete, mineral wool 

(6 cm),  waterproof layer, concrete plates) 
 

150/m² 1,50 5,00 
9 Wooden window (140 x140), standard double 

glass 
 

167/piece 0,80 1,00 
10 PVC window- discontinuous thermal bridge, 

double sealing (140 x 140 cm), standard dou-
ble glass (U=1.5 W/m²K) 

 
 

208/piece 0,50 2,00 
11 Al. window – discont. thermal bridge, double 

sealing (140 x140 cm), standard double glass 
(U=1.5 W/m²K) 

 
 

250/piece 0,50 2,00 
12 Wooden window (140 x140 cm), standard 

double glass with pattern 
 

183/piece 0,80 1,00 
13 PVC window- discontinuous thermal bridge, 

double sealing (140 x140), standard double 
glass with pattern (U=1.5 W/m²K) 

 
 

230/piece 0,50 2,00 
14 Al. window – discontinuous thermal bridge, 

double sealing (140 x140 cm), standard dou-
ble glass with pattern (U=1.5 W/m²K) 

 
 

275/piece 0,50 2,00 
15 Exterior shading device - wood shutters 146/piece 0,20 0,50 
16 Exterior shading device – PVC shutters 187/piece 0,20 1,00 
17 Exterior shading device - Al shutters 229/piece 0,20 1,00 
18 Interior shading device - Venetian blinds 20.8/m² 0,00 3,00 
19 Exterior shading device - roller shutters  146/window 0,10 2,00 
20 Standard iron balcony fence 125/r.m. 0,00 1,00 
21 Forged iron balcony fence 250/r.m. 0,00 1,00 
22 Brick wall fence of 90 cm height, marble shelf 83/r.m. 0,00 2,00 

 
Functionality is a subjective issue, to a large extent depending on the preference and experi-

ence of the evaluator. In this paper, utility values for functionality are determined with respect 
to ease of execution, reliability, serviceability and its impact upon physical characteristics of the 
refurbished building as proposed in (Alanne, 2004). 

It should be noted that assigned values for utilities of separate actions, Sij, are based on per-
sonal judgement and can be viewed as a first approximation. In order to ensure objective selec-
tion process, utility values that are either obtained quantitatively, or as a combination of opin-
ions of several experts from relevant fields, should be used. 

4 RESULTS AND DISCUSSION 

Various weighting combinations of the criteria employed were taken into the account in the 
analysis. First, selection of refurbishment actions was carried out by taking into the account 
each single criterion (Table 3, options 100/0 and 0/100). Secondly, varying relative importance 
was assigned to both criteria taken into the account (Table 3, options 25/75,50/50, 75/25). 

 
 



 
Table 3. Combinations of criteria weights employed in the analysis; number of criteria, m=2. 

Label Criterion 
 Environmental (j=1) Functional (j=2) 
 w1 w2 
0/100 0 1,00 
25/75 0,25 0,75 
50/50 0,50 0,50 
75/25 0,75 0,25 
100/0 1,00 0 
 
 

Table 4. Overview of actions selected by using different weighting combinations at financial constraint of 
Cmax=100000 EUR (1=selected action). 

Action, i Criteria weighting combination 

 0/100 25/75 50/50 75/25 100/0 

1 0 0 1 0 0 
2 0 0 0 0 0 
3 0 0 0 1 1 

4 0 0 0 0 0 
5 0 0 0 0 0 
6 0 0 0 0 0 

7 0 0 0 0 1 

8 1 1 1 1 0 

9 0 0 1 0 1 

10 1 0 0 1 0 
11 0 1 0 0 0 
12 0 0 0 0 0 
13 0 0 0 0 0 
14 0 0 0 0 0 

15 0 0 0 0 1 

16 0 0 0 0 0 
17 0 0 0 0 0 
18 1 1 1 1 0 
19 0 0 0 0 0 

20 0 0 0 0 0 
21 0 0 0 0 0 
22 1 1 1 0 0 

Total cost, 
Ctot (EUR) 93.820 97.153 99.419 86.992 87.719 

Stot 12,00 9,63 7,40 8,38 10,00 
 

 
Financial constraint employed in the analysis was taken as 100.000 EUR, which, when di-

vided by the number of apartments, results in a viable financial contribution of the each resi-
dent. 

The results for the decision variables ai (1 if action is selected, 0 is not selected) obtained by 
the SOLVER procedure are summarized in Table 4 for all weighing combinations defined in 
Table 3. It can be seen that total utility score, Stot, is significantly influenced by the combination 
of criteria weights employed.  

If only environmental criterion is taken into the account, the thickest thermal insulation on 
the wall (action 3) is chosen. Flat roof type A is selected. No façade change will be carried out. 
Wooden windows with standard glass and wooden shutters (actions 9 and 15) are added to the 
selected set of refurbishment actions. Actual costs associated with the execution of selected 



portfolio of actions are smaller than the allowable sum of 100.000 EUR for all weighting com-
binations; if only environmental effects are taken as relevant (weighting combination 100/0), the 
difference between allowed and actual total cost amounts up to 22%.  

Analysis of separate contributions to total utility score and cumulative cost is presented in 
Table 5 for 2 criteria weighting combinations, 50/50 and 100/0. It can be noticed that the utility 
scores for separate actions as well as the total utility score depend strongly upon the weighting 
combination employed. If the solution is judged according to the environmental criterion only, 
the maximum possible total utility score equals to 10,0. If both criteria are considered equally 
important, the maximum possible total utility score is 7,40, at cost of 99.419 EUR.  

 
 

Table 5. Costs (Ci) and contributions to utility score (Si) of selected actions for criteria weighting combi-
nation 50/50 and 100/0 (environmental criterion only); financial constraint equals to 100000 EUR (only 
selected actions are presented).  

Crit.weighting comb.: 50/50 Crit.weighting comb.: 100/0 
Action,  i Ci (EUR) Si Action, i Ci (EUR) Si 

1 8.933 0,50 3 11.414 7,00 
8 55.645 3,50 7 51.305 2,00 
9 13.333 0,90 9 13.333 0,80 
18 3.267 1,50 15 11.667 0,20 
22 18.242 1,00 ΣΣΣΣ Ctot =87.719 Stot =10,00 

ΣΣΣΣ Ctot =99.419 Stot =7,40    
 
 

Figure 1 presents the changes of cumulative utility score as the allowed total cost of refur-
bishment increases for criteria weighting combinations 100/0, 50/50 and 0/100. Again, the at-
tained total utility score depends to a large extent upon the selected relative importance of crite-
ria. The score increases with increasing financial constraint. It should be noted that the actual 
cost of the planned refurbishment obtained by the decision model is smaller than the constraint 
imposed upon the solution. The figure shows that the obtained solutions at financial constraint 
of 100.000 EUR are close to the “best“ solution possible where no financial constraint is ap-
plied. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Dependence of cumulative utility score upon allowed total cost of refurbishment (financial con-
straint in the knapsack problem) for criteria combination 0/100, 50/50 and 100/0. 
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5 CONCLUDING REMARKS 

The importance of maintenance and refurbishment of the built environment is increasing in all 
developed countries, therefore rational approach has to used in order to maximize the outcome 
of refurbishment actions. 

The number of construction products and methods available at the market to be used in refur-
bishment is continuously increasing, and the refurbishment planner is facing a large number of 
possible combinations. At the same time, every case is associated with several compatibility 
constraints as well as financial constraint imposed by the available funds. The paper is propos-
ing a simple and effective approach in selecting the refurbishment actions from a wide range of 
possible solutions. The automated decision support tool allows the user to assign variable level 
of importance to each criterion employed. It is important that the selection of criteria weights 
employed in the analysis is carried out by the decision maker prior to the analysis. 

The main challenge for the practitioner who wants to employ the proposed model is first to 
identify all possible refurbishment options. This can only be done if analysis of the current state 
is carried out thoroughly, so that the full list of existing problems can be compiled. Problems 
that pose a threat to safety and health of the residents, such as insufficient structural integrity, 
have to be clearly indicated as actions for their mitigation have to be taken regardless of the as-
sociated cost. Next, the compatibility of remaining actions has to be analyzed carefully in terms 
of materials, ease of execution, visual appearance and other aspects. This analysis results in ad-
ditional set of constraints that has to be used in the decision process. The assignment of the util-
ity values for separate refurbishment actions needs to be established on rational basis. Finally, 
once the solution is obtained, it should be evaluated in terms of the potential incompatibility of 
the selected actions in an integral fashion. 
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1 THE HOUSING HERITAGE FROM THE ’60 IN EUROPE. 

The condition of the greater part of the housing heritage built between the ’60 and ’80, seems to 
be in the urgent needs of refurbishment an renewal, concerning social, energetic, technological 
and infrastructural issues. 

The past vision of large social clusters with few collective scenarios crumbled with the end of 
the emergency of housing need after the war, the common rise of the life quality, and, above all, 
with the emerging of unexpected social situations, like immigration, that nowadays involves the 
whole Europe. 

These conditions have produced since the ’80 a rise of  the  general renovation demand of the 
housing building stock. 

 

2 THE “GRAY LOUSE” OF WASSERTORSTRASSE IN BERLIN. 

The project is a renewal of a big high density-housing block built in West Berlin (Kreuzberg) in 
the ’60, ironically called “Grey Louse” by the district’s inhabitants. The planned intervention 
had to deal in one hand with the complex social issues and in the other with structural and 
economic constraints that this kind of mass housing’s architecture gives.  

Kreuzberg is a multiethnic district and in the building lives users that are in the greater part 
subsidy aided. The first step was to avoid the usual demolition/reconstruction attitude within the 
gentryfication process, elaborating strategies able to improve the high potential of the site and to 
keep the actual users in order to preserve the “human landscape”. 

This building was constructed at the end of the ’60, by the GEWOBAG Company, as the 
most in the district, with a prefabricated concrete panels building system (15 cm of thickness), 
very dense (from 2.4 to 3.5 m of span). The building is 15 floors high, hosts 280 flats whose 
surface is mainly of 56 and 74 sqm and a few of 32 sqm, arranged in only one single standard 
floor. 

Renewal of a big high density housing block in Berlin Kreuzberg. 

Stefano Giussani 
University of Genova, Faculty of Architecture, Italy 

ABSTRACT: This project is the renewal of a large high density-housing block built in West 
Berlin (Kreuzberg) in the ’60, called “Grey Louse”. The plan had to deal in one hand with 
complex social issues and in the other with technical and economic constraints that this kind of 
profit mass housing gives. Kreuzberg is a multiethnic district and the most users living in this 
building are subsidy aided. The first step was to avoid the usual way of 
demolition/reconstruction (and so the gentryfication process), following a strategy  to improve 
the high site potential the and keeping the actual users. The strategy applied in this project was: 
the fragmentation of the block in 4 parts, the involvment of users in the design and the low 
economic profile of tecnology in the  proposed solutions. 



The general degraded state of this building is due to the low quality of construction materials 
that gives also negatives performance in energy consumption and life quality, and to a social 
complexity condition, like overpopulation of inadequate size flats. 

 

 
figure 1. Overview of the project site and the building in Wassertorstrasse in Berlin Kreuzberg. 

3 STRATEGY OF FRAGMENTATION. 

The whole solid building was divided into 4 “unit” houses (as load bering structure suggest) 
allowing in this way to consider progressive renewal intervention from unit to unit. A 
structural/functional building scheme has focused different layers of intervention corresponding 
to different floor position (ground, standard floor, upper floors) 

Fragmentation strategy correspond to the needs of a long term building cost management in 
order to guarantee the renewal reliability in this particular kind of social and economic context. 
fragmentation strategy means also to observe and to test the results of the intervention in any 
unit, having the opportunity to change and optimize solutions, always involving the users in the 
process. The fragmentation into 4 houses aims to better coagulate neighbourhood relationships, 
to ensure a good security level and to break the typical impersonality feeling of this kind of 
high-density building of the ’60. The improving the sound insulation will provide a better 
privacy too.  

As told before, the actual range of flats is of 3 types (34-57-74 sqm) arranged in one only 
standard floor. The fragmentation strategy allows a partial redistribution of the apartments in 
order to offer an adequate range of types to different users with different needs, setting a 
typological matrix of 26 types arranged on 4 floors, considering the partecipation of the users in 
the design process. 

 
 

 
 



 

 
Figure 2. Fragmentation in 4 houses with new distribution and scheme of typological matrix on 4 floors. 

 
 

    
Figure 3. Virtual plan concerning the use of room for the composition of the external enclosure system. 

 
 
A façade scheme was compiled setting a virtual “use plan” of every room. On this base was 

elaborated a courtain wall, 1 meter deep, on a semi-indipendent external structure. This “skin” is 
composed by 4 basic enclosure systems and their variation, depending by environmental factors.  



These systems were conceived to be an external interface that use only save/gain energy 
technology, combining many factors that comes from the environment and from the interior of 
the building. The opportunity to set the façade in relation with climatic and seasonal condition 
make this building (basically every single room) react continuosly where is worth to do it, and 
changing as a green façade do. Terrace, wide windows and the way to stare at them are 
conceived to enjoy the potential of the landscape. 
 
 

 
Figure 4. transformation of distribution and detail on the substitution of the facade .Example of one type 
of modular closing system with bioclimatic solutions. 



 
Figure 5. Other modular closing system of the facade and their derivation for the higher floors. 

 
 



The external enclosure systems on higher floors are adaptions of some modular panel of the 
middle part to the relevant air turbolences. This need match with the intention to give a “roof”  
to the building and then to obtain a more reassuring visual impact with the context. 

In this way the enlargement of the street tunnel aims to turn off the barrier building in a 
“district portal” concerning the urban dynamics of the site.  

On the roof thermosolar panels are planned for water warming. On groundfloor passages are 
restored and unused rooms are redistribute to improve the Gallery (in the former commun 
laundry) as social cathalist. 

A “light building site” was planned in order to keep tenants in their flats and to make 
affordable the intervention discomforts, providing containers as forniture storage or room 
substitution. The building site is large as two flats and it can shift gradually by moving hits 
elements orizontally. 

 

 
Figure 6. Example of the light building site for incremental strategy and overview of the project . 



4 CONCLUSIONS. 

First consideration must be about the context of the mangement of the existing building stock of 
the ’60 speculation. It still remain an emergency situation related to this problem, expecially 
considering the renovated trend of total demolition promoted by politicians, clearly an 
unadequate answer to the dynamics that turned the existing social hardship into social 
emergency. 

In the former East Germany was recently planned the demolition of 350 000 vacant lodgings, 
in France is promoted the complete demolition of the “grands ensembles”, that means to pull 
down about 6 millions of lodgings in wich lives about 10 millions peoples. This initiative looks 
quite ambiguous as far as seems loaded of postmodernist preconceptions with a paradoxical 
reproposition of  a new “tabula rasa”. Is easy to think that this trend could be driven by the 
politic’s interests about gaining general consensus and by the prospective of great economic 
results concerning the process of gentryfication of reconstructed areas. 

Here we wants to say how important is to keep the footprint of both urban and human 
landscape with their memory and meanings. In this we see the capability of an urban 
“sustainability” for the inhabitants out of triviality of gentryfication conceived as treatment. 

In such a context of heavy heritage, full of human matter, is hard to operate requalification 
following sustainability principles. In one hand having to deal with a complex social issue and 
in the other with structural and economic constraints. The goal of this kind of project is the 
implementation of the quality of life within the quality of spaces, joining the need to apply an 
adequate technology, in order to afford feasibility in the economic context. Following these 
principles all the design and all the intervention strategies were conceived to maximize 
performance and minimize costs. All the variations for the modular enclosure panels were 
designed to obtain difference with minimal change, always related to industrial production.  

In the same way the internal modifications where minimized within the costs. On the façade 
only energy saving/gain solutions were used (insulation, Trombe-wall, greenhouses, wide 
glasses), on the roof energetic gain with thermosolar panels integrates existing facilities. The 
guide lines of the design project where to avoid to design special components, to provide only 
manual setting systems, to employ only standard technology (easy to found in future and easy to 
replace), and to apply easy maintenance design. The LCA would be  included in further material 
design for the solutions process.  

This use of standard conponents and save/gain-energy technology aims to partially absorb the 
cost of the new rent after the refurbishment, following the idea of keeping the actual users (that 
in the greater part are subsidy aided) after the refurbishment. 

Out of general considerations about typical problems of ’60 mass housing, the project intends 
to turn off the concepts of “Block-barrier-Dam-Plattenbau-Unity-Equality” (that comes from 
social and urban analysis) into “Complexity-Multiplicity-Variety-Difference-Identity”. In this 
way the project act on different scales with an increasing strategy and the fundamental 
collaboration of the users (is important to remember the Kreuzberg experience on partecipated 
requalification in the ’80).  In conclusion the goal of this kind of requalification would be the 
offer to the district’s people a scenario of opportunity of change, with the perspective of a better 
conditions where to live. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



1 INTRODUCTION

In addition to building design and construction also maintenance management significantly af
fects the building performance. The type, scale and timing of maintenance measures influence
the building performance and thus also the lifecycle (LC) costs and profitability of real estates,
and the comfort and productivity of the users of buildings.

Building  maintenance  is  a  significant  element  of  sustainable building. With help  of careful
and systematic building maintenance it is possible to affect
− maintaining the existing built environment and related cultural value,
− economic value of constructive assets,
− consumption of material resource consumption, and
− energy efficiency.

Durability  assessment  and  life  cycle  costing  (LCC)  are  knowledgeintensive  processes  as
stated by Ugwu et al. (2005). Durability assessment and service life design require that careful
consideration is given to a range of issues that affect the design life of structures. Thus computer
programmes should be developed in order to be able to compare and optimise alternative main
tenance measures and  the  timing of these measures. Optimisation aims at  the minimisation of
maintenance  costs  while  ensuring  that  the  required  building performance  is  maintained. With
help  of  such  optimisation  programme,  it  is  possible  to  determine  the  most  beneficial  mainte
nance strategy by comparing the alternative maintenance profiles.

VTT has developed procedures and tools  for service  life prediction,  service  life design and
building maintenance management. The research has resulted in the development of a lifecycle
design model for buildings  the socalled MAINTENANCEMAN tool  with the focus on exte
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Knowledge management methods should be developed to enable the optimisation of mainte
nance measures. Optimisation aims at the minimisation of maintenance costs and environmental
impacts while ensuring that the required building performance is not hazarded. The most bene
ficial maintenance  strategy  can be  determined by comparing  the  alternative  maintenance pro
files.

VTT has developed a lifecycle design model for buildings that can be described with the fol
lowing terms: predictive, lifecycle based, optimising, and integrated. Owners and designers can
use the model for the strategic management of building maintenance.

The  paper  summarises  the  results  from  the  research  project  and  discusses  the  meaning  of
maintenance management of buildings with reference to sustainable building.



rior walls, balconies and roofs. Owners and designers can use and implement this model for the
strategic management of building maintenance.

This paper  summarises  the  results  from  this  research  project  and  discusses  the  meaning of
maintenance management of buildings with reference to sustainable building. Chapter 2 of this
paper presents the objectives and premise of the research project that developed the first version
of the maintenance management tool. Chapter 3 discusses the significance of maintenance man
agement from the view point of sustainable building. Chapter 4 introduces the main characteris
tics of the MAINTENANCEMAN tool, and Chapter 5 summarises the results.

2 RESEARCH PREMISE FOR THE DEVELOPMENT OF THE MAINTENANCE
MANAGEMENT TOOL

VTT  has  developed  procedures  and  tools  for  service  life  prediction,  service  life  design  and
building  maintenance  management.  The  objectives  of  the  latest  research project  were  as  fol
lows:
− to describe a  generic  life cycle design model  for  the strategic maintenance management of

buildings,
− to apply this approach for exterior walls and roofs from the view points of service  life, life

cycle costs and environmental impacts,
− to  describe  the  connection  of  these models  with  the  new  methods  of  information  manage

ment in building maintenance.
The premises of the research were as follows: 1) Building maintenance management is an es

sential  element  in  the processes  of  sustainable  construction and  sustainable building.  2) Plan
ning for service life and maintenance is important to improve LC management of buildings and
built environment. 3) The management systems have to be based on predicted data and enable
the improvement of the predicted data continuously during the process.
The optimisation requires that
− deterioration of structures can be described as agedepended,
− alternative maintenance measures and the limit conditions for those measures can be defined,
− the effect of maintenance measures on the condition and technical performance of structures

can be assessed and determined and
− costs and/or environmental impacts from maintenance measures can be determined.

LC design approach enables the comparison of the costs during a certain time period from al
ternative maintenance profiles. These maintenance profiles are called here as alternative main
tenance strategies. The alternative maintenance profiles may include different kinds of measures
of renewals and repair. These measures may either prevent or delay deterioration, and there may
be different time periods between the measures.

The risks should be taken into account as limiting factors. These can be defined on the bases
of requirements concerning safety, appearance or other performance aspects.

3 SUSTAINABLE BUILDING AND MAINTENANCE MANAGEMENT
3.1 Sustainable building methods
Sustainable building research has focused on the development of assessment methods and indi
cators. In this paper the following methods are included as sustainable building methods:
− sustainability indicators for buildings and built environment.
− environmental classification methods of buildings (rating systems)
− lifecycle assessment (LCA) methods and lifecycle costing (LCC) assessment methods
− assessment methods of energy efficiency of buildings
− service life prediction methods.

In the discussions on sustainable building the  link of sustainable building with building per
formance has been emphasised  lately (Trinius and Sjöström 2005). Though environmental im
pacts and LC costs indicate aspects of sustainability,  the quantifying and comparing cannot be
done without a common reference. When comparing different design options, performance as
pects are the underlying factor. As building performance is gaining stronger consideration in the



connection of sustainable building, it also emphasises the maintaining the desired building per
formance as an important aspect of sustainable building process.

AEC sector needs LC guides and sustainable construction methods for  requirement setting,
design for required performance and life cycle, and declaration of LC quality of final products
(Häkkinen and Pulakka  2007). According  to Shelbourn  et  al.  (2006)  one of  the  key  issues  in
making  construction  projects  more  sustainable  is  overcoming  the  obstacles  of  capturing  and
managing  the knowledge needed by project  teams  to  affect such change. Although  indicators,
checklists  and  assessment  tools  for  sustainability  in  construction  are  available,  there  is  still  a
need for a  structured approach for  the  implementation of sustainability practices and methods
within construction projects. From the viewpoint of the usability of LC methods, the most prob
lematic field seem to be the design phase. Classification systems of sustainable buildings may
support designers to consider LC aspects. LC assessment tools support designers to compare al
ternative solutions. Energy consumption estimation methods and servicelife prediction methods
support designers to identify and consider issues that affect energy efficiency and service life of
design options. However,  the  classification methods only support designers with help of basic
guidelines and the assessment methods bring much extra work for  the design process. Design
for  sustainable  buildings  needs  integrated  methods  that  provide  the  process  with  easytouse
product information and integrated calculation, optimisation and simulation facilities that enable
the comparison of design options automatically or with reasonable  extra work. Product model
based  building  (BIM)  will  probably  partly  solve  these  problems  as  illustrated  for  example  in
Häkkinen (2007) from the view point of product information and in Lam et al. (2004) from the
view  point  of  simulation.  The  lack  of  powerful  methods  for  sustainable  building  design  con
cerns not only new buildings but largely also design for sustainable management of buildings.

According to Kohler and Lützkendorf (2002) the crucial issues for design tools include their
scope, the number of performance aspects simultaneously addressed and the degree of  integra
tion into the usual design environment (e.g. through sharing data with other design tools). They
refer tools of this type as integrated building LCA.

3.2 Significance of sustainable building and sustainable maintenance management
The implementation of the principles of sustainable development is a fundamental goal of EU
policies  (EU  2006).  The  renewed  sustainable  development  strategy  recognises  the  need  to
gradually  change  the  current  unsustainable  consumption  and  production  patterns.  Sustainable
communities should be able to manage and use resources efficiently and to make use of the in
novation potential of the economy, ensuring prosperity, environmental protection and social co
hesion.

The  communication “Towards  a  Thematic  Strategy  on  Urban  Environment”  (TSUE 2004)
explains the priority theme Sustainable Construction by stating that “buildings and the built en
vironment  are  the  defining  elements of  the urban  environment. They give  a  town and city  its
character and landmarks that create a sense of place and identity, and can make towns and cities
attractive places where people like to live and work.”

Within  the  TSUE  process  the  WG  on  Sustainable  Construction  (Sustainable  Construction
2004) summarised that "The built environment represents a substantial and relatively stable en
vironmental  resource. Most  buildings  survive  for  several  decades,  and  very  many  survive  for
centuries.  As  the  community's  principal  physical  asset,  getting  good  value  requires  that  the
building's full  life cycle  is considered, avoiding shortsighted attempts to merely minimise ini
tial cost. A strategy on sustainable development will seek to prolong the life of existing struc
tures, and indeed to prolong the utilisation of the materials with which they were originally con
structed. Adaptation is usually preferable to new building, and upgrading of performance often
represents an efficient deployment of resources."

Sustainable construction  technologies have a  great potential with  regard  to overall  environ
mental effects. The building sector  is responsible for about 40% of Europe’s total primary en
ergy consumption (Petersdorff  et al. 2004). Environmental management of buildings and con
struction will be an important issue for the European Union in order to reach targets required by
the Kyoto Agreement (EC 2006) and the higher  targets agreed recently by the European envi
ronment ministers (EU 2007).



As  shown  in  several  studies  and  summarised  for  example  by  Petersdorff  et  al.  (2004)  the
main energy and CO2 saving potential lies in the existing building stock. Newly built houses are
generally already built in compliance with national performance standards and therefore exhibit
inherently small savings potential  in CO2  emissions. The demolition rate  in  the building stock
can be estimated to be approx. 0.51 %. New building activity can be assumed to be 1% of the
total living area per year thus resulting in a slight increase of the building stock (Petersdorff et
al. 2004). As emphasised in the 3rd European Minister's Conference on sustainable housing, ex
isting buildings must also be developed more sustainable by renovating those and ensuring that
sustainability is a key consideration in their refurbishment and renovation. As much as 50% of
all  materials  extracted  from  the  earth’s  crust  are  transformed  into  construction  materials  and
products. As these materials enter the waste stream, those account for roughly 50% of all waste
generated prior to recovery.

The LC approach can be distinguished in the two essential directives, which direct the build
ing product and energy regulations of building, namely Construction Product Directive and En
ergy Performance Directive; both of these emphasise the importance of use phase of buildings.
With regard to service life and maintenance planning, the Construction Product Directive is of
importance (CPD 1988). According to the Annex 1 "the products must be suitable for construc
tion works which (as a whole and in their separate parts) are fit for their intended use, account
being  taken  of  economy,  and  in  this  connection  satisfy  the  essential  requirements  where  the
works are subject to regulations containing such requirements. Such requirements must, subject
to normal maintenance, be satisfied for an economically reasonable working life."

The European TISSUE research project (Häkkinen et al. 2006, Häkkinen (ed.) 2007) analysed
the sustainable urban construction related concerns (Table 1). The importance of refurbishment
and renovation was emphasised from the view point of sustainable urban construction.

The  results  presented  by  Junnila  and  Horvath  (2003)  show  that  most  of  the  environmental
impacts  in  Finnish  office  buildings  are  associated  with  electricity  use  and  building  materials
manufacturing  in particular, electricity used in lighting, HVAC systems, and outlets; heat con
duction through the structures: manufacturing and maintenance of steel: manufacturing of con
crete and paint, water use and waste water  generation; and office waste management. Service
life and maintenance planning have a remarkable effect on the choices that have significant en
vironmental impacts.

The AEC sector still directs the main focus on new buildings. As stated by Kohler and Has
sler (2002) the building stock play a minor role in the conscience of the architectural profession;
their  contemporary value system  is still  largely centred on  the design of new buildings, as  the
principal objective and activity of architects and of engineers  in general. Sustainable building
and the related LC approach should move the focus from new building to building stock. New
buildings should be built according to the principles of sustainable construction and the main
tained as part of the existing building stock.

3.3 Need of tools for sustainable maintenance management
Especially the managers of municipal and state infrastructure are realising the need for effective
tools to manage the large asset base. Decision support tools are needed  in order  to support un
derstanding and  decisions  on  its  value,  condition,  remaining  service  life,  needed maintenance
and optimal scheduling of operations. According to Vanier (2001) few tools exist in the area of
strategic asset management. Vanier (2001) states that there are several administrative, financial
and technical challenges to fully address the need of municipal  infrastructure planning: 1) data
integration  of  the  software  environment,  2)  enhancement  and  standardisation  of  the  currently
available tools, 3) central repository for  the  information, 4) shared experiences and best prac
tices, 5) LC analysis and long term service life prediction, 6)  intercommunication between mu
nicipal  infrastructure research and the field of service  life research. Although the article wrote
by Vanier was published more that 5 years ago, these conclusions are still true in many respects.

Table 1. Development needs  of sustainable urban construction  indicators. Aspects  of sustainable urban
construction related concerns which should be monitored with help of indicators.



CONCERN New indicators should be developed to enable the moni
toring of...

Environmental pollution and consumption of
resources

Efficiency of maintenance of buildings

Health and comfort Indoor climate of buildings
Ageing/Disabled and other special groups of
users of buildings

Barrierfree access to buildings and built environment

Availability of housing and buildings Fulfilment of basic needs of housing for all
Business environment, productivity Development of new client oriented services

Exploitation of IC technological challenges
Age of building stock Efficiency of refurbishment and renovation

Lounis  and  Vanier  (2000)  propose  a  multiobjective  and  stochastic  system  that  integrates
probabilistic performanceprediction and riskassessment models with optimisation approach for
roofing maintenance management. Discrete Markov chains are used to model the performance
of roofing components that account for their time dependence and uncertainty.

Söderqvist  and  Vesikari  (2006)  described  a  predictive,  optimising  and  integrated  LC  man
agement process. The system makes  it possible to organise and implement all the activities re
lated to maintaining, repairing, rehabilitating and replacing of assets in an optimised way taking
into account all necessary aspects of LC planning, i.e. LC costs, LC ecology, LC performance.

Bucher  and Frangopol  (2006)  introduce a  method  for optimisation  of  lifetime  maintenance
strategies for deteriorating structures considering probabilities of violating safety, condition, and
cost  thresholds. While modern maintenance strategies for deteriorating structures  typically are
based on minimising total cost,  the extension of this concept into the  nondeterministic range
allow to take into account the uncertainty in total cost. In the method described by Bucher and
Frangopol (2006), the probability of exceeding a total cost threshold is included in the mainte
nance optimisation problem. In addition, the probabilities of violating acceptable levels of safety
and condition are calculated. Based on this, an optimisation task can be formulated and solved
by including these probabilities into the formulation of the objective function and the constraint
conditions.

The use LCC in building sector has remained limited. Reasons include a general lack of mo
tivation to use LCC, methodological problems, nonaccess to reliable data, and practical prob
lems faced by building practitioners as presented by Cole and Sterner (2000). However, by in
cluding  the LCC data  into  optimisation  tools  and  thus  enabling  the use of LCC as a decision
criterion for optimal maintenance schedules and solutions,  it  is possible  to avoid many of  the
stated problems.

3.4 Significance of maintenance from the view point of lifecycle costs
VTT has studied the lifecycle cost significance of maintenance management in the cooperation
with the Finnish Senate Properties. Senate Properties is a government owned enterprise that is
responsible for managing the Finnish state's property assets and for letting premises. The build
ing stock comprises university, office, research, cultural and other buildings (Senate Properties
2006). Table 2  introduces  an  estimation  of  typical  life  cycle  costs concerning a  typical office
building  in southern Finland. The estimation considers  the foreseeable real  increase of energy
expenses (+3%/a).

Table 2. Life cycle costs concerning a typical office building in southern Finland. Estimation.
Lice cycle  Capital

cost
Care Maintenance

and refur
bishment

Heat
energy

Electricity  Other costs  Total costs

50 18 3 18 4 6 5 54



According to Pulakka et al. (2007) a forthcoming refurbishment may cause a delay for exe
cuting  of  the  needed  maintenance  measures.  Also  short  tenancies  may  delay  the maintenance
measures until the end of the tenancy. The share of costs of care from LC costs is rather small,
but neglecting may significantly affect user satisfaction, productivity and health of users. Proac
tive care aims at avoiding  the costs  that become from  the repair  of damaged components and
building parts. The share of damage costs from LC costs (with regard to 50 years' time period)
is typically around 5%. The share is the higher the more proactive care and maintenance is ne
glected. When planning and proactive maintenance  is  failed,  the share of maintenance and re
furbishment may be very remarkable with regard to the total costs.

4 MAIN FUNCTIONS OF THE MAINTENANCEMAN TOOL

The  MAINTENANCEMAN  project  described  the  comprehensive  maintenance  management
process and developed a tool with help of which the alternative maintenance profiles can be de
fined and assessed in terms of LC costs and environmental impacts. The tool is a prototype ver
sion.

Figure  1  shows  the  structure  of  the  described  LC  management  system.  The  process  starts
from the definition and inspection of structures and ends in the determination and execution of
projects. Between the start and the end of the process, the system produces project plans in three
phases: 1) action planning, 2) project planning, and 3) annual project and resources planning.

In the course of all these phases, initial and updated data for the building, its structural parts,
and actions of maintenance and repair are needed. These data come from a set of databases rep
resenting  buildings,  modules,  and  repair  systems.  Ideally  there  should  be  a  link  between  the
BIM and the tool. The building data is divided into modules which serve as the units for moni
toring and inspection, analysis, design and execution of actions.

The MAINTENANCEMAN tool uses degradation, action effect, and cost models. The degra
tion models are in the form of transition probability matrices. The transition probabilities tell the
probability that the module is shifted from one condition state to another condition state because
of degradation. The action effect models tell the effect of a repair action on the condition of the
module. The transition probabilities tell the probability that  the module  is shifted as a result of
the repair action to any of the condition states that is better than the original condition state. The
cost models include the unit costs of the repair and rehabilitation systems. The costs are evalu
ated  separately  for  each  repair  system  and  material  alternative.  The  core  of  the  tools  is  the
analysis table which is a joint table of condition, LC cost, and environmental impact analyses.
The condition analysis  is  based  on  the Markov Chain  method by  which  the annual condition
state  distributions  of  modules  are  evaluated  through  the  whole  design  period.  With  help  of
Markov Chain method the prediction of modules is changed from a deterministic to a stochastic
analysis. The principle process is described in detail by Vesikari (2003).

As a result of the analysis process, lists of predicted actions are produced. These include re
pair, rehabilitation and maintenance actions for each module. The action data are obtained from
the core analysis tables and transited to results tables by special macro routines. Another table is
produced  from damage repair actions. This  table  is made straight  forward from the  inspection
data in the module database by another macro routine.

5 SUMMARY AND CONCLUSIONS

Sustainable building and construction is among the priorities of the European Union with refer
ence to sustainable development and striving for stated targets. Achieving and maintaining the
desired building performance while minimising the negative impacts in terms of environmental,
economic  and  social  aspects  are  the  essential  elements  of  sustainable  building.  Maintenance
management is an important process both from the viewpoint of building performance and life
cycle  impacts. Building  maintenance  management  enables  to  maintain  the  existing built  envi
ronment, its economic value and the related cultural heritage;  it helps to minimise material re
source consumption, and supports the development towards improved energy efficiency.



Figure 1. Lifecycle planning process.

Sustainable building research has focused on the development of assessment methods and in
dicators. AEC sector needs LC methods  for  requirement  setting, design  for  required  perform
ance and life cycle, and declaration of lifecycle quality of final products. While methods for as
sessment  and  declaration  are  rather  far  developed,  the  AEC  sector  still  needs  powerful  LC
methods  for  design  and  strategic  maintenance  management.  Design  for  sustainable  buildings
and  building  maintenance  needs  integrated  methods  that  provide  the  processes  with  facilities
that enable the comparison and optimisation of design and maintenance options. The lack of ef
fective methods for sustainable building design concerns not only new buildings but largely also
design for sustainable management of buildings.

The  importance  of maintenance management  from  the viewpoint  of  sustainable building  is
also emphasised because of  its remarkable share from LCC, because of  its potential effects on
improved energyefficiency and because of the significance of existing building stock compared
to the new buildings constructed yearly.

Design for service life and maintenance management is a knowledgeintensive process which
demands that consideration must be given to a range of issues that affect the durability, service
life and care and maintenance of  structures and building services  systems.  In order  to manage
the challenges, building information models and maintenance management tools have to be de
veloped.

VTT has developed a maintenance management tool. Owners and designers can use and im
plement this model and tool for the strategic management of building maintenance considering
both lifecycle costs and environmental impacts. The current tool is developed with the focus on
exterior walls, roofs and balconies, but the concept and the development of the tool should go
on in order to cover the whole building. The tool should also be developed so that it enables the
strategic planning for improved energyefficiency. The building information models should be
developed so that the starting values needed in the use of the tool would be directly available.
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1 INTRODUCTION 

Deterioration of concrete structures may lead to extensive repairs causing large direct and indi-
rect costs, use of both energy and non-renewable natural resources. There are many factors lead-
ing to repairs, but by far the most part of repair needs is known to result from reinforcement cor-
rosion and disintegration of concrete.  
 
To avoid massive repairs it is sensible to try to protect structures from deterioration. This means 
application of measures that change the conditions inside the structure unfavourable for one or 
more deterioration mechanisms. It is important that the measures that protect a structure from 
one deterioration mechanism do not change conditions so that some other mechanism will be 
accelerated harmfully.   
 
There are several potential ways to protect concrete structures. However, the proven protective 
treatments, such as cathodic protection and over-cladding with additional thermal insulation, are 
very expensive to apply. This concerns especially those structures which are most potential for 
preventative measures, i.e. structures which are still without major visual signs of damage de-
spite that there are serious deterioration processes proceeding inside the structure. 
 
From the protection point of view it is important to notice that all the major deterioration 
mechanisms are strictly controlled by the presence of moisture. For example, carbonation in-
duced corrosion is known to proceed only above 80 % relative humidity (Alonso et al. 1988, 
Tuutti 1982). The disintegration of concrete due to freeze thaw exposure or ASR requires mois-
ture content of concrete close to the saturation state [Pigeon & Pleau 1995, Hobbs 1988). 
 
The fact that deterioration needs a lot of moisture offers a simple way to protect structures by 
lowering their moisture content. However, the utilisation of this principle in practice is prob-
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ABSTRACT: Degradation of concrete structures cause globally a huge repair need. Reduction 
of the moisture exposure of concrete structures is one potential way to prolong the service-life 
of them because the progress of all the major degradation mechanisms, such as reinforcement 
corrosion and disintegration, require high moisture content in concrete. This paper describes a 
research project where the efficiency of a balcony glazing to decrease the moisture exposure of 
balconies was studied experimentally in three apartment blocks in Finland. The efficiency of the 
moisture protection by the glazing was measured by monitoring the corrosion rate of reinforce-
ment in carbonated concrete sensors which were installed both in glazed and open balconies. 
The results showed that glazing changes the micro-climate in the balcony so that the hygro-
thermal conditions turned unfavourable to degradation resulting in remarkable increase in ser-
vice-life of concrete structures.     



lematic because the efficiency and performance of these types of measures has usually not been 
proven. 
  
A balcony glazing is one potential way to control the moisture exposure of balconies both in 
new construction production as well as in renovation (see Figure 1). Balcony glazing has been 
in use in Finland since the middle of 1980’s. At that time the reason for installation of glazing 
was purely to increase the usability of the balcony space. As the balcony glazing become more 
common in 1990’s it was noticed that the surfaces inside the glazed balconies were kept in bet-
ter shape than in traditional open balconies. This connected with the knowledge about the posi-
tive effect of decreased moisture exposure on the deterioration of concrete structures gave an 
impulse to study the effect of balcony glazing on the durability and service-life of balconies 
constructed of reinforced concrete.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Balconies made of reinforced concrete and outfitted with glazing. 
 
 

2 PROTECTION FROM MOISTURE BY BALCONY GLAZING 
 

As stated already earlier in this paper, deterioration of concrete structures requires a lot of mois-
ture. The corrosion of steel reinforcement in carbonated or chloride contaminated concrete is 
fastest when concrete is partially saturated with water (Alonso et al. 1988). On the other hand, 
the disintegration of concrete by freeze-thaw exposure requires that there is so much moisture in 
the concrete that there is not enough air-filled pore space in concrete for the volume expansion 
of the freezing water to discharge without causing physical damage. (Pigeon & Pleau 1995). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Relationship between cell current and relative humidity according to (Tuutti 1982). 
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From Figure 2 it can be seen that if the relative humidity of reinforced concrete can be lowered 
down to 90 % of relative humidity or less, the corrosion rate may decrease up to 90 % (Tuutti 
1982). What comes to the potential acceleration of carbonation due to drying of concrete 
(Parrott 1987), it is important to notice that increased moisture content may retard carbonation 
only by some tens of percents, but the same change may multiply the corrosion rate. Also from 
the experience it is known that corrosion damage due to carbonation has not usually occurred in 
those parts of structures where the moisture exposure has been lowest and carbonation quickest, 
but just the opposite.  

 
The main function of a balcony glazing in Nordic climate is to keep rainwater, snow and dust 
away from a balcony and the warmth inside it so that it is more convenient to use. For this pur-
pose glazing is always equipped with such flashings etc. that prevent rainwater from leaking in 
through the joints etc. It is also found that glazing should not be too air-tight to enable sufficient 
ventilation to demist the glazing in certain climatic conditions. Because of this, glazing is most 
usually composed of adjacent cageless glass panes with interstices of few millimetres between 
them. This has been found to ensure sufficient ventilation. The drainage of glazed balconies is 
usually arranged by internal piping. 
 
It is obvious that balcony glazing will not affect the moisture exposure only by preventing the 
moisture get inside the balcony but also by creating such micro-climate that promotes drying. 
The solar radiation as well as the thermal flux through the external wall or a window behind the 
balcony most probably raises the temperature inside the balcony, which increases the saturation 
deficit and will probably further lower the moisture content of concrete. 
 
 
3 EXPERIMENTAL  
 
3.1 General aspects  
 
The evaluation of the efficiency of balcony glazing to lower the moisture load and moisture 
content of concrete structures is a complicated problem. Apparently, the impact seems to be 
positive, but it is impossible to evaluate this quantitatively without measurement data from rep-
resentative structures and conditions. 
  
One potential way to evaluate the performance of balcony glazing to lower the moisture content 
of concrete is to monitor the moisture content of concrete by electronic devices. This is, how-
ever, scientifically unsound method because of two reasons. Firstly, the accuracy of the elec-
tronic moisture measurement is not very high. For example, the corrosion rate of reinforcement 
in carbonated concrete may vary even more than one decade within the incremental sensitivity 
of the best devices on market. The moisture meters also operate on the hygroscopic area only, 
whereas deterioration is known to be fastest in partially saturated concrete, i.e. at the super-
hygroscopic moisture range (Alonso et al, 1988). This is why the performance of balcony glaz-
ing to reduce deterioration rate cannot be studied reliably by measuring moisture unless the de-
crease of the moisture content is systematic and very large. 
 
A potential mean to pass the problems with the moisture measurement is to measure the rate of 
deterioration itself. The are not available feasible instruments for the NDT monitoring of disin-
tegration processes so far, but the corrosion rate of embedded steel bars can be monitored rela-
tively simply for example by polarization resistance method (Stern & Geary 1957). This is a 
sensible way to get a quantitative picture of the protective effect of balcony glazing because cor-
rosion is controlled mainly by ambient moisture and temperature.       
 
3.2 Monitoring method and apparatus 
 
A tailor-made device for the monitoring of corrosion rate of steel in concrete was prepared for 
this purpose. The device uses polarisation resistance technique to measure the instantaneous 



corrosion rates (Stern & Geary 1957). The cumulative corrosion attack can be calculated easily 
from this data.  
 
The device utilises modern computer technology so that steel potential is directly controlled by 
a computer without a potentiostat. The device is fully automatic to perform continuous monitor-
ing of corrosion rates and equipped with mobile data connection to fetch the data from field 
sites to the university campus. The device can deal with a maximum of 120 measurement chan-
nels and it is described in more detail in (Mattila 2003).  
 
An important point to consider is that should the data be gathered from field or is it possible to 
get representative data from laboratory tests. In this study, laboratory tests were excluded be-
cause the moisture exposure in outdoor concrete structures cannot be simulated very accurately 
in laboratory. The reason for this is that all the parameters determining the microclimate inside a 
balcony, which determines the rate of degradation, cannot be predicted accurately enough.  
 
Because the moisture conditions of real structures under climatic exposure are in a continuous 
state of change, data is gathered by the device frequently to catch also short-term phenomena. 
 
3.3 Sensors 
 
For the monitoring purposes, special sensors were prepared and mounted into balconies of exist-
ing buildings (see Figure 3). The sensors contain reinforcement bars and suitable electrodes for 
the monitoring of corrosion rate by polarisation resistance technique. 
 
The reason to use the sensors was to get uniform concrete quality for all the monitoring points. 
In this case the variation of concrete quality in different field test buildings and measuring 
points can not cause bias in the results. Another point was to have to possibility to make sure 
that all the reinforcement bars are positively in active corrosion in carbonated zone by acceler-
ated carbonation. In this case the corrosion rate in the sensors will reflect the change in hy-
grothermal conditions achieved by balcony glazing and gives a reliable picture of the possible 
retardation of deterioration. As a by product, information of the risk of progressing frost damage 
will be got as well, because the critical moisture content required for this can be recognised 
from high corrosion rates.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic diagram of the sensor used. 
 
The composition of the concrete used in the sensors was selected so that the concrete would be 
as similar as possible to the aged concretes used in concrete facades in Finland during 1960’s 
and 1970’s. The cubic strength of the concrete was 25 MPa.  
 
The diameter of sensors was 110 mm and thickness 60 mm. The steel bars were ordinary cold 
drawn reinforcement with the diameter of 4 mm and nominal yield strength of 500 MPa.    
 
After casting and 28 days of curing in 40 °C water (to achieve high degree of hydration as in old 
structures), the sensors were exposed to accelerated carbonation in 4 % carbon dioxide accord-
ing to (Dunster 2000) until carbonation has reached all the studied bars. 
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The sensors were coated with permeable silicate paint for aesthetic reasons. The coating is to-
tally open for both liquid water and water vapour so that sensors will represent also uncoated 
concrete. 
 
Sensors were mounted in the balconies of three residential blocks, of which two were located in 
Tampere (exposed to Finnish midland climate) and one in Espoo near to the south coast of 
Finland (exposed to more severe coastal climate). All the instrumented balconies were facing 
south or west.    
  
Altogether 14 sensors were installed in each building. One half of this was installed in glazed 
balconies and another half in open balconies for reference. In both group, six sensors were in-
stalled in the side walls and one on the ceiling.   
 
The sensors in the walls were mounted into holes drilled through side walls of balconies (see 
Figure 4). The gap between the sensors and the hole was sealed with elastic polyurethane seal-
ant to prevent the leakage of water into the structure. In addition, the envelope surfaces of the 
sensor cylinders were sealed with aluminium adhesive tape to prevent the moisture transfer be-
tween the sensor and the concrete of the outer panel so that the performance of the old coating 
on the concrete surface surrounding the sensor would not have an influence on the moisture 
stress of the sensors. The sensors on the ceiling were mounted below the ceiling.  
 
A part of the sensors were equipped with temperature transducer so that the temperatures of the 
balcony structures could be monitored as well.   
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
Figure 4. Pictures showing the principle of the installation of sensors into the structures. On the left: 
Glazed and open reference balcony. The sensors in the side walls are installed in the middle height of the 
wall panel. In the middle: Vertical cross-section of the sensors mounted into a hole drilled to a side wall. 
On the right: A sensor installed on the lower surface of the slab. 
 
The installation of the sensors took place in the summer 2000 and the monitoring system was 
installed during the autumn 2000. The collection of the corrosion rate data was started from the 
beginning of December 2000 and it was stopped at the end of year 2002.    
 
 
4 RESULTS AND DISCUSSION 
 
The efficiency of the balcony glazing to retard deterioration was evaluated by monitoring the 
corrosion rate of reinforcing bars in carbonated concrete, both in glazed and open balconies. The 
quantity measured by the monitoring system is the instantaneous corrosion current [µA/cm2]. 
The data was converted to cumulative radius loss of steel section in µm (i.e. depth of corrosion 
attack) by integrating the corrosion currents over time and applying the Faraday’s law.  
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The cumulative radius losses calculated from the monitoring results from the 25 month monitor-
ing period are presented in Figure 5. The results were very uniform in all the three buildings. 
This is the results are not presented separately, building by building.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5. Average cumulative radius losses of steel sections in three buildings in the 25 month monitoring 
period. 
 
The sections of each bar in the figure represent the monthly values of radius loss so that the bot-
tom section of each bar represents the radius loss measured in the first monitored month, i.e., 
Dec. 2000, and the uppermost section represents the last monitored month, i.e., Dec. 2002. All 
the sections are not distinguishable because of the exiguity of the monthly corrosion. 
    
From Fig. 5 it can be observed that balcony glazing decreased the corrosion rate of steel in con-
crete clearly and systematically. The reduction over the monitoring period was roughly 30 to 50 
% in the side walls and 50 % in slabs.  
 
To evaluate the measured quantities (radius losses), results from (Alonso et al 1998, Andrade et 
al 1993) can be used as a guideline. According to these, an average radius loss of 50 µm is re-
quired to cause the first visible crack (0.05-0.1 mm) in the cover concrete when the cover depth 
is relatively small. On the basis of this it can be calculated coarsely, what will be the duration of 
the active corrosion phase before cracking in studied structures. The results from this calculation 
are presented in Table 1.  
 
Table 1. Average yearly corrosion depths and calculated durations of the active corrosion in glazed and 
open balconies. 

Balcony side walls Ceiling surfaces  
 
 Glazed Open Glazed Open 

Average yearly corrosion depth dur-
ing the monitoring period [µm] 4 7 1 2 

Calculated duration of the   
active corrosion [a] 12 7 50 25 

 
From Table 1 it can be noticed that increase in the service-life of the structures can be signifi-
cant. From the viewpoint of lifespan of a building, fro example one decade is not a significant 
period, but from financial point of view it is a remarkable prolongation in service-life. 
       
It is worthwhile to notice especially the low corrosion rates in the ceiling surfaces. The calcula-
tory duration of active corrosion will be about 25 years even in open balcony and this can be 
doubled by glazing. This is an important finding because there are often low cover depths and 
deeply penetrated carbonation on the ceiling surfaces. These results show that that kind of struc-
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ture may have residual service-life of decades left without any major repair measures. This natu-
rally requires that the waterproofing of the upper floor is kept in a good shape. 
The temperature of concrete was also monitored once an hour at the same spots as corrosion 
was measured. The recorded temperatures were processed to monthly averages in glazed and 
open reference balconies. The monthly differences in temperatures between glazed and open 
balconies were calculated and presented in Figure 6. The positive difference means that tem-
perature was higher in glazed balconies.    
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The difference of monthly average temperatures in glazed and open reference balconies. The 
positive difference represents the situation that that temperature has been higher in glazed balconies.     
 
From the average temperatures in Figure 6 it can be seen that temperatures are systematically 
higher in glazed balconies. In the half height of side walls the temperatures were in average 
about 1.5 °C and in the ceilings in average about 2 °C higher in glazed balconies compared to 
open reference balconies practically throughout the year. This temperature difference prevailed 
even during the cold season when the solar radiation is very weak.  
 
This apparently small difference in the temperatures can be regarded as important because it in-
creases the saturation deficit and therefore promotes the drying of concrete. 
 
To evaluate the risk of frost damage on the basis of corrosion rate data, the single corrosion rate 
measurements were plotted against the temperature of concrete at the moment of the corrosion 
rate measurement. This plot is presented in Figure 7.  
     
 
 
      
 
 
 
 
 
 
 
 
 
 
Figure 7. Instantaneous corrosion currents plotted against the temperature of the concrete at the moment 
of corrosion rate measurement. 
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From Figure 7 it can be observed that corrosion rates in glazed balconies remain permanently 
below 1 µA/cm2. When the progress of frost damage process requires almost full saturation, 
which means corrosion currents of at least 4 to 5 µA/cm2, the plot proves that damage by freeze-
thaw exposure is prevented by glazing.  
 
When considering the reliability of the results it is important to notice that the results depend 
strongly on the climatic conditions, especially on the amount of liquid rainfall during the moni-
toring period. Because the period is only a little longer than two years, the conditions might not 
necessarily fully represent the long-term average conditions. However, on the basis of examina-
tion of the meteorological data from the monitoring period, it can be stated that the results seem 
not to be significantly distorted due to abnormal weather conditions. 
 
 
5 CONCLUSIONS 
 
The objective of this study was to evaluate the effect of balcony glazing on deterioration and 
service-life of concrete structures. Carbonation induced reinforcement corrosion and disintegra-
tion by freeze-thaw exposure were considered as main deterioration mechanisms.  
 
The rate of deterioration was measured by monitoring the corrosion rate of steel in carbonated 
concrete sensors. On the basis of the results, the following conclusions may be drawn: 
1) Balcony glazing prolongs the service-life of balconies made of reinforced concrete by reduc-
ing their moisture load and by raising their temperature and consequently enhancing their ability 
to dry out.  
2) Because of this enhanced hygrothermal performance the service-life of the structure is pro-
longed against visual cracking due to active corrosion for about 5 years in side walls and for 
about 25 years in the bottom surface of the slabs. Especially the latter finding makes it possible 
to avoid useless and difficult patch repairs in the lower surfaces of the balcony slabs.     
3) Conditions enabling the progress of frost damage were removed totally by the glazing totally.  
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TECHNICAL SOLUTIONS FOR SUSTAINABILITY IN POST-WAR RESIDENTIAL
AREAS
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Abstract

In many countries, the existing housing stock will be a major part of the total stock for the
coming hundred years or more. Thus, to reach urgent goals for sustainable building, it is
necessary not just to develop better concepts of new building, but also new models for housing
renovation and management. In Sweden, during the last decade, several environmentally
oriented renovation projects have been realized in large housing areas built 1946-1975.
Thorough studies of some fifty projects aiming at environmental sustainability, as well as social,
economic and cultural, offer an overview of problems and technical solutions. The aim of this
paper is to give a summary of this overwiew and to discuss the effects, efficiency, and
applicability of specially interesting types of measures concerning building envelopes as well as
technical systems and equipment, the outdoor environment, and social sustainability.

1 SUSTAINABLE RENOVATION – AN EXPANDING ENTERPRISE

The awareness of sustainability matters is constantly growing in the building sector. This is also
true for rebuilding, and the need for models for sustainable housing renovation is urgent. In
Sweden, almost half of the multifamily housing stock will need extensive renovation in the next
15-20 years. A majority of those dwellings are found in large housing areas built 1946-1975
where most sanitary and electrical systems have served their time, and many ventilation systems
are ineffective. The thermal insulation of façades, windows, and roofs does not correspond to
the requests of today, and many building envelopes need some kind of renovation. In addition,
the common spaces indoors and outdoors, and many dwellings, may need upgrading or ordinary
maintenance (Boverket 2003). This need for actions offers an exceptional opportunity to
develop the general sustainability of the housing stock, by choosing the proper measures and
tecnical solutions. It is not an easy task, though. Limited resources for maintenance and new
investments, and uncertainty about the pros and cons of alternative technical solutions may put a
break on the development. A special concern in Sweden is the requirement for care for the
characteristics and values of the original building, prescribed by the Planning and Building Law
since 1987. This requirement is in force for all renovation works, not just for building with
special cultural or historical values, and may demand extra attention when renovation
programmes are prepared.(Vidén & Botta 2006).

In the years 1998-2002 some fifty renovation projects concerning large housing areas,
developed 1946-1975, were allocated governmental grants (LIP grants; LIP is short for Local
Investment Programme) for a rich variety of environmental measures. Studies of these projects
indicate what effects, costs and benefits those measures can involve, how different kinds of
measures can be adapted to characteristics and qualities of the existing housing, and how they



are accepted by the residents. Many examples and experiences of the technical solutions from
those environmentally oriented projects offer models for the sustainable renovations to come.

The environmental measures can be distributed on groups according to their main direction:
 Energy supply, energy saving

- Renewable sources for heating: bio energy, solar energy
- Energy efficient heating and ventilation installations
- Recovering heat from ventilation air
- Individual measuring of heat, hot water and electricity consumption
- Installation of energy saving electric equipment
- Improved insulation of the building envelopes: façades, roofs, windows

 Water saving and waste water treatment
- Installation of water saving equipment
- Individual measuring of water consumption
- Installation of urine sorting toilets (seldom practiced)

 Sorting and recycling of refuse: domestic and building refuse
Composting of or disposers for biological refuse
- “Environmental cottages” for sorting refuse
- Sorting and recycling building refuse
- Local recycling workshops

 Promoting a healthy indoor climate, reduction of harmful materials
- Choosing healthy, and resource saving, materials for rebuilding
- Limiting electric and magnetic radiation
- Replacing harmful materials in the existing building

 Improving the outdoor environment and biological diversity, rainwater treatment
- Increasing “green” surfaces and the diversity of plants
- “Green” roofs, planting more, and big, trees
- Local handling of rainwater
- Allotment gardens, local nature conservation actions

 Improving social life and accessibility for disabled persons
- Establishing local “environmental” teams, information actions
- Establishing special meeting places for the neighbourhood
- Adjusting the distribution of flats to local needs and demands
- Facilitate permanent living for disabled persons

All these cathegories, apart from their main purpose, involve a mixture of environmental,
economic, social and cultural effects, even the last one, mainly applying to social sustainability.
Many of all those renovation measures promoting resource saving and recycling are already
commonly used. This is true especially for measures which do not demand big investments
and/or will have a pay-back time of just a few years. Such measures are necessary parts of the
sustainability concept, but not focussed in this paper. The same is true for many other measures,
which are more or less directed by local regulations and local conditions. In this paper, instead,
the choice of examples is made to call attention to positive experiences of measures which may
promote the housing and living conditions as a whole – the social and cultural sustainability as
well as the environmental and economic sustainability.

2. ENERGY SAVING

2.1 Improvements of heating and ventilation systems, and electrical fittings

Energy saving is, in more than one aspect, the most favoured goal for sustainable renovation.
Transitions to renewable energy sources for heating or electricity production are stimulated by
national tax policies or grants, and, subsequently, biomass fuel is more and more used instead of



oil. Many systems for direct electrical heating have been exchanged for biomass fuel systems, or
others, especially in single family housing but some in the rather few in multifamily blocks.
Also solar panels, which are considerably more cost-effective than solar cells, are more used,
and have proved to be profitable in spite of the short summers in Sweden. A reduction of the
energy needs by 15-25 % is expected and in some cases fulfilled. .(Vidén & Blomberg, in prep.)

Figure 1. Ca 380 m2 of solar panels added on two buildings in a housing area, in the south of Sweden.
The panels are erected transverse the almost flat roofs, facing south and the sun as efficiently as possible.
The solar energy is stored in two water tanks of 15 cubic metres each, and the heat is used for heating as
well as hot water for the totally 120 flats in six buildings. The out effect is calculated to be 150 000 kWh.

In most cases, improvements of the technical facilities are much more cost-effective than
improvements of the envelopes. Spectacular measures like new, better insulated façades attract
attention and may have other desirable effects, but as energy savers simple management
procedures like adjustments of heating or ventilation systems should never be overlooked.
Improvements of heating and ventilation systems, often combined with new, computer-based
systems for supervision and operation control, help to reduce the need for heating energy
substantially. In most cases such measures will also make the indoor climate better and facilitate
the management of the systems. Systems for recovering heat from the ventilation air have
proved to be cost-effective energy savers as well, and are often installed today.

Renovating and improving old electrical systems and eqiupment make the dwellings safer
and more adjusted to modern living. In Sweden, the need for energy for electric lighting is high.
Energy efficient equipment, including low-energy and/or time or presense governed lighting in
common spaces, indoors and outdoors, usually reduce the energy consumption substantially. In
general, measuring and charging of consumption of heat, hot and cold water, and to some extent
even electricity, has been collective in multifamily blocks. In the last decade, equipment for
individual measuring and charging has been installed in many post-war areas. The reduction of
consumption usually compensate well enough for technical complications, rather big
investments, and difficulties to reach agreements with the residents on a fair distribution of the
costs. In addition, the measuring often make people more aware of environmental matters.

2.2 Improvements of the building envelopes

In spite of the very big energy needs for heating in Sweden, improvements of the housing
envelopes are usually not cost-effective unless the materials and constructions used are in such a
bad condition that they will need extensive maintenance or have to be replaced. (Vidén &
Blomberg, in prep.) Today the specific energy use for new housing blocks should not exceed
110 kWh per m2 floor space (Atemp) and year in climate zone south (in climate zone north 130
kWh). In housing blocks there are no specific maximum U-values for external walls, windows,
etc, but average U-value for the envelope must not exceed 0,50 W/m2K. Due to this lack of
specific requirements it is not possible to point out specific needs for improved thermal
insulation in existing buildings. In the national guidelines for rebuilding, however, it is stated



that if extensive renovation of the envelope is needed, the possibilities to improve the thermal
insulation shall be considered. As indicated above, the requirements for care for the original
building characteristics may call for sensitive compromises.

Façades of housing blocks built 1946-75 which have not been thoroughly repaired before
may need renovation, partly or totally. Their thermal insulation seldom fulfils the requirements
of today. The most common façade material, brick, is normally in good condition and such
outer walls will be kept in their original, yet aged shape. Almost as common is plaster on gas
concrete or brick. Many plastered façades just need minor repairs, cleaning and maybe new
paint. But due to the needs for better thermal insulation - enforced by insufficient sound
insulation - a new finishing coat of plaster on additional thermal insulation of mineral wool or
expanded plastic boards tends to be the standard solution. This solution has been in use since the
late 1970s, also for façades covered by asbestos cement slabs or other thin panels, or
prefabricated concrete façades. It has been used even for reshaping plaster façades on housing
blocks which were insulated and covered by aluminium corrugated sheets in the 1980. The
metal panels turned out to be far from sustainable. They were too easy to damage, the colours
were not enough weather and light resistant, and the kind of mineral wool used for insulation
was not performing well after a decade or two. Other solutions, where the additional insulation
is covered by sandlime brick, which at a distance can look almost like plaster, are not as
common. The higher costs, the need for a good foundation for the new, heavy brick wall, and
the technical and appearance problems with the additional wall thickness which usually causes
deep outer reveals and needs for enlarged roof overhang are some explanations. On the other
hand these solid new façades will keep the maintenance costs low for many years.

Figure 2 + Figure 3. Before (left) and after (right) reshaping (2000-2002) of the original façade
appearance of buildings of the 1950s. Not just the façades, but also the balconies got materials and
colours corresponding to their original appearance.

Facing brick covering additional insulation is used mostly for ageing and leaking concrete panel
façades, where wishes for a more prestigious appearance and reduced needs for maintenance
influence the decisions as much as energy saving needs, and occasionally for existing brick
façades in need of renovation.

Most roofs are moderately sloping gable roofs, which do not cause special problems and, in
many cases, quite easily are given extra insulation. After 1960, many buildings were
constructed with almost flat roofs, covered by roofing felt and drained by internal sewer pipes.
For some of them careless performance, missing supervision, or too sparsely placed sewer pipes
have caused problems. New roof constructions of more traditional types, and better insulated,
have replaced many flat roofs. Also, new flats on top of the existing buildings may demand a
total redesign. In some cases the new roofs are given a “traditional” design totally strange to the



original, time-typical characteristics of the buildings. Sometimes the installation of solar panels
have motivated the new forms. Many examples, though, demonstrate that solar panels can be
well functioning and integrated to roof forms true to their time period. In renovation works
harmful or decaying materials are often replaced by more sustainable ones, like rheinzink, or
brick or concrete roof tiles.

Double-glazed windows with wooden (pine) frames, far from the recommended U-value of
today, of maximum 1,3, are the common types in buildings from 1946-1975. A few percent of
the buildings have original triple-glazed windows, usually with three separate panes. The oldest
window frames are of good quality, but from circa 1960 rapidly grown, and rapidly decaying,
wood was used. Insufficient thermal and sound insulation are frequent problems. Exchange of
windows is often considered advantageous, even of windows with moderate deficiencies.
Nevertheless, improvements of the original windows by additional glazing, and tightening, or
tightening and filling the space between the panes by argon gas, will often be both cheaper and
more cost-effective and resource-saving. Such solutions are also resource saving, and may be
performed in ways which will not change the characteristics of the building.

The improvements are usually combined with measures to eliminate draught. Anyhow, a
controlled air intake is needed to get a healthy indoor climate with a proper air change rate.
Special air terminal devices may be installed in the upper frame of the old or new windows or
behind the radiators, so that the air can be pre-warmed by heat from the radiators.

Figure 4 (left). The inner pane replaced by a sealed double-glaze panel. (Bjerking, 1987).
1-2 (preparations) Sealed double-glazed panels are delivered from the manufacturer. The inner casement
is taken out, and the window-pane removed. The glazing rebate is enlarged. 3 The double-glazed panels
are put in place and fastened by glazing beads of exact length; 4-5 Completing works: replacing the
casement etc.
Figure 5 (right). A window renovated by a similar but more thorough method. The original external
casement is replaced by an aluminium one with energy glass, and the single glass of the internal casement
is replaced by a sealed double-glaze. The frames are covered outside by aluminium profiles. Around the
window we can see an additional mineral wool insulation, ready to be plastered.

3 IMPROVING THE OUTDOOR ENVIRONMENT

Most renovation projects of this time period, include substantial development of the outdoor
environment. Wear and tear often call for improvements, and especially in many of the housing
areas of the 1960s and 1970s something has to be done to originally poor outdoor environments,



substantially contributing to a common, negative image. (Hall 1999). Making the area more
attractive by ambitious landscaping and a big variety of plants, trees and room-creating
shrubbery and constructions has become a popular and quite effective concept. From an
ecological point of view the wildlife in the areas is stimulated by the new biological diversity.
Getting the residents engaged in their close environment, also by letting them have a direct
influence, and even participate, in the everyday management, arranging allotment garden, etc
does not just improve the physical environment, but also the social. The increased amount of
“green” surfaces, the replacement of asphalt with more varied and lavish materials are not just
nice to look at, they also help to take care of rainwater, which otherwise could cause problems
in many areas built on flat, maybe swampy land.

Another, still more spectacular way of improving the outdoor environment is the local
handling of rainwater. In quite a few areas rainwater has been led away together with
wastewater, or just led to the ground, which has caused risks for flooding by heavy rains, or
melting snow. The new solution is to build water systems with small and shallow streams or
channels leading rainwater from the buildings, and from the ground nearby, to usually shallow
ponds where particles and contamination will fall to the bottom. In dry periods, the water is
pumped around to keep channels and ponds fresh. The water leaving the pond for nearby
recipients is much cleaner than before, and the ponds, the running water, and the landscaping
around them offer inviting places for wildlife and for residents. In addition, creating an outdoor
environment which will be more useful and attract people around seems to be a good way to
promote natural meetings and strengthen the social environment.

Figure 6. A natural brook, for decades hidden in an underground pipe, has been brought up to the surface
again and is now part of the local rainwater system – a popular place for playing or just enjoying the
natural design.

4. IMPROVING SOCIAL LIFE AND ACCESSIBILITY FOR DISABLED PERSONS

In quite a few post-war housing areas, especially among those built after 1960, segregation and
alienation are long-lasting problems. Many measures directed towards resource saving and other
“ecological” improvements will have indirect effects on social life – for instance the outdoor
environmental measures described above, and the establishing of local recycling workshops,
where under-employed residents can meet their neighbours in a meaningful work. In several
areas, measures have been carried through more directly aimed at facilitating meetings and
social contacts among the residents. New buildings with rooms for meetings, local information
and exhibitions, leisure occupations, sports, laundries etc have been built, and often make the
space between the original buildings more vivid. In other cases existing buildings have been
rebuilt to give room for such occupations. Such measures are often combined with other actions,



to make the renovation programme as a whole more effective. Reusing and rebuilding unlet
spaces is one such combination, reusing parts of demolished or dismantled buildings another.
When buildings are demolished, the crushed concrete is often used for creating hills and other
enriching variations of the ground nearby the buildings. For instance, a big football ground was
created on a small swamp close to the demolished buildings in an area with many youngsters.

Figure 7. A multi-functional common house for the housing area Norra Lövgärdet, Gothenburg, created
by using the basement and the first floor of one of the central buildings which was dismantled. The
concrete construction of the original building was used as far as possible. The new building is announcing
its specific nature by partly glazed façades and a spectacular “green” roof.

The housing areas built 1946-1975 are dominated by flats with one or two bedrooms, which is
not sufficient for most families. Bigger flats, and improvements of the accessibility for elderly
people who have lived in the areas for decades, and want to stay on, are often a necessity to
promote the social stability and sustainability. In Sweden today, lifts are demanded in all new
buildings with more than two floors. In rebuilding of existing housing, this demand can be
reduced, according to local conditions and municipal guidelines. Making 30 % of the flats
accessible by rebuilding is often considered enough, even if the possibilities for elderly and
disabled people to stay in their homes are given priority in municipal planning. Nevertheless,
there is a substantial and resource demanding need for new lifts in renovation projects. Letting
lifts occupy floor space of rented flats is seldom possible unless un-rented flats are frequent.
Other solutions are more used, either using specially designed lifts in existing, rather narrow
staircases or adding new staircases to the buildings to make room for the lifts.

Figure 8. This building got a lift inside the original staircase and new stairs in an addition to the original
staircase. Well insulationg glass panels make the new staircase light and attractive. Enlarged balconies
facilitate the use for disabled persons. The additions make the façades more vivid and expressive.



5 DISCUSSION AND CONCLUSIONS

Just a few of the rich variety of environmental measures for improving existing buildings have
been mentioned above. They are chosen because they raise many basic questions about how to
handle the different needs and demands in housing renovation. Upgrading decaying areas is a
delicate task. A balance has to be found in every single case, to satisfy the technical and
environmental needs, to improve the functionality for the residents, to be careful with the
limited financial resources, to give the buildings and areas a more attractive appearance, and to
pay reasonable respect to the original character, typical of its time.
Improvements of the building envelopes often get most of the attention when energy saving is
discussed. Nevertheless it is quite clear that many less spectacular measures will be more, or
equally, effective and cost-effecient. Chosing reversible measures is always a good idea when it
comes to controversial desicions on architecture and design.
The costs are crucial for most renovation works. Unfortunately, it is seldom possible to predict
the economic conditions well enough. The actual pressure on the building market, the special
conditions of every single case, and the difficulties to define single costs in big renovation
works make it hard to appoint some average building costs. Trying to find technical solutions
which will give multiple advantages is a way of economizing with the limited resources.
What seems to be clear is that a broad application of good and proper solutions will add to the
sustainability of existing housing, and simultaneously facilitate care for the existing building
qualities. The rent potential may be increased by a thorough and sensitive renovation. In quite a
few cases housing areas with many vacancies have turned to be much more attractive due to a
number of carefully planned actions. One important factor has to be emphasized. Rebuilding of
housing areas always concern the homes and the everyday life of people with different
backgrounds, needs and wishes. The opinions and needs of the residents should always be
considered and respected as far as possible. Environmental measures, which often demand
collaboration with the residents, will probably work better if they are based on open discussions
and mutual respect.
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1 INTRODUCTION 

 
By considering that more than the third part of the Co2 polluting gas responsible for the green-
house effect is caused by building activities, one easily realizes the relevant role of architecture 
as regards the theme of the global sustainability. Nowadays, improving the quality of the exist-
ing real estate is a widespread building activity that requires various and important interventions 
such as structural, technical, architectural, functional and energetic upgrading. In particular, 
poor materials and single paned deal window frames were used, without paying any attention to 
energy conservation especially owing to the lack of technical standards and building regula-
tions.  

The most important problems are connected with the façade decay, the lack of acoustic and 
thermal insulation and the presence of thermal bridges. In the last decade, an awaking policy fo-
cused on the protection of the environment is in progression in Europe like as all over the world, 
with a special attention to energy waste in the building sector. A basic improvement in this field 
is the EPBD 2002/91/CE that, following the Kyoto Protocol, promotes the energy efficiency of 
buildings. As from January 2006 this set of rules has been acknowledged in Italy by enacting 
the Decree 192/2005, and his following upgrading Decree 311/2006, that states new standards 
for the energetic performance of buildings, considering also the existing stock. The experiences 
gained since now in other Countries seem to test wide chances of interventions on the post war 
building stock, even if the building techniques and the state of decay are various, by using tech-
niques and materials free from cultural and historical meanings typical of cultural heritage. Ac-
cording to these experiences it’s possible, therefore, not only to introduce basic functional im-
provements but even proper architectural lifting. In the last decade the urban building envelope 
has come forth gradually into being a dynamic and active bounding surface. It means that the 
envelope is automatically able to gear its performance to the changes of the environmental con-
ditions, as it integrates active functional devices.  

Consequently, the refurbishment actions have especially to be made by considering the 
chance of the natural resources, following the sustainable architecture statements that outline the 
exploitation of alternative sources of energy. A sustainable upgrade of inadequate buildings 
should mainly provide active or passive energy from renewable sources in order to achieve the 
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ABSTRACT: With the new European Energy efficiency regulation building are forced to re-
spect restricted standards for energy saving. In the last ten years building envelope has become 
more important in the overall energy balance, as a dynamic surface able to optimize its perform-
ance in relation to different climatic inputs (passive or active). In this sense it will be desirable 
to manage the necessaries refurbishment actions in the direction of the passive solar gaining, 
natural cooling and other relevant sustainable technologies for building envelopes which are 
presented in this paper. 



highest indoor comfort by restricting the use of air conditioning units and artificial lights. About 
the above mentioned issues, the most efficient technical solutions are based on fundamental 
principles of the sustainable architecture such as: heat gaining by collecting and storing solar 
energy in winter, use of passive cooling and natural ventilation in summer, maximum natural 
lighting, reduction of heat transmission through the walls, using systems with low environ-
mental impact such as dry technologies. The strategies of intervention that can be usd in a sus-
tainable refurbishment may be briefly summarized as follows: 
• Improving of technical and acoustic performance (External thermal insulating systems, Ven-

tilate façades, Double skin glass façades) 
• Solar shading (lamellas or panels, replacing of windows with Low –E high-performing glass) 
• Passive solar energy systems (Transparent Insulation materials, Solar glazing balconies) 
• Active solar energy systems (Solar collectors, Photovoltaic modules) 

2 STRATEGIES OF INTERVENTIONS 

A first evaluation of the above mentioned four basic strategies of intervention is based on the 
difficulty of realization and, consequently, the cost. The classification in the following tables 
can be useful to compare the efficiency of the different way of refurbishment, mainly related to 
the cost levels and the employment flexibility. Technical solutions that consist in the overlap-
ping of a new façade, without modifying the existing façade, are more economical also because, 
in the most cases, the users can stay in the building during the works. Costs are higher when the 
refurbishment action requires the replacement of the existing envelope, where generally a multi-
tude of variables has to be considered. 
 
Table 1: Strategies of intervention in relation to the existing envelope 
 Type of intervention 
Techniques Overlapping 

to the existing envelope 
Substitution of the envelope 

ETICS X  
Ventilated façades X  
Double skin glass façades X X 
Solar shadings X  
Low E glass  X 
TIMS X  
Glazing balconies X  
Photovoltaic modules X X 
 
Table 2: Strategies of intervention in relation to the typology of building 
 Type of intervention 
Techniques Residential Office/tertiary 
ETICS X  
Ventilated façades X X 
Double skin glass façades  X 
Solar shadings X X 
Low E glass  X 
TIMS X X 
Glazing balconies X  
Photovoltaic modules X X 
 

In this datasheet, the potentialities of ventilated façades, double skin glass façades and solar 
shadings as refurbishing solutions, mainly for post war buildings, will be assessed.  

2.1 Ventilated façades 
The use of a ventilated façade in the refurbishment and upgrading of existing buildings is indi-
cated for a multitude of cases, for example: 
- Lack of thermal and acoustic performances; 



- Façades with detachment of cladding, attack by weather or moulds; 
- Façades which presence of damages in the cladding, or cracks in correspondence of the 

concrete frame and the infill walls; 
- Walls with strong construction dimensional tolerances, compensated by plaster thick-

nesses, which is very variable depending on zones. In these cases the integration of the 
plaster is technically problematic due to the big thick of the layer and it’s quite impossible 
the gluing of other claddings; 

- Walls with high hygrometric dilatation coefficients, usually interested by diffused cracks; 
- Façades which are not more coherent to the user changes (typical of commercial, offices 

and industrial buildings). 
 

The system is composed of external cladding, dry mounted, fixed to the existing wall by 
means of stainless steel devices that also supports insulating panels. Between the cladding and 
the panels an air cavity, 5-10 cm of thickness, allows natural air circulation that is helpful to re-
duce heat gains during the summer, to increase thermal insulation and to reduce heat losses and 
condensation in winter. 

The use of a ventilated façade is becoming increasingly common in the refurbishment and 
upgrading of any building envelope. This technical solution, overlapped on the existing façade, 
can solve a multitude of technical problems by improving thermal and acoustic insulation and 
protecting from moisture and atmospheric agents. Furthermore, the recent development of high-
performance claddings offers a wide range of opportunities for upgrading the image of the 
building to meet new architectural requirements. The use of a ventilated façade is not limited to 
any type of building. The multitude of claddings available on the market allows to find a pecu-
liar solution for each problem, and the design optimization for the different building envelopes. 
The fundamental factors to evaluate for the addiction of a ventilated façade are: 
- The planarity defects and other issues related to the condition of the existing wall, which 

can influence the modality of anchorage; 
- The mechanical resistance of the support, which can be heterogeneous an insufficient in 

some parts; 
- The adequate protection of the insulation layer, which has to be permeable to the vapour 

coming from the inside but protected from external water; 
- The adequate protection of the air cavity to avoid the entrance of insects and other ani-

mals; 
- The realization of the façade joints, to avoid mechanical tensions in and on the cladding 

elements. 
 
A specific design, particularly related to the peculiarity of the situation can be profitable in 

the improvement the technical and architectural quality of the building with reasonable costs 
and environmental positive effects. 
 
Figure 1-2: Ventilated façade in the refurbishment of a residential building in Modena (before-after) 

  



2.2 Double layer glass façades 
 
A particular case of ventilated façade is represented by the so – called “double layer glass fa-
çade”. The most useful field of application of this solution is the tertiary sector (mainly offices 
and productive buildings) in which is easier to find financers who believe in the power of a new 
high-tech image of the building. Recent studies are investigating the possibility of application of 
this technology even for residential buildings. A typical double glass envelope system com-
prises a layer of single glass and a layer of double-glazing, separated by an air space. An oper-
able shading device or heat absorbing glass can be installed in the air space to minimize the so-
lar heat gain. In addition to the energy savings, the double envelope system has other potential 
benefits such as acoustic control, water penetration resistance, and improved office atmosphere 
because of the view and utilization of daylight. The double envelope system also offers a choice 
for renovation of existing building facades to transform into more energy efficiency buildings. 

Double glass façades in the refurbishment are generally hybrid systems, formed by the exis-
tent wall and a new glass envelope. The external envelope is a glass façade: this helps in the so-
lar gaining during winter season, in the heating of the air cavity and in the consequent im-
provement of the thermal capacity of the whole system. The use of high – performing glasses is 
fundamental to obtain solar reflection and to avoid overheating. If the refurbishment is oriented 
to the complete substitution of the existing envelope, the internal wall is either a glass façade, 
forming the conventional double-layer skin. In the most cases it’s more convenient to leave the 
existing wall, replacing the windows and adding insulating panels on the structure and on the 
parapets. 

In winter, during the warmest hours, the heating of the air cavity is the fundamental factor 
that helps in the reduction of thermal losses and of air permeability through the wall. During the 
night, the air vents are closed to avoid the entrance of cold air. In summer, thanks to the solar 
shadings, good levels of internal comfort can be obtained. During the day the cavity is closed, to 
avoid the entrance of warm air, while during the night the natural cooling can refresh the walls 
and the rooms. The cavity in double glass façades is either naturally or mechanically ventilated. 
Natural ventilation can provide an environmental friendly atmosphere and reduce the require-
ment for mechanical ventilation. On the other hand, natural ventilation is not without risk. It 
may create a door-opening problem due to pressurization. Besides, if the air path is not appro-
priately designed, the solar heat gain within the façade cavity will not be removed efficiently 
and will increase the cavity temperature. In urban environments, natural ventilation systems 
may also experience significant problems of noise transmission and pollution and may result in 
uncomfortable indoor environments in extreme weather conditions. 

Therefore, a natural ventilation system is more suitable in suburban areas with temperate 
weather where the airflow in the cavity will be close to the indoor air condition. 
The thermal performance of double façade systems depends on many factors, such as: 
- The composition and performance of the layers (glass/glass or glass/wall and the type of 

glass); 
- The height of the air cavity (which can be continuous or divided in horizontal or floor-

height cells, in this case the ventilation is related to each cell); 
- The thickness of the air cavity (which can range between 20 cm to 90 if contains mainte-

nance routes); 
- The type of ventilation in the cavity (natural or forced) that is strictly related to the height 

of the façade and to the climatic conditions; 
- The relationships between air cavity and HVAC systems (possibility to utilize warmed air 

from the cavity and expel internal air. This is rare in the refurbishment). 
 

Because the interactions among these variables are complex, current computer simulations 
approaches may be inaccurate. Therefore the energy savings and cost/benefit of these systems 
are not well established.  

The relationships between typologies of façade, type of ventilation and applicability in the re-
furbishment are synthesized in the following tables. 



 
Table 2: Main typologies of a double-layer glass façade and applicability in the refurbishment 

Typology 
of façade Scheme Description Air cavity 

(cm) Applicability Cost 

Full height 

 
The external fa-
çade is inde-
pendent from the 
internal, the air 
cavity is con-
tinuous 

40/90 X X 

 

Pipes 

 The external fa-
çade is fixed to 
the internal by 

means of a 
common frame 
or punctual an-
chorages. The 
cavity is verti-
cally sectioned. 

20/50 - - 

 

Cells 

 The façade is 
formed by the 
aggregation of 
modular cells, 

independent each 
other. Each cell 
has his inlet airs. 

20/30 - 0 

X= High 
- = Medium 
0 =Low 
 
Table 3: Main types of ventilation in a double-layer glass façade and applicability in the refurbishment 

Typology 
of façade 

Scheme Description Applicability Cost 
 

Natural ventilated façade 

The air in the cavity 
flows naturally (chim-
ney effect). 
Internal 
layer=insulating and 
performing layer 
External layer= single 
glass 

  

Relationships be-
tween in-
side/outside 

 Internal windows can be 
opened. This allows the 
natural ventilation of 
the rooms, even it’s 
necessary to carefully 
evaluate the right period 
of opening (winter day- 
summer night), other-
wise the positive effect 
of the natural air are 
neutralized. 

X - 



No Relationship 
between in-
side/outside 

 Internal windows can 
not be opened. This 
helps in the air cavity 
control, but decreases 
the user requirements 
(necessity of fresh air). 

X 0 

     

Forced ventilated 
façade 

 The air in the cavity 
flows by means of me-
chanical devices. Inter-
nal façade is closed. In 
some cases warm air in 
winter and cold air in 
summer are utilized by 
HVAC systems. 
External layer= insulat-
ing and performing  
Internal layer=single 
glass 

0 X 

X = High 
- = Medium 
0 =Low 
 
 

The most useful typology in the refurbishment is the full height façade: generally the juxtapo-
sition of a new glass layer doesn’t requests big modifies to the whole system. In these cases 
original windows are substituted with double-glass windows and an insulating coating is applied 
on the opaque parts. The natural ventilation of the cavity doesn’t involves plants modifies. The 
careful design of the air cavity (thickness, position and dimensions of air vents) is fundamental 
as the phenomenon of natural draught works properly. The use of a pipes or cells façade is more 
convenient where the height of the building is such that natural flow is impossible. 

Since the Italian regulation imposes the natural ventilation of the rooms in residential build-
ings, windows can not open only on the air cavity, as it happens in tertiary buildings. By the 
way, there are two main solutions which can be evaluated: 
- The realization of a partial glass façade, cells or pipes formed, only in correspondence of 

the opaque walls; 
- The realization of a moveable external glass envelope. 

 
The realization of the intervention has to be carefully planned and designed, to evaluate 

which will be the more coherent and resolute solution. This could be done with the support of 
the producers, which put at designer’s disposal their technical competences for the realization of 
the façades, supporting more than the diffusion of specific programmes, the executive designing 
and the performances verify. 
 
Figure 3-4: Double skin glass façade in the refurbishment of an office building in Milan (before-after) 



 

 
 
 

Fields of application of a double layer glass façade are, at the moment, mainly related on of-
fices buildings. Many example of refurbishment can show that, with this high-energy perform-
ance technical solution, high levels of thermal comfort and energy saving are obtained (ranging 
from 20 to 40% of reduction of the overall building consumption). The high investment costs 
for a refurbishment are, in the long term, remunerated by the reduction in HVAC use. The chal-
lenge is represented by the application on residential buildings. 

2.3 Solar shadings 
A solar shading can be used to control the diffusion of the light through a glazing surface and to 
reduce the heat gains through an opaque wall. Solar shading systems allows the incidence of the 
rays of sun during the winter which consists a benefit for the overall thermal balance of the 
building. On the other hand, during the summer, the overheating of the rooms due to the inci-
dence of the sun on the windows has to be avoided. The use of solar shadings is becoming in-
creasingly common in the refurbishment of building envelopes. The recent development of 
high-performing envelopes and the growing importance assumed by glass, has influenced the 
development of techniques and materials oriented towards the control of the solar factor. The 
choice of the solar shading depends on the type of surface: adjustable solar shadings are more 
suitable for glass windows while fixed elements can be used for opaque surfaces. A lot of ty-
pologies are available, which can be classified according to: shape, material, movement. A first 
classification can be done in relation to the envelope in: external solar shadings, internal solar 
shadings and solar shadings between two glass panes in the windows or double layer glass fa-
çades. In the field of the external solar shadings, windows elements (e.g. venetian blinds) and 
solar shadings for façade (e.g. lamellas or panels) are included. Comparing to an internal solar 
shading, the overlapping of an external solar shading is more effective for the overall energy 
balance in terms of energy efficiency, for the following reasons: 
• The interception of the rays of sunlight before they heat the surface and the optimal control 

of the diffusion of light and heat; 
• The reflection of a part of solar radiation and its dissipation, which depends on the material 

and on the color of the surface; 
• The reduction of thermal losses, in the case of adjustable elements, which can be closed dur-

ing the night. 
 

For these reasons the efficacy of an external solar shading is about the 30% above to internal 
shadings. In south facades, where the sun is high on the horizon, horizontal shadings are more 
suitable. Particularly indicated in summer season, an horizontal shading can hamper the rays of 
light in winter, therefore is more suitable the use of adjustable or mobile systems. 



Vertical solar shadings are more adapt for East and West oriented façades, where the sun is 
low. 
Comparing to a fixed system, the use of an adjustable system allows to change the position of 
the elements in relation to the direction and the intensity of the rays of sun. Therefore, with this 
solution it’s possible to control each element during the day and also during the different sea-
sons, to achieve the optimal daylight factor and to avoid undesired solar gains. 
 
Figure 5-6: Overlapping of lamellas and panels solar shadings in the refurbishment of an office building 
in Lecce 

 
 

 

3 CONCLUSIONS 

In the last two decades, good examples of new sustainable architectures provided realistic inspi-
ration and practical experience of how architects, and their clients, have achieved sustainability. 

They demonstrated a wide variety of approaches to design and technical issues – including 
passive solar design, good daylighting, natural ventilation, night cooling, combined heat and 
power, photovoltaics, grey-water recycling, and the integration of landscaping. The today’s 
challenge is focused on the improvement of the existing buildings, in order to reduce the overall 
energy balance which is mainly related to the envelope. Renovating façades often coincides 
with changes in the architectural appearance of a building, and large investments to improve the 
quality of the building envelope are justified if the building block as a whole can meet future re-
quirements. 
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1 INTRODUCTION 

The priority in the next few years, or the next few decades, is confirmed by the way the con-
struction market is shaping up: a more rational use of urban resources in the pre-existing resi-
dential sector. 

Of particular interest from this point of view is the recovery of materials used in building that 
were made with industrial and prefabricated technologies that, despite their comparative new-
ness, demonstrate an advanced degree of deterioration, and which require not only serious re-
medial work at the level of the buildings themselves, but also the cleaning up of whole urban ar-
eas, along with the development of infrastructures and related services.  

This is recognised as a prevailing aspect in different European contexts, where it is possible 
to carry out a meaningful comparison with the situation in Italy with regard to the conditions, 
spread and reasoning that led in the 30-year post-war period, with slight variations on this time-
scale, to the creation of the majority of the residential property that exists today. The indica-
tions, both theoretical and practical, for interventions stem above all from a number of phenom-
ena which appeared over the last few decades and which can be summed up as follows: 
- the movement from a culture of expansion to a culture of redevelopment, especially in Italy, 

caused by a lack of demographic pressure and by the substantial dimensions of the building 
stock which benefited from maintenance work: in synthesis, the normal procedures for plan-
ning and operating should be in line with the notion that the spaces that, in the future, are go-
ing to house a large part of residential property and workspaces already exist; 

- the appearance of serious signs of deterioration in the building stock from only a few decades 
ago, which led to the term “architecture of deterioration” being coined, has already become an 
emergency which imposes the need to carry out enormous building redevelopment and salvage 
operations, which pose technical, planning and methodological problems which are quite dif-
ferent from those that had to be confronted when dealing with historic town centres or build-
ings of historical importance;  

- the substantial distance which, in the past, has separated the planner from the resident, along 
with the misunderstanding of the freedom of expression and to experiment of the former, and 
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the results of this on the latter, the inhabitants, who didn’t have the same freedoms and whose 
background, cultural roots and needs were ignored;  

- the possibility of analysing the building that’s to be redeveloped in a profound way that’s not 
destructive, and so to intervene on the same with appropriate means, also employing highly 
innovative planning techniques, which are thus able to find their points of reference not so 
much in the expansion of a building or in replacing old with new, as in a more considered re-
reading of what’s already there, in the ongoing work of the functional adaptation of a physical 
reality. 

2 SUSTAINABLE APPROACH  

That which might have represented a critical reflection on the means of constructing quarters 
and buildings in the past instead comes to constitute the starting point for focusing on the prob-
lem of sustainable redevelopment. 

In reality, as borne out by the valid results of a number of projects both at a national and 
European level, refurbishment interventions have to be the consequence of synergy and collabo-
ration between various sectors, sciences and fields of knowledge: sociology, economy, urban 
planning, engineering and law have to be managed and made to work with each other. All the 
same, the increasing degradation of these buildings demands – both for how widespread it is and 
for the seriously obsolescent conditions in which they find themselves – a rapid reaction fol-
lowed by action, and the identification of a tried and tested strategy able to limit as far as possi-
ble an eventual loss of control that would render future events unmanageable. 

Contemporary renovation experiences in Italy underline both the problems encountered in 
other countries as well as the shared need for a sustainable approach to what already exists. The 
principal difficulties that will be encountered can doubtless be blamed on the deterioration of 
the buildings, but, there are also problems in the management and financing of interventions. 

A number of organisations in Italy, such as ATER (Azienda Territoriale per l'Edilizia Resi-
denziale – Regional Residential Buildings Company) of Rome, are only now launching new 
strategies for carrying out redevelopment programmes, and turning to Project Financing – as al-
lowed for in Legislative Decree 163/2006 (Code for public contracts relating to works, services 
and supplies in carrying out EU directives 2004/17/CE e 2004/18/CE ) – making the most of the 
potential benefits that would come from the running of the production of renewable energy 
sources, especially solar power. 

Management represents, therefore, faced with projects and existing plans for recovery, one of 
the essential conditions for the activation of a process of renewal of building stock which has 
been long-awaited and hoped for in our country, but which up to now has not taken off.  

If, on the one hand, many experiences favour turning to the external upgrading principally of 
building envelopes using add-on or substitution strategies, and with modifying internal living 
spaces, the lack of a consolidated redevelopment culture reveals itself. Interventions, mostly 
carried out on time, are still lacking at the level of correct planning both nationally and locally. 

This incapacity is doubtless exacerbated by the greater percentage of owned rather than 
rented property, which is largely down to previous policies for running the public housing stock, 
which were subsequently revealed to be mistaken and which, in some way, limit the possibility 
of planning new interventions, even important ones, to demolish or redevelop for a different 
use, as instead happens in other European situations. A consolidated culture which aims more at 
conservation rather than renewal such as we find in Italy still lacks the inclination and experi-
ence to be able to confront in a decisive and knowledgeable manner an overall modification in 
residential buildings.  

2.1 Sustainability or energy efficiency 

Before looking further at the theme of sustainability in recovery interventions, it’s useful to clar-
ify a number of differences inherent in the concepts, which are often used incorrectly, of sus-



tainability and energy efficiency, and which might create misunderstandings even among those 
who work in the field.  

In the original concept of sustainable development, from which was born in 1992 Agenda 21, 
the environment was placed at one of the corners of an ideal square, whose other corners were 
occupied by the economy, social background and culture. Such a concept, expanding its areas of 
concern, led to an interchange ability among applied research sectors, underlining the need for 
an ever more integrated and complex approach to the project. Thus the notion of the environ-
ment as oppositional force and a brake on economic and social development was overcome, but 
it placed itself as an essential element which had to be the starting point for long-term progress 
that won’t compromise the survival of the planet and the life of future generations.  

This definition of sustainability constitutes the starting point, the reference, the framework 
and the expression of the principles within which the international community, nations and local 
authorities are moving, taking it on as a fundamental aspect in the process of governance and in 
the decision-making processes for the development of a given area.  

Energy efficiency, on the other hand, is a specific aspect of sustainability and therefore has to 
be considered as a prerogative for interventions but not as the single all-inclusive element to be 
aimed for. With the Legislative Decree 192/2005, the EC directive 2002/91/CE was introduced 
into Italy, which controls the production of energy in buildings. The provision establishes, 
among other things, the criteria, conditions and means to improve energy performances in build-
ings with the aim of favouring development, increased value and integration of renewable re-
sources and energy diversification.  

European directives and national laws are intended therefore to increase energy efficiency 
and improve its availability, defining measures aimed at promoting and developing, including at 
an environmental level, the generation of high levels of heat and energy, based on the demand 
for useful heat and on the saving of primary energy, with particular reference to national 
weather conditions. Apart from the new element foreseen by the Italian Law no. 296 of Decem-
ber 27th 2006 (Budget 2007), on February 2nd 2007 the Legislative Decree 311/2006 came into 
force which alter the Legislative Decree 192/2005 and extends, starting from July 1st 2007, the 
obligation for energy certification to existing buildings of over 1,000 sq.m and further increas-
ing a number of regulatory values. 

It’s in this sense that the adopting of European Directives at national level with the Circular 
of 31/05/2007 no. 36 which fixes at 55% the tax relief for energy redevelopment interventions 
on existing buildings (from which stems the Decree of February 19th 2007 which modifies arti-
cle 1, subsection 344, of the Law of December 27th 2006, no. 296), aimed at obtaining an index 
of energy use in the winter at least 20% lower than previous values. Particular attention was 
again paid to interventions on the envelopes of existing buildings with regard to opaque hori-
zontal and vertical structures, frames, delimiting heated volume, towards the exterior and to-
wards unheated spaces, defined in respect of new thermal transmission values U, expressed in 
W/m2 K,  relative to the six climatic zones Italy is subdivided into.  

The buildings involved have to be pre-existing, and the incentive is aimed at strengthening 
those procedures which seek to preserve the building heritage, raising the tax relief and reducing 
the number of years it has to be divided over. The European advice of spring (OR. EN 7224/07 
of March 8th 2007) gave a further push to the European policy against climate change, underlin-
ing the close interdependence between energy policy and the leading role of the European Un-
ion in international climate protection, in view as well of the system that will replace the Kyoto 
Protocol in 2012. In this sense, in both the European advice and the application of the recent de-
cree granting incentives for photovoltaic activities, the aim of growth in renewable energies is 
made explicit and requires 20% of total EU energy consumption to be renewable by the year 
2020. 

With the launch of this programme, a number of provincial and local organisations, including 
Rome City Council, have already set in motion significant works in the field of energy redevel-
opment in existing buildings and in new builds, introducing variations and integrations to the 
Provincial and Council Building Regulations with laws for saving energy, the use of renewable 
energy sources and the saving and recovery of water resources. 



The picture is made even more complex by the specific intervention programmes for energy 
redevelopment which control and define the granting of funding on the part of the European 
Community. Among these, Jessica (Joint European Support for Sustainable Investment in City 
Areas) constitutes the recent European support for sustainable investments in urban areas. This 
programme foresees the gathering together of grants aimed at programmes of urban redevelop-
ment and development (including the social housing sector), with loans and financing that stem 
from a partnership between the Commission, BEI and the European Council Development 
Bank.  
Against this background, recovery activities underline the relevance of the redevelopment of ex-
ternal closures (envelope) even with the knowledge that, despite the value of its planning char-
acteristics – as much in respect of requirements linked to image and communication of the 
buildings as of those connected with environmental comfort and energy consumption – the spe-
cific intervention on the envelope has to be the result of synergies and actions of greater depth 
than those described above. 

There’s no doubt in fact that it’s not sufficient to redevelop merely the envelope without re-
organising the internal spaces on the basis of new needs, without reordering or projecting the vi-
ability, the running and the use of the external spaces and the balance of the whole set-up.  The 
recovery of residential buildings cannot however remain a problem whose solution is to be 
found only at a planning-technological level, but it has to start to bear in mind social dynamics, 
changes of use and variables in scale (from the surrounding area to the building), which has im-
plications for the architectural and construction impact of buildings, for environmental resources 
(space, materials and energy), for the image and on the social structure of an area. 

The testing ground is therefore an intervention on an existing building capable of combining 
both the typological-distributive aspects as well as those of building technology: in many Italian 
cities, but especially abroad, experiments have been carried out which, with varying results, 
have involved public and private bodies working together with a common aim. In the context of 
building redevelopment, what is emerging in the need to identify means and operational instru-
ments aimed at the tightening up of the physical, technical and user efficiency of the building 
organism and/or some of its parts, and the integration of any missing functions. Results so far, 
although often very interesting, cannot be reliably reproduced in different contexts. 

The search for coherence between the need for the recovery of buildings and the sustainabil-
ity of interventions on buildings highlights the theme of correct technical information and of 
methods aimed at choosing the most suitable strategies and instruments for the task in hand. 

Recovery activities for existing building stock necessarily move from the starting conditions 
of the object to be worked on and from a structural organisation of the architectural organism 
according to the subdivision of subsystems, technical elements and materials. 

What’s necessary, therefore, is an approach to the project based on a needs-planning ap-
proach that permits the analysis of the level of deterioration and obsolescence of the existing 
building and which justifies and guides what to do next: a complete diagnosis that permits the 
identification of residual performances, of pre-existing obligations and of the picture of the new 
needs, so as to clarify the requirements, priorities and objectives of the project.  

The principle prerogative for a coherent carrying out of redevelopment interventions is there-
fore the use of a methodological-operational set of instruments by which the activities to be car-
ried out can be aimed, encouraged and controlled, and, in particular, a: 
- definition of the technological units and technical elements which, inside the technological 

system of residential buildings, constitute the envelope of the building system under analysis; 
- definition of qualitative parameters aimed at guiding the recovery project for residential build-

ings, and the formulation of a means of control and evaluation of the quality of the pre-
existing and of the final quality achieved through the project on the building;  

- initial evaluation of a picture of needs which will be used to define the priorities and aims of 
the project; 

- definition, establishing and valuation of the needs related to the external envelope where the 
interventions will be carried out; 



-  identification and organisation of the technologies available on the market that are best suited 
to the redevelopment of the external envelope. 

What this means, specifically, is the elaboration for each intervention on a pre-existing build-
ing of a “knowledge project”, a system of information closely connected to the context under 
analysis and capable of confronting it in all its complexity: in this way a planned project is im-
posed, one that is articulate, open, and multidisciplinary, with the aim of being able to determine 
its own reorganisation as further information is acquired. 

In the light of recent experiences in redevelopment, the success and difficulty of an interven-
tion consist in the capacity of the project to link with the qualities which the extant building al-
ready offers and which, on a case by case basis, will be preserved, improved or integrated. 

Given the relevance and complexity of the concept of quality – an indispensable given for 
any project on a pre-existing building – it’s opportune to investigate the attributes that distin-
guish it within of the entire useful life of a building, both in relation to the process that charac-
terises redevelopment, as well as the final verification of the end result of the recovery and its 
relation to the original stated aims. The principal of responsibility, in light of the transforma-
tions that are of interest to contemporary society, contributes to amplify the content and forms 
of the planning reflection and encourages the reconsideration of local situations which lessen 
the dependence on standardised technical solutions and housing models, but which continue to 
look for coherent solutions in technological potentialities and the living cultures of the areas. 

A complete approach to the theme of redevelopment involves a complex approach to the as-
pects which contribute to the satisfaction of expressed or unexpressed needs; the capacity of 
planners will therefore be that of identifying the correct solution that’s able to resolve the in-
stances linked to the themes of quality that are raised by all those who come to be involved in 
the recovery process. Alongside the identification of elements on which to intervene we there-
fore have to place the need to make explicit and fully satisfy the qualitative aspects that have to 
be observed. The concept of quality is intended in a very wide sense and includes all those as-
pects that make a building work suitable for the needs and activities of those who use it. This 
complexity leads to the search for  a multi-criteria method which has the aim of confronting to-
gether factors of a different, multidimensional and not always measurable nature. It follows that 
the requirements be classified according to a complex scheme, in relation to and in order of 
quality, attributes or properties, by means of the performances offered, and able to satisfy any 
requirements that emerge. 

The qualitative parameters, although they may come to assume variable levels of importance 
and weight, represent the fundamental decision-making input of the project which can be trans-
lated into different solutions for different environmental realities. If all this is evident in a new 
build, the problem is even more present in the process of recovery, where the inter-relations be-
tween pre-existing technologies and new requirements underlie different intervention strategies 
that are capable of leading to integrated and durable building projects.  The aim of the initial di-
agnosis is therefore to direct the decision-making process and to provide elements of informa-
tion aimed at motivating and guiding the choices to be made. The correct predisposition of the 
diagnosis furthermore allows the reading of recurring interventions, of a spontaneous nature, 
produced by the users over time, which represent both the highlighting of a number of problems 
that are linked to obsolescence and also a powerful push which shouldn’t be overlooked in the 
planning phase because it demonstrates the true “Habitus Habitandi”. 

In this sense habitus represents, on the one hand, the clear frame of reference to identify and, 
on the other, the solid scientific basis which, taking into account all the environmental, techni-
cal, social, economic, management, legal, historical and cultural related aspects, renders itself 
necessary to look more closely at the state and conditions of the technological, physical and 
economic obsolescence of buildings.  The finely balanced debate on the need, on the one hand, 
to evaluate and, on the other, to translate the notion of quality into terms that are never less than 
objective and legitimate, can only be achieved by a systematic approach and a continuous and 
gradual movement towards actions that  are particular to each transformation, seeking out, none-
theless, the minimum common denominator in the process of the experiences.  



2.2 Instruments for a project of sustainable redevelopment  

The definition and evaluation of recovery interventions to be carried out are two extremely deli-
cate activities because a construction and the environment in which it is to be found form a 
complex system where all the subsystems influence the total efficiency systems and where the 
interdependence between subsystems has an important role.  
A great deal of research and study has been carried out in recent years in an attempt to focus and 
control redevelopment interventions in order to guarantee acceptable levels of quality that are in 
line with the various disciplinary requirements. 

The first recovery programmes based on a sustainable approach of this type were born in 
France in 1972 and promoted by HVS (Habitat et Vie Social) availing themselves of a decision-
making system (DSS) and network systems to enable global functioning. The neural network  is 
a further method of evaluation which, following the function of the human brain, is able to re-
ceive data and, at the same time, the previously available and recognised connections between 
the elements. 

It was on this basis that in Europe the first methodologies for evaluating redevelopment inter-
ventions were born – like that used for assigning the NPR (National Prjis Renovatie) – which 
makes use of a methodology of multi-parametric analysis. Defining recovery as an integrated 
system, it’s very evident that there are many neural routes that can be identified and analysed, 
but what still hasn’t been completely attained today is the global recognition of the elements to 
observe and of the network of connections between them.  

The results that were provided in the WG2 research – in the recently finished Action COST 
C16  - reinforced the judgment on the individuality of every redevelopment project while point-
ing out that there are recognisable strategies of intervention that can be adopted. In the research, 
the problems related to needs were analysed, taking further the multi-parametric analysis that 
was applied to the themes of redevelopment in the different countries taking part. The research, 
furthermore, confirmed the difficulty of identifying a single planning solution that would, on the 
one hand, be capable of answering all the observed indicators, and, on the other, reach a degree 
of quality that would prove satisfactory to all the countries involved.  
The theme of control and leading a project is further supported by a number of instruments of 
particular interest that derive from the latest research at a European and national level. Among 
these we find EPIQR (Energy Performance Indoor Environment Quality Retrofit) and TOBUS  
(Decision-making Tool for selecting office Building Upgrading Solution) – which are two re-
search projects of the JOULE programme of the European Commission which have provided 
the basis for a new generation of instruments to assist in sustainable redevelopment interven-
tions. The principal aim of this research was the development of an instrument – whose EPIQR 
software is the most evident example – aimed at evaluating retrofitting strategies, costs, and the 
activities aimed at satisfying those needs whether from the point of view of optimising energy 
consumption, the use of renewable (solar) energy and the improvement of the internal environ-
ment  (Indoor Environment Quality). This instrument also permits the analysis of the physical 
deterioration of the building, the cost of the recovery intervention, the technical feasibility, the 
energy costs, the indoor environment quality and the predicted development of the deterioration, 
placing the emphasis principally on the energy question which is set at the centre of the deci-
sion-making process right from the start of the project, and therefore before the definition of the 
initial investment budget.  

Still in a European context we recall the HQE²R Project financed by the European Union 
within its Energy, Environment and Sustainable Development Programme of the V Programme 
R&D and coordinated by the CSTB. This project involved 7 European countries – including It-
aly – with the objective of defining a method to direct recovery projects towards solutions that 
aim towards an improvement in the quality of urban life: in other words, redeveloping the city 
from an environmentally sustainable point of view. HQE2R, which was launched in 2001, has 
supplied, to public administrators and workers in the sector, suitable instruments for evaluating 
the possibilities of recovering the built environment, starting in terms of sustainability of exist-
ing buildings, which have to be well-integrated into their area and which will contribute in time 



to forming its identity.  The peculiarity of the approach suggested by HQE²R lies in the four 
principle phases that make it up:  
1.Decisions: preliminary identification of the problems and initial strategic decisions; 
2.Analysis: gathering data (inventory) and diagnosis of possibility for sustainable development;  
3.Study of the action plan: creation and evaluation of alternative scenarios; 
4.Action and evaluation: implementation, monitoring and evaluation of the action plan for the 
sustainable recovery of the area. 
The elements of sustainability which have integrated the methodology of evaluation are further:  
- the improvement of the quality of the building with regard to the qualitative and quantitive re-

quirements defined by the users and administrators, in particular with regard to improving 
comfort, a reduction in running costs and the maintenance of residential (and non-residential) 
buildings – saving energy, reducing water consumption, better use of primary materials 

- the improvement in the quality of life thanks to a process of urbanisation that is respectful of 
the environment (criteria for organising public spaces, play areas, cycle paths, pedestrian 
and/or green areas, bus lanes) and a correct urban redevelopment of conurbation spaces;  

- the control of mobility costs by means of economic and environmental management of the ur-
ban space to control urban mobility at different levels (quarter, city, conurbation). 
It’s in this sector of research and experimentation that we also find the efforts of the Italian 

Institute ICIE (Istituto Cooperativo per l’InnovazionE) which, since the ‘80s, has been studying 
the field of conserving the building stock, and which has invented and defined working instru-
ments for the analysis and management of the built stock, intended as a “complex system”, as a 
connected tissue made up of buildings, the spaces between them, equipment and service net-
works, where it is possible to operate in synergy and in an integrated manner.  

2.3 Multi-criteria analysis 

We’ve been able to observe how the decision-making system in relation to the transformation is 
influenced by multiple factors which we can define as level 1 (related to the deterioration and 
obsolescence of a building and the quality of its internal environment) and level 2 factors (envi-
ronmental, social, temporal and economic). The distinction between the two levels, however, 
isn’t sufficient to completely define the objectives of every single intervention: the objectives 
will depend in fact of the starting level of quality that’s encountered and on the priorities at the 
outset for the definitive imposition of action. 

Compromise, a fundamental means to identify an efficient solution, is to be sought in the ty-
pologies of social, technical, environmental and ecological factors, without overlooking the 
quality of the internal environment (such as dampness, acoustic isolation, comfortable levels of 
heating, air and ventilation quality, lighting, security) and of the external environment which 
should be pointed towards the user in so far as they are the beneficiary. Quantitative and qualita-
tive information, which involves building systems and subsystems (described in units of meas-
urement, value and initial conditions), completely define the reference variables on which to in-
tervene through analysis, methods of verification and criteria for determining their value and 
importance. The theme of quality, therefore, in the intervention requires a clear carrying out 
both of all the aspects – measurable or not – and of their relative minimum values of acceptabil-
ity, as well as a definition of the intervention strategies and the technical elements on which to 
intervene. The indicators, once they’ve been identified, form a whole which is able to structure 
the requisites that will be more able to interpret the needs that emerge and through which it’ll be 
possible to verify the residual performances. Each of these, resulting from the analysis of prob-
lems that arise, is made up of subcategories which, in a more detailed and precise manner, de-
fine the performance deficits that are encountered, and, at the same time, represent the decision-
objective inputs of the intervention.  

The methodology described above was analysed and applied – in the context of research for a 
doctorate in Redevelopment and recovery at the Faculty of Architecture “Valle Giulia” of “La 
Sapienza” University of Rome – to a redevelopment intervention on a number of buildings in 
the residential complex “Le Navi” in Florence. The methodological-working instrument used in 



the research confirmed the validity both of the multi-parametric approach as well as of the 
qualitative results obtained through the intervention. Furthermore, the research reinforces the 
recognition of the coherence that exists between the qualitative aspects asked for and the solu-
tions adopted, underlining the pre-eminence of the economic aspects in achieving the aims, but, 
at the same time, the knowledge that economic investment represents a fundamental parameter, 
but not for this reason one that should interfere with the possibility of an intervention.  The in-
strument that’s been arrived at, which doubtless needs to be adapted for future applications to 
other case studies, underlines on the other hand, the necessity, which we referred to above, of 
that continual and gradual movement towards the reality of actions that are peculiar to each 
transformation, seeking the common denominator in the approaches adopted, but recognising at 
the same time the uniqueness of each of these. 

Today, but even more in the future, these residential complexes are and will be a part of his-
tory and, as such, we are responsible for their potential to a greater or lesser degree. Common 
needs of the past were faced up to in this way, with no regard for and not giving body to the cul-
ture and habits that are part of living somewhere. The relevance of these considerations calls for 
the need for a planning culture which avoids the possibility of falling again into the same traps 
as in the past. 
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ABSTRACT: The “living building” concept (LBC) represents a new approach to the delivery 
and life cycle management of buildings. LBC is based on the fact that the function and circum-
stances of buildings are constantly changing. LBC aims to change the traditional demand-driven 
supply approach in construction into an approach of supply-driven demand involving all parties 
in the demand and supply system to develop an integrated product and dealing adequately with 
changing technology, regulations and demands throughout the life cycle. In order to do so the 
concept must be the basis for life cycle contracts, which is a result of a joint business case of 
both demanding and supplying parties maximizing the value on the one hand and minimizing 
the costs on the other. In two recent applications of LBC to education and healthcare buildings, 
LBC has indicated to be beneficial to develop buildings and the arrangement between client and 
supplier that are flexible in order to accommodate future changes. 

1 INTRODUCTION 

In construction, demand and supply of value can be a complex undertaking, particularly for 
large construction projects involving many parties and long lead-times. The main problem iden-
tified is the intrinsically dynamic character of the process, and the changing and often diverging 
perceptions of parties of the outcome of the process, versus the static approach to the control of 
the process, because of formal arrangements between parties. What is needed for the effective 
control of construction is an aggregate and comprehensive model to be able to dynamically and 
effectively control and adapt demand (clients’ value) and supply (delivery) in an integrated 
manner through the entire process, and idealistically through the whole life cycle of built facili-
ties. 

The “living building” concept (LBC) offers a conceptual solution to these problems. The 
concept is representing a further development of the concept of dynamic control that was intro-
duced few years ago (De Ridder & Vrijhoef 2003). The concept is based on the essential notion 
that the world is changing. Secondly construction is a social activity: Construction implies com-
plex product development in a changing context, involving many parties, delivering products 
with value to society, pulling high levels of resources from the economy. Construction projects 
often take a long time, and the life cycles of built services are lengthy. During the construction 
process, the level of information and knowledge grow, by both the client and the supplier. De-
mand and supply influence one another. So requirements of buildings change over time. De-
mand must be adaptable and supply must grow along. Procurement and supply strategies as well 
as project and life cycle management arrangements must be able to cope with these dynamic 
mechanisms. This calls for a reconceptualisation of the demand, delivery and life cycle man-
agement of built services. 



 

2 AIM OF THE LIVING BUILDING CONCEPT 

The rationale of the LBC is based on two underlying problems in construction: perception and 
‘process statics’. These problems are caused by the fact that the first demand is basically always 
incorrect or incomplete, because it is impossible to demand before knowing what is available 
and possible. Supply without knowing at a basic level what is wanted is impossible also. So 
demand and supply are intrinsically connected, and this should be reflected in the process to-
wards delivery of any product such as built services. However in current construction practice, 
this is often not the case. Demand and supply are relatively disconnected. This is basically the 
result of the tension between value and costs, and thus between the client’s interest in added 
value versus the supplier’s interest in profit. 

The expectations what is a successful project are often subjective, implicit and contradictory. 
For many reasons there is always a need for some kind of change during the process, so there is 
a need for a dynamic approach. This is particularly true in construction, where there are often no 
formal rules, no strict hierarchy, no fixed product, parallel involvement of multiple parties, and 
the absence of one party who has complete overview and authority. However this depends on 
the procurement strategy and the contract type. The “natural response” in construction has been 
to try and fix and isolate various aspects as much as possible, including fixing the price and the 
design early in the process, which leads to quasi-certainty, process statics and disproportional 
additional transaction costs. Due to this kind of fragmented and delegated control, and long de-
mand and supply chains, changes come often too late to be effectively and systematically dealt 
with. Change orders often take lots of effort to follow up leading to extensive amounts of re-
work or claims (Othman et al. 2004). 

The problems of perception and process statics and the paradox between static control and 
dynamics of construction life cycles call for a dynamic and comprehensive approach to the de-
mand and supply of built facilities, aimed at systematic and adaptive optimisation of the total 
life cycle benefit (total value minus total costs). When the total value could be interconnected 
qualitatively and quantitatively to the total costs of a built service, and parties agree on the algo-
rithm between value and costs, then demanding and supplying parties collaboratively are able to 
deliver the highest possible benefit to the mutual advantage of both demanding and supplying 
parties (Vogtlander 2001) (figure 1). 
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Figure 1: Basic transaction model between value, price and costs 

3 DYNAMIC CONTROL TO INCREASE BENEFIT 

Instead of enforcing the initial planned performance against a fixed price calculated in the first 
phase of the project, the price is based on the actually delivered performance at the end of the 
project. The final price goes up to the initially set maximum guaranteed price, not exceeding the 
planned budget of the client. The range between initial price and maximum budget is the client’s 
“control budget” for dealing with problems of perception and additional value to be delivered 
during the process. In addition, the contractor is able to reserve budget for investments to reduce 
costs or increase value (figure 2). This approach can be defined for the project only, but can be 
extended to the whole life, and can be applied to a variety of contract formats, from build-only 
contracts to more inclusive “DBFMOT” kinds of contracts. 
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Figure 2: Dynamic control strategies to increase the total benefit 

4 VALUE AND COSTS AS CHANGING VARIABLES IN TIME 

The world and thus the built environment are changing while buildings themselves are static. A 
list of influencing factors can be given, which are subject to changes. First of all the users with 
their wishes and requirements. Then the surroundings with the associated stakeholders. Further, 
the regulations for what should be established and what is allowed in buildings change continu-
ously. Then, the technology is in a constant acceleration. Also the climate is changing with rain-
fall, winds and temperature. Last but not least the financial situations are changing continu-
ously. The changing world makes that a client should be aware of changing circumstances and 
changing insights which ask for ‘living buildings’. Changes are regular instead of exceptions 
and should be incorporated in the contracts between demanding and supplying parties.  

Nevertheless, an initiative for a construction or building project can be conditioned and lim-
ited in a first stage of a project. First of all the value should not be less than a certain minimum 
value. That defines the Design Program (Austin & Thomson 1999). The value is also limited by 
all types of boundary conditions, which together form a constraint. The difference between the 
minimum value and the actual value is limited by the boundary conditions which can be consid-
ered as a set of opportunities. Then, the costs should not exceed a certain maximum. That is the 
available budget. The initial estimation of the costs can be considered as a minimum. The reason 
is perception which in all cases leads to an underestimation of costs. The difference between the 
maximum costs and the minimum costs can be considered to be the “risk budget” (Figure 3).  
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Figure 3: Essence of delivering value in the built environment 

5 IMPLICATIONS FOR PROJECT ORGANISATION AND CONTROL 

The main condition for dynamic control is the dynamic coupling between the three variables 
value, price and costs. In fact, two complex and multi-dimensional transfer functions should be 
established between value and price on the one hand, and price and costs on the other. The dy-
namic relation between the value and the price leads to a set of system specifications represent-
ing the system with value on the one hand and the price on the other. From the system specifica-
tions the client is to get an idea of the value, whereas the system specifications give the client 
the opportunity to pay a price for the delivered system. An exploration of the dynamic coupling 
between price and costs leads to the system (object, building, structure) itself as a mean to indi-

 



 

cate the different cost types and the risk involved with the different tasks to be performed. For 
suppliers the difference between price and costs equals the sum of risks and profit (figure 4). 
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Figure 4: Dynamic coupling of value, price and costs 
 
With the introduction of dynamic control the problem arises how to control the process. In fact 
for dynamic control the system behaviour at the top level should be quantified in value, price 
and costs, whereas the work will be done at the lower scale levels. A smart decomposition of the 
system can be helpful to reduce complexity and to improve control. Two types of part systems 
play an important role (De Ridder 1994). The first type is a subsystem, which is defined as a 
subset of elements of the system with conservation of all original relations between all elements. 
The second type is an aspect system which is defined as a subset of the relations of the system 
including all elements of the system (In ’t Veld 1992).  

Subsystems refer to “things” and can be formed such that interactions and communications 
are simplified. (Kickert 1979). The “nearly decomposition rule” of Simon (Simon 1969) leads to 
the formation of subsystems. The consequence of this rule in terms of decomposition is that re-
lationships inside the subsystems are maximised and relationships outside the subsystems are 
minimised. 

Aspect systems refer to the issues or topics of a system and finally the behaviour of the sys-
tem as a whole. It is clear that the costs at system level can be considered as aspect systems. For 
instance operational costs are a subset of the total lifecycle costs. It can be seen that a technical 
value as for instance “energy consumption” is also an aspect system. The same is true for a 
functional aspect such as pumping capacity for a pumping station. It becomes difficult for the 
“psychic value”. In most cases a reference building is used for aesthetic value or luxury level. 
When using aspect systems, value and costs can be controlled dynamically as well as top-down 
(figure 5). 
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Figure 5: Simplified control of subsystems and aspect systems 

 



 

6 IMPLICATIONS FOR CONSTRUCTION CLIENTS’ PROCUREMENT 

In the LBC approach the main issue for clients is to accept that value and costs are variables in 
time, set within a number of limitations but subject to the creativity and inventiveness of suppli-
ers. Clients do so by defining an ‘area of interest’ rather than a fixed demand for a fixed price 
(Figure 6). 
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Figure 6: Client’s area of interest 
 
Based on the area of interest, the line C1-P1-V1 in figure 7 represents system 1 delivered by sup-
plier 1, characterised by Value V1, Price P1 and Costs C1. The line C2-P2-V2 represents system 2 
delivered by supplier 2. It is easy for the client to determine the best “value for money”. The 
supplier offering the system with the smallest alpha should be the winner in the competition. In 
the case of two suppliers both providers fulfil the basics requirements: V1 ≥ Vmin and V2 ≥ Vmin 
(figure 7). 
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Figure 7: Selection of suppliers 
 

The need for ‘living buildings’ requires a ‘dynamic contract’ in which the relation between 
value delivered and price to be paid is fixed. The simplest relation between value delivered and 
price to be paid is a straight line connecting the initial value-price proposal of the winning com-
petitor with the origin. Hence any change in value can simply be quantified and thus paid for. 
However, the range and the impact of unforeseen changes must be limited. The boundaries of 
the changes are defined in the contract. In case changes appear to be too big, an additional con-
tract will need to accommodate these changes. In most cases clients are willing to accept 
changes to the price up to a guaranteed maximum price (Boukendour & Bah 2001).  

When a change occurs, it is easy to establish the actual performance of the system using the 
same aspect systems. First the aspect systems are made dimensionless and can therefore be con-
sidered as vectors. When using dimensionless linear vectors, it is possible to add the different 
value dimensions in order to establish a dimensionless total value. Then the ratio of the actual 
performance and the initial performance can be used to establish the price (De Ridder 2002). 

 



 

Another way to arrange a coupling between the two variables value and costs is using scenarios. 
The client defines a few virtual and extreme scenarios with respect to psychic value, functional 
value and technical value which should virtually be realized 5 years after the start of the project. 
These scenarios are defined as a minimum and a maximum of the base case (figure 8).  
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Figure 8: Minimum and maximum scenarios 
 
The suppliers are invited to make a price for each scenario, which is rather simple because the 
scenarios are well defined. The price of an actual change can easily be determined from the sce-
narios, based on the magnitude of the change and the time if its occurrence, related to the sce-
nario (figure 9).  
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Figure 9: Change to the scenario 

7 IMPLICATIONS FOR CONSTRUCTION FIRMS’ DELIVERY 

Suppliers are supposed to add value. This is only possible when they have full insight in the be-
haviour and the costs of their competitive offer. That means that they should sell only an aggre-
gate of standard products belonging to product families and product modules, which result in a 
unique client specific solution. The development of product families is a result of market re-
search and technical research. This is neither the case in the traditional situation nor in the 
DBFMO intermediate situation. The path towards a push market in the construction industry is 
shown in figure 10. A higher level of standardization will not only lead to better and cheaper so-
lutions but also to significantly lower transaction costs when compared with the traditional 
situation. The difference is that the supplier will offer his own product, and possesses all related 
knowledge needed to supply the product. 
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Figure 10: Path toward push market in construction 

 



 

8 FIRST EXPERIMENTAL APPLICATIONS 
8.1 School building 
In 2006 an LBC experiment was done in the Netherlands on a school building. The experiment 
includes a dynamically controlled DBMO contract for a new school building. The client  budget 
was 17 million Euro. The application of LBC encountered specific problems with the perform-
ance measurement and the way to make the actual performance reimbursable. The first task was 
to make an appropriate procedure in order to select and contract a contractor according to the 
principles of LBC. In addition, the procedure had to comply with European regulations. 

The starting point for the school was a preliminary design which represented the present in-
sight in the operations of the school, both in functions as well as processes. The client gave in-
sight in a few possible scenarios, which were helpful for suppliers in order to make a design 
which was adaptive against low costs. Two scenarios were considered: (1) a functional scenario 
in which the building is portioned in a large number of rooms, which could be used autono-
mously with respect to the function, climate and energy consumption, (2) a technical scenario in 
which the installations (electrical, water supply, climate, waste water capacity, etc) were 
changed significantly. In addition, the design of the school building was fixed at the start. Sup-
pliers are invited to present a school at one scale level lower than the preliminary design, give 
an initial price for their delivery, and to specify the aspect systems on which the value will be 
measured. 

The final formation of performance aspect systems and the way they were to be measured 
were subject to contract negotiations, which took place after awarding the contract. These aspect 
systems played an important role as they were to reflect both the client’s interests in the facility, 
as well as the contractor’s and suppliers’ cost profile in an acceptable way. The costs of the 
transformation itself were not incorporated in the lifecycle costs and thus the price to be paid for 
the total facility. However, an extra amount of money will always be charged in order to avoid 
too frequent changes. In that way a threshold will be built in to accommodate changes.  

8.2 Hospital building 
In 2006 LBC was applied to the redevelopment of an existing hospital which was built before in 
1983. Due to changing policy by the national and local government, changing finances of 
healthcare, and increased commercial possibilities in the healthcare sector, the management of 
the hospital decided to rebuild the hospital and change it into a healthcare centre with multiple 
services added to it. Application of LBC has been studies for this particular case and indicated 
possible benefits, particularly because healthcare policies are bound to be changing further dur-
ing the coming years. So this calls for flexibility of the building and the services in and around 
the new healthcare centre, and the contractual setting too. Besides healthcare demand and tech-
nology change fast. LBC has been particularly beneficial because it increases transparency and 
speed of the first phase of the project because all stakeholders are involved from the very start, 
and client requirements and wishes are captured in a minimum brief. In this particular case, a 
normal briefing process would have taken too much time. The LBC consortium was invited to 
deliver an integrated solution, the complete new building including all services and technology, 
and offering solutions to keep the building flexible. In order to increase the commercial possi-
bilities and to ensure sufficient resources for the project, the main solution was found in physi-
cally disconnecting core facilities of the total centre from additional services, and reintegrating 
parts of them flexibly to the hospital. This enables the hospital to flexibly make use of the addi-
tional services, and enable them to deliver services to others at the same time too, which in-
creases financial benefits. 

The schedule for this project is rather tight, for redeveloping hospitals. In the first half of 
2007, the brief will be developed further. By the Summer of 2007 the tender should be issued, 
in order to start construction by the end of 2007 or beginning of 2008. The entire project should 
be delivered in 2010. This requires a fast process, particularly at the start, to ensure parties to go 
ahead with their parts of the project, and be sure everyone understands the project, and feels 
comfortable with it. This was achieved by an ‘integrated business case approach’. All demand-
ing as well as supplying parties have partnered to find an optimal solution from both sides, op-
timizing the value-revenues-price balance from the demand side, and the value-price-costs bal-

 



 

 

ance from the supply side. Next both are brought together into a “life cycle transaction”, to con-
clude on an integrated business case by optimizing the value-revenues-price-costs balance over 
the life cycle for the total healthcare centre.  

9 CONCLUDING REMARKS 

LBC concept represents a new and comprehensive approach to demand and delivery of built 
services, based on a dynamic approach to the construction process and the life cycle. It solves 
problems of perception and process statics. It offers great potential advantages to demanding 
parties (clients, users etc.) as well as supplying parties (contractor, suppliers etc.). Particularly 
the continued dynamic approach, performance measurement and involvement of parties through 
the life cycle imply a great endeavour for clients as well as suppliers. After the first application 
of LBC to a school building, the application of LBC applied to a healthcare facility indicates 
that LBC seems beneficial here too. It is particularly beneficial because of the dynamic charac-
ter of healthcare, caused by changing policies towards healthcare in general, and thus healthcare 
facilities and buildings in particular.  

LBC enables the measurement of value and cost in projects during execution but also during 
the use of a building, determining when action should be taken in the case of changing scenarios 
which form a basis to plan and control the changes needed. When measuring the changed value 
using LBC, it also forms the basis of the associated price to be paid. As the suppliers will be in-
vited to bid on a base case and predetermined scenarios, the risks are minimal. In consequence 
the transaction costs will be reduced significantly. In this way, LBC achieves its goal which is 
to maximise and balance the benefit for all parties at the end of a project and during the use 
phase, i.e. maximum added value for the client and maximum suppliers’ profits. The case of the 
healthcare centre has demonstrated that LBC is beneficial for healthcare facilities, particularly 
because of the dynamic character of healthcare demands and its context (interest of society, 
regulations, technology). LBC has offered solutions to cope with the changes and accommodate 
these in the built facility. 
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1 INTRODUCTION 

There are various reasons why a building undergoes changes after it has been put to use. Some-
times a building changes a user and therefore new set of requirements may appear. In other case, 
for example, a building’s performance was not satisfactory in the first place. In this work we 
deal with the later one, since many buildings fail to meet the required performance and after a 
short period of being utilized are subject to the ‘improvements’. Unfortunately, many projects 
and the issues related to their successful or unsuccessful use remain a hidden knowledge for a 
few directly involved or affected by it. This slows down the learning curve of the building in-
dustry. First issue is, the evaluation of a building in use happens rarely. Secondly, when the 
changes happen, those are again ad hoc. Also little is known forehand whether a decision made 
was a correct one and whether by changing perhaps another aspect a more desirable effect could 
be achieved. And finally, after a change is made, there is no systematic method into establishing 
the effect of change on a building performance. In this paper, based on one case study, a method 
will be explained that enables knowledge modeling and provides a focused approach to neces-
sary design changes in order to improve building’s performance. So what is a consequence of 
not having a proper knowledge management and knowledge modeling of buildings? When a 
performance of a building is not satisfactory and several improvements are carried out over the 
years to improve the performance, but lacking a real insight into the effect of change, sometimes 
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ABSTRACT: After a building is put into use there is often a need for some improvements since 
a building’s performance was unsatisfactory. In order to learn about building performance fail-
ures and to be able to propose necessary improvements, adequate building related data should 
be obtained. Data mining, which is also known as knowledge discovery, is extremely important 
for various fields since a lot of knowledge can be hidden in data. There are numerous relation-
ships present between specific data items, which should be discovered with the appropriate 
methods. Data mining is slowly gaining on gravity in the architectural/design field as well. The 
application will be shown through a case study. In May 2000 a questionnaire regarding the per-
ception of public safety and comfort at Rijswijk underground train station in the Netherlands 
was developed and distributed. Knowledge modeling was done using neuro-fuzzy system and 
sensitivity analysis was used to elicit knowledge from the knowledge base.   

Based on the results of 2000, the underground train station was improved on several design 
issues. Six years later, the same questionnaire was handed out to measure the effect of change. 
In this paper, firstly case dtudy will be briefly explained followed by knowledge modeling by 
neuro-fuzzy system and knowledge elicitation by sensitivity analysis. Based on a questionnaire 
from 2006 and comparison with results of 2000, using data mining techniques, it is possible to 
measure the effect of a specific design change on a building’s performance in terms of public 
safety and comfort.  
 



a hasty decision is made to demolish a building. Occasionally whole neighborhoods are being 
demolished because the area seems to be publicly unsafe and therefore demolition seems to be 
‘the best solution’ for solving the problem and replacing buildings by new design, which again 
does not guarantee a success. It goes without saying that such decisions can have an impact on 
the environment by producing additional building waste. It is very important to design in a way 
that future generations can adapt buildings for their own needs, meaning that way of construct-
ing should provide some adaptation possibilities but even more, a building should have own 
electronic dossier, including a history of changes, the effects of changes, etc. This implies that 
there is a need to develop sustainable knowledge management of buildings so that it is possible 
to trace the changes and moreover to learn about their effects.   

With this work we contribute to sustainable knowledge management regarding buildings and 
all changes that they undergo before they are demolished.  

2 CASE STUDY: RIJSWIJK UNDERGROUND TRAIN STATION 

The development of a framework for knowledge model and data collection and analysis in 2000 
was a part of PhD thesis (Durmisevic, 2002). The PhD thesis considered in total four stations 
for cross-data analysis. In this paper, focus is only on one station, since this station did most of 
design changes so that a follow-up study could have been conducted in 2006.  

As a case study, an underground train station in the Netherlands is considered. Rijswijk train 
station is a so-called linear station, meaning that there is only one train level without any ex-
change areas. The main entrance is located on a large square and the only visible aspect that 
suggests the presence of train station (Piramideplein) is the glass pyramid (figure 1-left). The 
other entrance is at Churchilllaan and its sides are also made out of glass to provide enough day-
light at the entrance. The station is situated in a quiet area of Rijswijk, with mainly housing and 
offices nearby. Although the large shopping center is close to the station, this station remains 
isolated, with few visitors during day and night time, with exception of the rush hours (Durmis-
evic, 2002). 

 
     

 

 

 

Figure 1:  Main entrance at Piramideplein (left) and train platform (right) 
 
The train platforms are very long (figure 1-right). and two entrances mentioned earlier are 

placed at the ends of the platforms. 
In May 2000 a questionnaire regarding the perception of public safety and comfort at Ri-

jswijk underground train station was developed and distributed. In total, after consistency and 
data quality analysis, 246 responses were used for knowledge modeling. In 2004/2005 some de-
sign changes followed. These changes were:  
 

1. placement of the additional artificial lighting at underground train platforms to increase 
the overall lighting conditions (figure 2); 

 
 
 



 

 
Figure 2: Lighting conditions in 2000 (left) and 2006 (right) 

 
2. placement of the safety fences next to the stairways to avoid accidents if the elevators 

are used which are placed behind the stairs (figure 3); 

 
Figure 3: No safety fence in 2000 (left) and safety fence in 2006 (right) 
 

3. placement of the hand-supports on the original benches at train platforms mainly to dis-
courage homeless people to sleep on the benches (figure 4). 

 

 
Figure 4: No hand-supports on benches in 2000 (left) and hand-supports in 2006 (right) 
 

Next to these changes, which were mainly related to public safety, it is also important to note 
the following: 

- due to poor drainage the station had more frequent problems with unpleasant odor and nu-
merous stains on the walls and floor appeared; both of these issues were not the case in 2000; 

- in 2000 the trains stopped close to the main entrance (Piramideplein) and in 2006 the trains 
stoped in the middle, between the two exits, meaning that no matter which entrance was used 
quite a long distance should be walked before reaching a place where the train actually stopped; 

In July 2006 the same questionnaire was handed out and in total 303 questionnaires were 
used for knowledge modeling. The determinants, which are identified to be related to comfort 
and public safety are presented in figure 5 (Durmisevic et al., 2001a). During knowledge model-
ing these two dimensions are studied together so that the unexpected relationships between any 
model components are taken care of without any loss of model performance  



.  
 

Figure 5: Aspects determining public safety and comfort in underground stations 

3 NEED FOR KNOWLEDGE MODELING 

The knowledge model in this research adapts the sequential information transformation steps 
such as abstraction, association, classification, clustering, derivation and generalization. One 
of the important advantages having such analytical knowledge model is the possibility of deriv-
ing further important knowledge from the model itself. Such derived knowledge from the estab-
lished knowledge is referred to as meta-knowledge. 

In general we can classify two types of knowledge: explicit and tacit knowledge. Explicit 
knowledge can be easily represented and applied due to its precise an unambiguous nature. It is 
mostly embedded in building standards, regulations and design guidelines. On the other hand, 
tacit knowledge, firstly introduce by Polanyi (1958), is much more difficult to represent, capture 
and reuse since it is generally fuzzy, ambiguous and imprecise. It is a knowledge of experts re-
garding specific domain. Modeling tacit knowledge is a time consuming activity and knowledge 
models can be either data or expert driven. In first case, data driven knowledge models rely on 
large amount of data where some data mining techniques are applied for knowledge discovery 
and elicitation. Expert driven knowledge relies on one person’s/group of experts knowledge on 
a particular subject. This paper deals with the first one, data driven knowledge modeling.  

In this research data is collected from users of the underground station on two occasions. One 
in 2000, in order to obtain a reference point (0-measurement) for any changes occurring after-
wards. The second data collection was in 2006, after some design changes were actually real-
ized on a station. The purpose of second data collection was to measure the effect of design 
changes on a total building’s performance in terms of public safety and comfort.   

 As it can be seen in figure 5 the data at hand is qualitative and imprecise. This implies that 
special techniques, able to deal with ‘soft’ data, are required. In this work a combination of the 
Artificial Neural Network and Fuzzy Logic (Zadeh, 1965) is applied for knowledge modeling. 
This needs some further explanation. 

Buildings are complex environments rich in information and to establish the complete fuzzy 
rules dealing with the knowledge base is a remarkable task. To reduce the problem, the knowl-
edge base can be formed in a distributed and structured form by means of learning so that the 
structure so formed represents the fuzzy expert system altogether with the consistent rules in 
any complexity. Here the main task for consistent rules is to carry them out by means of learn-
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ing process, which should be specially designed for this purpose. The accomplishment of this 
structure can be achieved by means of a network operating with fuzzy computational units. 
Such structure can be a radial basis function network (RBFN). The general characteristics of 
such network are rather diverse and comprehensive with sound mathematical foundations. On 
one side they can be considered as multivariable multifunctional approximators using basis 
functions (Broomhead and Lowe, 1988) with functional interpolation and extrapolation capa-
bilities. On the other side they are equivalent to fuzzy logic systems under some lenient condi-
tions (Roger, 1990; Hunt, 1998). Due to these properties, conversely fuzzy logic systems can be 
used as universal approximators (Kosko, 1994; Wang, 1994). The general structure of a RBFN 
is shown in figure 6. 
 

 
 
Figure 6: Radial basis function networks for knowledge modeling 

 
Without loss of generality, the number of outputs in the network can be extended to a multi-

output case. In this research there are two dimensions at the output space (comfort and public 
safety). The network architecture consists of an input layer, a hidden layer and an output layer. 
The hidden layer consists of a set of radial basis functions as nodes. Each node has a parameter 
vector c defining a cluster center dimension of which is equal to the input vector. The hidden 
layer node calculates the Euclidean distance between the center and the network’s input vector. 
The distance calculated is used to determine the radial base function output. Conventionally, all 
the radial basis functions in the hidden layer nodes are the same type and usually Gaussian. The 
response of the output layer node(s) can be seen as a map f: Rn → R, of the form 

 
f(x) = Σ wi Φ(||x - ci||)2  
 
Here the summation is over the number of training data N. ci (i=1,2,….N) is the i-th center 

which may be equal to the input vector xi  or may be determined in some other way.   Once the 
basis function outputs are determined, the connection weights from hidden layer to the output 
are determined from a linear set of equations. As a result, accurate functional approximation is 
obtained. The complexity increases as the size of the training data increases. For a large data set, 
this may become unpractical, and therefore it is desirable to use limited number of hidden layer 
nodes in place of having a number equal to N. 

The mathematical model employed is a multivariable functional approximation structured in 
a neuro-fuzzy knowledge representation form. The advantage of such structure is that the 
knowledge can be effectively modelled by such system with appropriate learning strategy.  

Such form, is compatible with a fuzzy logic structure as the radial basis functions play the 
role of fuzzy membership functions (Cios et al., 1998) and the output is a fuzzy decision-
making based on the soft (fuzzy) architectural design data. In particular, the machine learning 
method used is orthogonal least squares (OLS) method (Chen et al., 1991), which is the essen-
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tial requirement to use for machine learning in this particular knowledge modeling research 
(Dirmisevic, et.al, 2001b). 

Having finalized the knowledge modeling, the sensitivity analysis is carried out. The sensitiv-
ity analysis is a method used for determining the dependency of the output of a model on the in-
formation fed into the model. In other words, sensitivity analysis "studies the relationships be-
tween information flowing in and out of the model" (Saltelli, et. al., 2000). The whole procedure 
is summarized in figure 7. 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 7: Towards a sustainable knowledge management of building information 

 
As it was mentioned earlier, in order to measure the effect of change it is first of all necessary 

to conduct a 0-meassurement where data is obtained for the first time. The main characteristics 
of a building represent input for a model and final outputs can be seen as a diagnosis of a build-
ing, which in this case represents a performance in terms of public safety and comfort. A neuro-
fuzzy system is used to match input with the output and establish the weights. Thereafter, based 
on sensitivity analysis the treatment/improvements can be suggested, which are based on the 
knowledge model outcomes. From this point changes can be realized and later on the same loop 
is run. In this way the changes and the effect of changes are efficiently recorded and managed. 
This can help construction industry to learn faster about successes and failures of particular 
buildings, their context and set of constrains.   

4 KNOWLEDGE MODELING AND RESULTS 

In 2006 there were in total 303 cases used for knowledge modeling. The actual data and training 
data are given in figure 8. We have used 80 hidden nodes which best represents the current data. 
Having modeled the knowledge it became obvious that very few cases were present for the 0.9 
range for comfort estimate, meaning that very few people found the station successful in terms 
of comfort (only 2.31%). If any predictions were to be made for the 0.9 range than it could be 
expected that the errors would be higher, than for predictions between 0.1 and 0.7. It is possible 
to exclude the 0.9 range but the experiments showed that the model performance for other 
ranges did not significantly improve.   

Having trained the network, sensitivity analysis was used to establish the relative importance 
of aspects in relation to public safety and comfort. In table 1 and table 2 only the top 5 aspects 
are shown for the year 2000 and 2006. 
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Table 1:  The hierarchical order of sensitivity analysis results for safety for Rijswijk station for the year 
2000 and 2006 
Hierarchical order 2000 for safety Hierarchical order 2006 for safety 

 
1.safety in surrounding 1. safety in surrounding 
2.few people during night 2. pleasantness daylight 
3.few people daytime 3. few people daytime 
4.ventilation of entrance 4. placement of direction boards 
5. number of signboards 5. noise 

 
Table 2: The hierarchical order of sensitivity analysis results for comfort for Rijswijk station for the year 
2000 and 2006 
Hierarchical order 2000 for comfort Hierarchical order 2006 for comfort 

 
1. pleasantness train platform 1. pleasantness train platform 
2. spatial proportions 2. maintenance 
3. safety in surrounding 3. platform width 
4. overview of entrance area 4. placement of direction boards 
5. platform height 5. pleasantness daylight 

 
Figure 8 shows a comparison of building performance for public safety and comfort for dif-

ferent year periods. Comparing the average grades, a 10% increase in the perception of public 
safety is observed while at the same time a 10% decrease in the perception of comfort is ob-
served. 
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Figure 8: The average grade for public safety and comfort for the year 2000 and 2006 
 

Improving the light conditions, placing safety fence and placing hand-rails on the benches 
had an accumulated effect and improved the performance of a building in terms of public safety 
by 10%. On the other hand, neglecting issues related to comfort, such as for example the main-
tenance issue related to poor drainage and bad odor had a negative impact and therefore resulted 
in 10% decrease of buildings performance in terms of comfort. Since maintenance is neglected a 
much higher costs can be expected now in order to repair the damage. 

5 CONCLUSIONS 

This paper demonstrated a methodology developed for efficient knowledge management and 
knowledge modeling of building performance in terms of public safety and comfort. Using 
neuro-fuzzy system together with the sensitivity analysis showed to be a good indicator of the 
‘pain points’ in the buildings and also provide means to measure the effect of change on the 
building performance taking into account the presence of all other aspects at the same time. It is 
difficult to imagine how the change of one aspects can effect the performance and perception of 



other aspects in the model. The methodology explained in this paper shows a way to better un-
derstand the effect of changes and to approach the ‘improvements’ in a more responsible way. 

With this work we contribute to sustainable knowledge management regarding buildings and 
all changes that they undergo before they are demolished. It helps the design community and 
construction industry lo learn faster about successes and failures of building performances and 
therefore work towards more sustainable built environments which do not require such frequent 
changes due to performance failures.  
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1 INTRODUCTION 

The successful implementation of sustainable energy systems (SES) in new building develop-
ment projects involves consideration of integration and performance related issues from the ear-
liest design stages through to installation and commissioning.  In the earliest design stage when 
the design concept is being developed identification of key issues affecting the suitability of 
SES to a project and the types of impact of these have on other building design aspects are 
needed quickly.  As design development moves onto the initial detailed design stage, when costs 
are typically being set, the costs and benefits of SES need to be evaluated.  This evaluation is 
mainly site or project specific.  Therefore through early design stages of a project the type of in-
formation needed to inform decisions evolves from being qualitative to being more quantifiable. 
 

To address this evolution of information needs and better inform design teams on the implica-
tions of successfully using SES and also meet the requirements of Article 5 of the Energy Per-
formance of Buildings Directive (EPBD) (Anon. 2002), in large new building projects, the Sus-
tainable Energy Authority of Ireland (SEI) commissioned a national study of alternative energy 
systems, i.e. equivalent to SES.  This resulted in the development of an online application, 
which is an evaluation tool for early design stages, called the Planning Assessment Software for 
Sustainable Energy Systems (PASSES). 
 

The PASSES online application is a dynamic website based tool hosted online where regis-
tered users have access to a three level evaluation tool and a wide range of information on 13 
different SES.  This paper outlines the structure and functionality of the evaluation element of 
this application as well as the methodological frameworks developed to distill the types of in-
formation needed to inform early design stage decision making. 

2 SUSTAINABLE ENERGY SYSTEMS 

There are a wide range of sustainable energy systems in the market with new ones under devel-
opment for future wider commercialisation, e.g. fuel cells.  Many SES currently in the market 

Early design stage evaluation tool for sustainable energy systems 
in large new buildings 
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ABSTRACT: The paper outlines a new online planning assessment application for assess-
ment of 13 different sustainable energy technologies for large new buildings.  Key factors that 
influence the performance of each technology are outlined highlighting typical values and 
ranges set for user adjustment. The overall structure of a 3 level qualitative and quantitative as-
sessment procedure will be presented along with the methodological framework of early design 
stage contextual constraints between generic building types and technologies.   
 



have been commercially available for many years and have been subject to product refinement 
to achieve optimum performance and robustness; these can be considered technologically ma-
ture.  Essentially SES are designed to provide a more sustainable solution to meeting some type 
of energy end use demand in a building, as follows: 
 Heating 
 Cooling 
 Power (electricity) 
 Combined 

 
Within each of these categories SES deliver the type of energy from a natural resource, e.g. 

solar, wind, flowing water or low grade heat, or a renewable fuel, e.g. biomass, biogas or waste 
heat from other processes.  The suitability and performance of SES therefore is generally a func-
tion of the availability of a resource or fuel and matching of the availability profile with the de-
mand profile of an energy end use.  The former is driven by a project and sites context and the 
latter by building function, usage and thermal performance. 

 
The SES were selected, see below, for inclusion in the online application/tool to reflect the 

Irish context, in terms of renewable resources and fuel availability, and the main energy end use 
categories in the national stock of new buildings over 1,000m2.   
 Biogas 
 Biomass heating 
 District or block heating 
 Heat pumps 
 Solar water heating 
 Absorption cooling 
 District or block cooling 
 Photovoltaic 
 Wind 
 Combined Heat & Power (CHP) 
 Biomass CHP 
 Combined, Cooling, Heat & Power (CCHP) 

2.1 Heating 
The size of SES in the heating category is a function of the total heating demand. This is derived 
from building annual unit energy end use demand and floor area for a conventional gas, oil or 
electric heating system and the typical cost effective proportion of this demand to be met by the 
SES, resulting in a sizing estimation of each SES.  The parameters influencing this sizing esti-
mation vary for each SES. 
 

The main factor influencing the performance and therefore size and associated CO2 emis-
sions of biogas heating plant, anaerobic digestor type, to meet the calculated annual energy de-
mand is seasonal efficiency.  This is typically equivalent to that of a conventional gas boiler, 
i.e.73%.  As feedstock supply costs can vary widely the assumption is made that a gate fee is 
charged such that the operator does not have to pay for waste type feedstock. 

 
Biomass heating requires the purchase of biomass fuel, e.g. pellets or woodchips, which va-

ries depending on type and scale of delivery, see Table 1 below.  
 
Table 1 Biomass fuel unit costs 
Biomass fuel Unit cost  

(€/kWh) 
Commercial scale wood chips (max. 25% moisture content) 0.027 
Commercial scale wood pellets (bulk delivery) 0.036 
Commercial scale wood pellets (bagged) 0.056 
Domestic scale wood pellets (bulk delivery) 0.034 
Domestic scale wood pellets (bagged) 0.064 



The CO2 emission benefit of biomass fuels is complex but is mainly influenced by delivery 
distance.  For example, where biomass fuel is sourced from within 40km of the building it can 
be considered, on balance, to have zero CO2 emissions, whereas a factor is applied if the dis-
tance for delivery is greater.  The default factor adopted is 0.00014kgCO2/kWh. 

 
Whilst the main advantage of district or block heating is the opportunity for economies of 

scale that enable use of large scale renewable heat sources the centralized energy centres of 
these are typically direct equivalents to combined heat and power (CHP) plants which are dealt 
with in more detail in the ‘Combined’ section of this paper.  However, in addition to this district 
or block heating in comparison with local heating systems have the advantage of higher season-
al efficiencies, e.g. up to 90%.   

 
Heat pumps essentially provide a more efficient use of electricity than conventional electric 

heating resulting in lower CO2 emissions.  The two main types of heat pump are ground source 
and air source with coefficients of performance of 2.0 and 4.0 respectively. The main difference 
in heat pump costs and benefits is due to the proportion of the buildings total heating demand 
that can be met.  For ground source type heat pumps this is constrained by available land area, 
and similarly the length of the ground loop determines the amount of parasitic energy consumed 
by a circulating pump, therefore length factors are included for different horizontal and vertical 
ground loop situations, see Table 2 below. 
 
Table 2 Ground loop length factors 
Ground loop type Underground type Length factor  

(m/kW) 
Horizontal Moist, cohesive soil 22 
Horizontal Water saturated sand or gravel 14 
Vertical Poor underground (dry sediment) 40 
Vertical Normal underground and water 

saturated sediment 
17 

Vertical  Consolidated rock 12 
 

As optimal, cost effective application of a solar water heating system will typically result in 
meeting 50% of hot water demand in Ireland, this is the target set for calculating system size, 
cost and CO2 savings.  Under optimum building integration, i.e. orientation and tilt, the nominal 
annual output of collector arrays are within the range 450 to 800kWh/m2. This output is affected 
by collector type, orientation, tilt and shading.  Therefore, calculation of nominal output pro-
vides for user selection for each of these.  

2.2 Cooling 
The size of SES in the cooling category is based on the total cooling demand derived from 
building annual unit energy end use demand and floor area for a conventional electric vapour 
compression chiller with a COP of 3.0.  The factors influencing the sizing and CO2 emission 
savings vary for each SES. 
 

As the average coefficient of performance (COP) of an absorption cooling system, e.g. 1.0, is 
one third of that of a conventional electrical vapour compression unit, e.g. 3.0, the greatest CO2 
saving benefit is achieved by harnessing a nearby waste heat stream, e.g. from a nearby indus-
trial process. Additionally, the most significant factor in both the COP and capital cost is wheth-
er the system is a double or single-effect type.  Both these aspects of absorption cooling costs 
and benefits are accommodated explicitly in the calculation set with user selections available. 

 
The main comparative benefit of district or block cooling is economies of scale, similar to 

those for district heating, which result in enhancing the economic viability of centralised absorp-
tion cooling plants. Due to large scale of district or block cooling systems only double-effect ab-
sorption cooling types are available in this calculation set. 

 



Ground coupled cooling systems make use of either aquifers or underground air labyrinth’s 
as free cooling or low grade heat sources. The potential for CO2 emission reduction is signifi-
cant where for example aquifer based cooling has typical COP of 10. Optimum cost effective 
application of either of these produces different amounts of cooling and therefore different pro-
portions of total cooling demand, i.e. 100% and 50% respectively. This is mainly due to the typ-
ical COP and seasonal peak thermal heat capacity of each, i.e. aquifer 10 and 50W/m2 and air 
labyrinth 7 and 25W/m2 respectively. These performance factors are explicit in the calculation 
set. 

2.3 Power (electricity) 
Calculation of the costs and benefits of SES in the power category are based on the baseload 
electricity demand derived as a nominal proportion of total electricity demand based on building 
annual unit energy end use demand, i.e. cooling, fans & pumps, lighting and other electric, and 
floor area. The parameters influencing the sizing and CO2 emission savings vary for each SES. 
 

Photovoltaic (PV) systems have a large range of performance characteristics that vary across 
the different types available.  Primarily these include rated output per unit area and annual out-
put per unit of rated output, which are a function of PV type and solar resource access, e.g. 
orientation, tilt, overshadowing, and balance of system components respectively. Each of these 
factors can be user selected from a range of default values. 

 
Wind systems in building projects can be either of the small, building integrated scale or me-

dium to large stand-alone turbine scale, each having different unit capital costs, e.g. €3,500/kWe 
to €7,500/kWe respectively.  This is the main difference as effective power output is more scal-
able and more significantly influenced by site characteristics such as average wind speed, con-
sistency of direction and local turbulence. Each of these site characteristics can be adjusted in-
dividually by the user. 

2.4 Combined 
Calculation of the costs and benefits of SES in the combined category are based on an heat led 
approach to sizing and therefore centre on the baseload heating demand derived from building 
annual unit energy end use demand and floor area. The parameters influencing the sizing and 
CO2 emission savings vary for each SES. 
 

The three main types of combined heat & power (CHP) are conventional fuel, biomass and 
combined, cooling heat & power (CCHP).  The main differences in costs and benefits between 
each are a function of the heat load diversity factor, optimum annual operating hours, overall 
seasonal efficiency and unit capital cost as tabulated in Table 3 below. These parameters can be 
adjusted within predefined ranges by the user. 
  
 Table 3 CHP main variations of economic and environmental performance parameters 
Performance parameter CHP Biomass CHP CCHP 
Heat load diversity factor (%) 70 50 60 
Optimum annual operating hours (hrs) 4,000 8,000 6,000 
Overall seasonal efficiency (%) 85 85 (wood pellets) 

75 (wood chips) 
85 

Unit capital cost (€/kWe) 1,150 4,000 1,250 

3 STRUCTURE 

The PASSES evaluation tool has a three level structure, Level 1, Level 2 and Level 3, designed 
to reflect the different types of information both available and needed to inform decision making 
at the options, outline and initial detailed design stages.  The guidance and outputs from the tool 



are based on the two core information and data elements of buildings and technologies (i.e. 
SES). 
 

Levels 1 and 2 are based on qualitative characterisation of building energy demands and de-
sign aspects that impact on successful integration of SES and characterisation of the primary 
factors influencing suitability of SES to a building.  Level 1 and 2 outputs are based on green, 
amber and red flags for each combination of building type(s) and SES.  The flags represent high 
applicability, general applicability and not likely to be applicable respectively. 

 
Level 3 provides quantified output based on economic and environmental performance calcu-

lation sets.  This level is designed to produce output that can be used to readily evaluate the 
costs and benefits of design options that include appropriate SES.  The outputs of this level see 
Table 4, can be used directly to inform design decisions during the initial detailed design stage. 
 
Table 4 Level 3 output metrics 
Level 3 metric Unit 
Capital cost € 
Annual CO2 saved tonnesCO2/yr 
Annual fuel cost saving € 
Simple payback period Yrs 
Net Present Value € 
Internal Rate of Return % 
NPV per unit of annual CO2 saved €/tonneCO2 

4 QUALITATIVE GUIDANCE 

Level 1 provides a comparison of the building specific and SES specific characteristics with 
minimum inputs from the user, i.e. building type(s) and floor area only.  This is reflective of the 
earliest stage of a buildings’ design where the main information known about the project is type 
or function and approximate size.  Providing an early indication of the suitability of SES enables 
designers to include these types of solutions within their design criteria as the concept develops. 
 

Qualitative characteristics of generic energy demands and generic system integration issues 
were developed for 44 of the most common large new building types in Ireland, see examples in 
Table 5 below.  Similarly, qualitative characteristics of SES building application were devel-
oped for each of the 13 SES, see biogas example in Table 6 below.  Level 1 output flags are 
based on a cross-referencing of building type characteristics and SES applicability characteris-
tics. 
 
Table 5 Example building type qualitative characterisation 
Building type Generic energy demand Generic system integration 
Civic - Courts Medium power demand, medium space heating, 

minimal cooling, small HW; profile is daytime 
peak; not weekends 

May be land area (car parks), 
large roof area, possibly space 
for plant, limited staff availabili-
ty. 

Civic - Garda HQ 
and Control Cen-
tres 

Medium demand for power, space heating and 
cooling; limited HW demand; profile 24/7 with 
daytime peak 

May be some land area, large 
roof area, may be space for plant, 
limited staff availability. 

Civic – Libraries Small/medium demand for power, space heating, 
some cooling, limited HW; profile mainly day-
time and evenings, 6 days/week. 

May be some land area (car 
parks), medium/large roof area, 
may be space for plant, limited 
staff availability. 

 
 
 
 



Table 6 Example Biogas applicability qualitative characterisation 
Applicability SES building application 
GREEN building types with high and constant heating/hot water requirements (in heating sea-

son at least) and a reliable feedstock supply 
AMBER building types with medium and fairly constant heating/hot water requirements (in 

heating season at least) and a reliable feedstock supply 
RED building types with low or highly unpredictable heating/hot water demands or unrelia-

ble feedstock source 
 

Level 2 is effectively a refinement of Level 1 where more detail on relevant characteristics of 
the site and project, see Table 7 below, are used to determine the most suitable SES.  Comple-
tion of this level enables users to identify and include any provisions necessary in the building 
design process to accommodate particular SES.  An example of this would be the inclusion of 
rooftop panels in drawings submitted for outline planning to accommodate solar water heating.  
Level 2 asks the user a series of contextual questions which have an impact on both resource 
and fuel availability and potential for building integration.  Where relevant the user’s answers to 
these questions causes an adjustment of the flags output for each technology, see Table 8 below. 
 
Table 7 Site and project contextual characteristics 
Primary issue Secondary factor 
District heating Site heating networks 
Solar Orientation 

Shading 
Wind Turbulence – small, building integrated turbines 

Turbulence – medium to large stand-alone turbines 
Floor space Plantroom 

Fuel storage and management 
Site geology Site hydrology 

River or stream 
Weir 
Canal/lake/reservoir 
Aquifer 

Biogas feedstock None 
Waste heat None 
Designated areas 
(e.g. national park 
etc.) 

None 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 8 Example Level 2 contextual questions and resultant flag adjustments 

5 EVALUATING ENVIRONMENTAL AND ECONOMIC IMPACTS 

Level 3 provides quantification of the environmental and economic costs and benefits of appro-
priate SES to the building type(s) selected by the user.  This evaluation adresses the key factors 
that affect the economic and environmental performance of each of the SES listed in Table 2 
above.  These factors include general and technology parameters as well as building annual 
energy end use demands. 
 

General parameters are those which are common for all SES and include retail prices for 
energy and fuel, CO2 emission factors, annual operational hours for heating and cooling and fi-
nancial forecasting, e.g. discount rate.  These values are set centrally by the website administra-
tor. 

 
Building annual unit energy end use demands (kWh/yr/m2) were developed for each of the 44 

building types.  These were derived by deconstructing available existing energy consumption 
benchmarks for, where possible, each end use and fabric and system performance standards in 
use at the time of original publishing and then reconstructing for 2006 regulatory standards1.  
This process produced a series of new minimum annual energy end use consumption bench-
marks that are used as default values in the Level 3 calculations.  However, the user is also pro-
vided with the option of either inputting their own values or selecting good practice, best prac-
tice and advanced energy standards which result in adjustment of the minimum energy 
consumption figures by the predefined factors tabulated in Table 6 below. 
 
Table 6 Building end use energy demand adjustment factors 
Energy end-
use 

Delivered 
heating 

Delivered 
DHW 

Space 
cooling 

Fans & 
pumps 

Lighting Other 
electric 

Good prac-
tice 

20% 10% 5% 5% 10% 5% 

Best prac-
tice 

40% 20% 10% 10% 20% 10% 

Advanced 60% 30% 15% 15% 30% 15% 

Question Question text SES ap-
plicable to 

Yes No Not sure 

Orientation Will the building(s) 
have a roof area 
oriented between 
south-east and south-
west, or a flat roof?  If 
not, can it be orientated 
so it will? 

solar PV; 
Solar water 
heating; so-
lar space 
heating 

no 
change + 
prompt 
Q2.1 

change 
to amber + 
reduce 
energy 
output of 
solar sys-
tems by 
20% + 
prompt 
Q2.1 

no change 
+ address 
cautionary 
note + 
prompt Q2.1 

Shading Will or can the roof 
area be generally free 
from overshadowing 
for most of the day 
from other buildings or 
structures? 

solar PV; 
Solar water 
heating; so-
lar space 
heating 

no 
change 

change 
to amber + 
reduce 
energy 
output of 
solar sys-
tems  + 
show cau-
tionary 
note  

no change 
+ address 
cautionary 
note 



 
Generally, the main performance requirements are calculated for each SES technology; see 

sections 5.1 to 5.4 below, and an equivalent non-sustainable or conventional system, e.g. elec-
tric vapour-compression chillers, to enable estimation and comparison of costs and CO2 emis-
sions.  This framework is based on those developed in the London Renewables Toolkit (Anon. 
2004) but that has been developed to provide an additional degree of site and SES specific cha-
racteristics. 

 
The difference in energy consumption, primary fuel costs and resultant CO2 emissions are 

then calculated.  For example, the CO2 savings from use of a solar water heating system depend 
mainly on the amount of conventionally heated hot water offset by the system plus any emis-
sions resulting from parasitic energy consumption, e.g. a circulating pump.  This involves esti-
mating the yield from a solar water heating system as a function of solar access, panel type and 
hot water demand due to building type.   

6 CONCLUSION 

The paper has outlined the structure and content of a multi-stage design tool for the evaluation 
of SES in large new buildings. The development of this has been shown to accommodate both 
qualitative and quantitative characterisation of SES and buildings to support the evolution of in-
formation availability and needs as a building design develops from the earliest stages up to ini-
tial detailed design.  
 

The online evaluation tool described provides a useful framework for further development of 
detail in either building energy demands or SES performance characteristics that become increa-
singly important as a design develops beyond the stage of initial detailed design. A key value of 
the tool is the breadth of issues covered in a single source and the ability to compare issues, im-
plications, costs and benefits across the full range of appropriate technologically mature SES in 
Ireland. 

 
The structure and online basis of the tool provides an easily accessible resource with clear 

rules of thumb type guidance and calculated outputs to inform and support design making on the 
use of SES in buildings. The transparency of the tool will result in added value to the user where 
repetitive use will increase understanding about deeper technical and design issues. As oppor-
tunities for optimum application of SES are typically either lost or found in the earliest design 
stages of a project this tool has the potential of increasing consideration and uptake of SES. 
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1 INTRODUCTION 

The environmental impacts of buildings occur throughout all life cycle phases: Starting with the 
production of the building materials, followed by the construction and operation and renova-
tions of the building, until the final demolition and disposal of wastes. To overcome the shifting 
of burdens from one life cycle phase to another when deciding between options, the life cycle 
perspective needs to be regarded by the design and planning teams. 

Hence, the overall environmental performance of a building can significantly be enhanced 
when it is designed regarding the life cycle perspective and the impacts of all building aspects. 
Green design provides uncountable numbers of options for the planners. But unlike to industrial 
products, each building design has its very specific requirements by the user, the owner, the 
building’s local conditions and the design team. Therefore, an environmental assessment of a 
building needs to be tailored to the unique building and carried out according to the specific de-
sign and surrounding conditions. At the same time, the building assessment has to be applicable 
in practice and needs to fit to the workflow of the design team. The trade-off between accuracy 
in the analysis of the building and appropriateness of the involved effort is of crucial importance 
for efficient application of life cycle based environmental assessment. 

Environmental product declarations (EPD) according to ISO 14025 provide comparable and 
reliable information on the environmental performance of products. They contain verified data 
of Life Cycle Assessments (LCA) of the product and are based on both, consistent background 
data and manufacturer specific data. Current developments in standardization of frameworks for 
sustainability building assessment systems build on the use of EPDs to cover environmental as-
pects of construction, e.g. as foreseen in CEN / TC 350. 
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options, the life cycle perspective needs to be regarded by the design and planning teams. An 
environmental assessment needs to be tailored to the unique building and carried out according 
to specific design and surrounding conditions. At the same time, the building assessment has to 
be applicable in practice.  

Environmental product declarations (EPD) according to ISO 14025 provide comparable and re-
liable information on the environmental performance of products. They contain verified data of 
Life Cycle Assessments (LCA) of the product and are based on both, consistent background 
data and manufacturer specific data. Current developments in standardization of frameworks for 
sustainability building assessment systems build on the use of EPDs to cover environmental as-
pects of construction, e.g. as foreseen in CEN / TC 350.  



This paper will introduce how to efficiently analyse the environmental life cycle performance of 
buildings. It will focus on current developments in generating EPDs and the future use of EPDs 
in building assessment.  

 
2 ENVIRONMENTAL PRODUCT DECLARATIONS (EPD) 

Environmental Product Declarations according to ISO 14025 (also known as ISO Type III la-
bels) communicate product specific results from a Life Cycle Assessment according to ISO 
14040 in a formalized and comparable way. Besides LCA results, EPDs declare other environ-
mentally relevant issues, which are not covered by LCA, like technical data or information on 
special substances. 

For the generation of EPDs, three different general steps can be distinguished. 1) The stan-
dard sets the framework for EPD programmes and the validation of EPDs. 2) Within the EPD 
programmes, detailed rules for the LCA of defined product categories are elaborated by the pro-
gramme holder: "Product category rules” (PCR documents). This encloses the requirements for 
additional information. 3) According to these rules, the data for the EPD for the respective 
product category is gathered and documented. 

An Environmental Declaration Programme provides both general and product category-
specific prescriptions for data collection, handling and calculation rules. In the product category 
rules (PCR) i.e., a set of specific rules, requirements, and guidelines for developing Type III en-
vironmental declarations for one or more product categories are contained. A multi-stakeholder 
open consultation process approves the PCRs. General idea behind EPDs is not to give criteria 
for assessment, preference or minimum levels to be met, but to provide information on which 
the customer can compare products by comparing the quantified results.  

EPD programmes can be found in several European countries, many of them specialized for 
the building sector. Environmental product declarations are a very young communication tool 
and quite obviously their diffusion by companies is fairly limited in absolute numbers. In Ger-
many, the only type III EPD program is for building products. It was developed in 2004 by 
AUB (Association of Building Product Producers and Distributors / Arbeitsgemeinschaft Um-
weltverträgliches Bauprodukt e.V., see www.bau-umwelt.de). One of the most important appli-
cations of EPDs in the building and construction sector is the use for the environmental assess-
ment of buildings. 

As programme holder, the AUB organizes all steps which are required for the EPD genera-
tion. Up to now 14 PCRs for different construction products are developed. PCRs are verified 
by the independent advisory board, EPDs are verified by verifiers authorized by the independent 
advisory board, a certification is not requested. The AUB program is supported by several gov-
ernmental organisations, like the Federal Ministry for Transport and Construction (BMVBS), 
the German EPA (UBA), the German Institute for Building Technology (DIBt) and the Federal 
Institute for Materials Research and Testing (BAM).  

Content and environmental indicators in an AUB-EPD  
EPDs according to the AUB system contain the following chapters:  

Summary 
0. Product definition  
1. Raw materials 
2. Manufacturing of the building product 
3. Working with the building product 
4. Building product in use 
5. Singular effects 
6. End of life phase 
7. Life cycle assessment 
8. Evidence and verification 
9. References 

 
The summary of the EPD (1 page) contains the results of the life cycle assessment (LCA) con-
ducted according to the ISO 14040 series. A tabular overview, as defined in the AUB frame-
work for EPDs, provides information on the following environmental indicators (see figure 1): 



1. Primary energy, non-renewable 
2. Primary energy, renewable 
3. Global Warming Potential (GWP) 
4. Ozone Depletion Potential (ODP) 
5. Acidification Potential (AP) 
6. Eutrophication Potential (EP) 
7. Photochemical Ozone Creation Potential (POCP) 
 

 Titanium zinc sheet 

 Parameter Unit per kg 
Sum of 

production and 
recycling 
potential 

Production Recycling  
potential 

Primary energy, non-renewable [MJ] 16.3 45.5 - 29.2 

Primary energy, renewable [MJ] 0.9 3.8 - 2.9 

Global Warming Potential (GWP)  [kg CO2 eqv.] 0.96 2.62 - 1.65 

Ozone Depletion Potential (ODP)  [kg R11 eqv.] 0.18 * 10-6 0.56 * 10-6 - 0.39 * 10-6 

Acidification Potential (AP)  [kg SO2 eqv.] 3.32 * 10-3 13.5 * 10-3 - 10.2 * 10-3 

Eutrophication Potential (EP)  [kg PO4 eqv.] 0.28 * 10-3 1.03 * 10-3 - 0.76 * 10-3 
Photochemical Ozone Creation 
Potential (POCP)  

[kg ethene eqv.] 0.29 * 10-3 1.10 * 10-3 - 0.80 * 10-3 
 

Figure 1: Environmental indicators in an AUB EPD on the example of a titanium zinc sheet 
 

3 ASSESSMENT AND CERTIFICATION OF THE SUSTAINABILITY OF BUILDINGS 

Background 
Being amongst the most active industries, the building industry significantly characterizes a 
country’s overall appearance. It also draws upon major parts of the country’s energy and re-
source demands to construct, maintain and use the built environment. Forward-looking actors in 
the industry’s value-chain show rising consideration for the concept of sustainable building and 
construction. This is mainly driven by a grown awareness to environmental issues like climate 
change and resource depletion, rising requirements of investors and building occupants to health 
& comfort aspects and economic efficiency goals in the construction / use phase of a building. 

Designing and constructing tomorrow’s buildings bears a high social and environmental re-
sponsibility. Today’s challenge for architects and planners, investors and operators, building 
material producers and building contractors means sustainable and efficient building and con-
struction. Sustainable building and construction considers social, economic and environmental 
aspects of producing, operating and demolition of the built environment. Because all buildings 
are unique objects, a sustainability evaluation on the building level is prerequisite. The instru-
ment “Certificate of the sustainability of buildings” serves this purpose.  

The German expert panel “Round Table for Sustainable Construction” is currently providing 
indicators and discusses quantification issues to reach a consensus. It consults the ministry in 
improving guidelines and bringing these into practical use. The German Sustainable Building 
Council will accept the challenge of implementing these guidelines and further national and in-
ternational agreements into practice. 

The Sustainability Certification System of the German Sustainable Building Council (GeSBC) 
The German Sustainable Building Council (GeSBC), which is currently being established, in-
tends to fostering and implementing sustainable building and construction through its members. 
The aim of the association is to provide a certification system for buildings to provide a certifi-
cate on the sustainability of a building for investors, owners and occupants. The certificate is in 
line with the international standards for sustainability assessment of buildings under develop-
ment e.g. as foreseen in CEN / TC 350.  

The application of the system, which is currently being tested in its preliminary version, is 
tailored to the high quality German requirements but will be also applicable in an international 
context. This is due to the fact that German building techniques and solutions to support sus-



tainability have a very good repetition in other countries. One of the main principles of the certi-
fication system is to provide a systemic view on the entire building and to integrate the life cy-
cle perspective adequately. This allows fair evaluation of building elements within the building. 

The GeSBC building assessment system follows the principles: 
1. Sequential certification: The building assessment starts with setting individual objec-

tives and results in a certificate of the approval of these objectives. The assessment fits 
with the workflow of the planner, which includes a balanced demand for and provision 
of information at the right points of time in the planning procedure.  

2. Design flexibility: The application of the assessment system does not hinder architects 
and planners in their design flexibility.  

3. System view and life cycle perspective: The big picture view on the entire building is 
basis for efficient sustainable construction. The life cycle perspective prevents shift of 
burdens. EPDs are regarded as one important communication instrument for the system. 

4. Individual references and focal areas: The assessment reference draws back the local 
references and surrounding conditions. Focal points are determined individually, base-
line quality requirements ensure a high overarching quality level. 

 
As a general rule, the GeSBC certification system will base its life cycle related information 

on EPDs. Considering the life cycle perspective is amongst the main principles of the system. 
The concept of sustainability is accordingly translated to the building sector and is addressed in 
the GeSBC certification system in five categories:  

1. Economic aspects  
2. Protection of resources (input side of environmental aspects: depletion / landuse) 
3. Protection of nature (impacts on the natural environment) 
4. Health and comfort (impacts on the user of the building) 
5. Societal aspects and surrounding 
 

Result of the assessment will be a certificate, differentiated into five stars (gold or silver level), 
according to the areas of protection. Basic requirements on the entire quality of the building 
have to be fulfilled in any case. To come to a result for each area of protection, even if an indi-
cator is today not quantifiable (e.g. simulation of VOC concentration in a room of a building 
based on emission rates of the building products), the aspects can be aggregated to the result. 
But it is always the goal to do the quantification on the indicator level. 
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Figure 2: Overview on the assessment scheme: Differentiation into building aspects, indicators and areas 
of protection  
 
The life cycle perspective will be addressed in the certification system for the economic aspects 
by considering the life cycle costs of the building and for the environmental aspects by applying 
life cycle models which give quantified results for the environmental aspects protection of re-
sources and nature. 



 
4 THE USE OF ENVIRONMENTAL PRODUCT DECLARATIONS IN THE GESBC 
CERTIFICATION SYSTEM 

Within the GeSBC sustainability assessment system and in accordance to the upcoming interna-
tional standards, it is foreseen to integrate EPD information on different levels: 

1. Big picture view on the entire building over its life cycle: Background information for a 
“model specification LCA” 

2. Quantification of the sustainability performance of specific building aspects in detailed 
assessments 

Information transfer from EPDs to the assessment system 
The environmental indicators provided in EPDs from the AUB system match perfectly with 

the environmental information needed on indicator level for the “Protection of resources” and 
“Protection of nature” areas of sustainability in the building assessment system of the GeSBC. 
Figure 3 represents this matching of currently available information from product specific EPDs 
or EPD-based databases on construction materials. 
 

 
 
Figure 3: Environmental indicators in the GeSBC assessment system and provided in EPDs from the 
AUB system 

 
Currently no sufficiently proven scientific sound and applicable methods exist for land use 

and abiotic resource depletion which allow integrating quantifiable information into either of the 
systems. Currently, effort is undertaken to provide methods and data for both indicators and it is 
expected that in the next year, quantifiable data for an assessment is available. 

Application of EPD-based information within the GeSBC system 

1. Background information for building LCAs 
Ending this year, initiated by the German Federal Ministry for Transport and Construction, a 
project is ongoing which aims at building up an LCA database for building materials. This data-
base delivers average datasets on materials and building elements, provided and reviewed by 
manufacturer associations. This data is suitable for environmental life cycle assessments in early 
project phases, where manufacturer-specific information is not available or known. The aggre-
gated information represents the planner’s knowledge at that planning point of time.  

The information of the EPD-based database on average product level will be the underlying 
environmental information for the life cycle assessment of the entire building. It will be used to 
provide the big picture view on the entire building. This helps focusing on the relevant parts of 
the building’s life cycle.  



In practice, two general approaches will be followed when carrying out LCA studies for an 
entire building for the aforementioned purpose. One will be to specify a pre-defined life cycle 
model of a building by entering easily available technical information on the building. This kind 
of study will be based on a “building model specification LCA”. This model already exist for 
the building type “residential housing” and will be adapted for further building types in near fu-
ture.  

The second approach will be a (eventually web-based) modular approach, which allows com-
bining LCAs of construction elements, building services, room specification, exteriors, etc. to a 
complete building LCA. In this “modular building LCA” approach, the level of detail can vary 
between the different modules according to the (environmental) relevance and available infor-
mation.  

Both approaches, the building model specification LCA and the modular building LCA, will 
be based on the same LCA database for building materials. As explained before, this database 
will contain EPD-based aggregated LCA information. 

2. Building product specific LCA information 
The second area of applying EPDs in the building assessment system is for environmental 
evaluation on product level. In an advanced planning point of time, product specific EPDs pro-
vide verified and quantified information on indicator level, which allow an unbiased environ-
mental evaluation. Using LCA information on indicator level prevent from getting assessment 
results on unjustified - because building and situation independent - pre-rated information.  

When assessing e.g. different flooring products, average information is not sufficient from 
the occupant’s point of view for all aspects. The occupant is interested in the calculation results 
of the specific flooring within the specific building and situation. Additional product specific 
relevant information, e.g. VOC emission values for flooring products, are part of chapter 8 of an 
AUB EPD “Evidence and verifications”. 

This product specific assessment allows referring environmental effects and benefits to the 
products under consideration. This supports the manufacturers’ efforts to provide exact informa-
tion and allows tracing and displaying product improvements.  

 
5 CONCLUSIONS AND OUTLOOK 

A fair and unbiased sustainability building assessment requires verified and quantified informa-
tion about environmental aspects of the building’s elements. The life cycle perspective avoids 
shifting of burdens and is widely considered being the main principle of sustainability assess-
ments. This is reflected in the ongoing international standardization activities on sustainability 
assessment of buildings. 

The sustainability assessment system of the GeSBC incorporates the German LCA database 
for construction materials and manufacturer specific EPDs. This integrative approach ensures 
consistency of the underlying environmental information and the exact matching of provided 
indicators for the sustainability assessment. 

The system will be in line with the upcoming international standards on sustainability as-
sessment. Verified Environmental Product Declarations play a crucial role in granting a fair and 
unbiased assessment system.  
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INTRODUCTION 

In our research existing indicator tools have been analysed and an important issue has been 
detected: How efficiently does the tool achieve sustainability? 

We call efficiency the relation between the quality of the assessment and the effort necessary 
to create and proceed the information for the evaluation. 

We consider that building’s sustainability assessment tools need a standard to question their 
efficiency. The consequence is that sometimes they are too expensive, complicated to use, and 
far from their initial function: to inform about the sustainability level of the building and, more 
globally,  helping to make the buildings more sustainable. 

The reflections of this document arose in order to answer to the questions of the authors col-
laborating with the Verde Tool, managed by the GBC Spanish team. The results of this coopera-
tion have been presented in 2005 in Tokyo, during the  Sustainability Building Congress SB05. 
Many of the questions expressed in this document have been reported during the Congress, 
where we tried to give clear answers, adapted to the particular conditions of Spain. 

In this paper we propose five criteria which take in consideration efficiency aspects. These 
aspects, in our opinion, should be fulfilled by the sustainability assessment tools in order to en-
sure their quality, their usability, their economy and their utility to orient the user toward sus-
tainability. 

These criteria are:  
1) The score as reflection of sustainability;  
2) Economic viability of use;  

3) The profile of the user and the ambit of application of the tool should be clearly established.  
4) The tool should be given possibilities of change. It should suggest sustainable actions, each 
evaluation step should be possible to trace and the proposed project changes should be eco-
nomically viable. 

5) To be a Complete Model with the Minimum Number of indicators 
In this paper the five criteria are applied to important indicator tools as Casbee, Gbtool, Itaca, 

Leed. 

1.1 The score as reflection of sustainability 

At the level of tool this criteria points out what the final score say us…the level of sustainability 
of the building or something different? At level of the single indicator, the criteria point out how 
correctly the evaluation is.  

Some observation about the efficiency of building sustainability 
assessment tools 

C. Monterotti, & A. Cuchí Burgos 
Universitat Politècnica de Catalunya ,Barcelona, Spain 

ABSTRACT: This paper introduces an analysis about existing building sustainability assess-
ment tools. This analysis is based on five criteria that would detect how efficiently the tool can 
help to achieve sustainable buildings. 



The OECD (1993) asks that an indicator gives a representative image of environment condi-
tions and the pressure to the environment. We consider that the main objective of a building sus-
tainability assessment tool is to give an idea of the level of sustainability of a building. For this 
reason, we consider we have to avoid previous or foreign evaluation factors as, for example, 
comfort conditions, factors which have to be established before in the project, and be useful for 
the definition of the resources that we need to obtain these conditions. 
 Certain complexity appears in the discussion because there is more than one definition of sus-
tainability or more than one way to evaluate it, in different ambits. It could become even more 
complicated when we have to define the limits of what we want to measure, whatever is the en-
semble of buildings we investigate.  

We consider that while the smallest is the ambit of application (it could be ambit of: typol-
ogy, use or geography ), more valid is the tool evaluation. If we would work with geographical 
ambits (none of the tools really define and limit geographical ambit for its application) the 
building systems, the climatic conditions, the possible project alternatives, would be more real-
istic. 

In the evaluation of the single indicator it is important that the ranking change proportionally 
to the sustainable benefit. It would be possible to meet these errors that can generate wrong 
evaluations:  

1- Little efforts to improve the project could cause noticeable changes in the evaluation.  
2- Major efforts to improve the project could cause little changes in the evaluation, because 

of the quality of the information or its elaboration.  
3- The difference between the ranking value is not environmentally important. Or it would 

depend on uncontrollable factors. The difference between the ranking values would say how and 
how much we can improve the project. 

For example, the score given by Casbee does not include exclusively the environmental per-
formance of the building but it depends on other factors less relevant for the sustainability. Cas-
bee value: Building Environmental Efficiency = Building Environmental Quality & Perform-
ance / Reduction of Building Environmental Loading. This means that the environmental 
efficiency is considered directly proportional to the interior quality of the building, often get 
with a high energy cost. 

This kind of evaluation doesn’t give a limit to the outgoing resources and can evaluate as En-
vironmental Efficient a building with a good comfort level, but with a large use of energy, mate-
rial resource and water. And, on the contrary, evaluated as reduced Environmental Efficiency a 
building that respect the comfort standard and have a normal use of “Water resources, Materials 
of low environmental load, Natural Energy”.  

An unlimited improvement of comfort would be justify, with relative improvement of outgo-
ing resources, when the sustainability asks for the decrease of them.  

We will give more importance to the sustainability factors as Water resources, Materials of 
low environmental load, Natural Energy Utilisation of section Reduction of Building Environ-
mental Loading. 

Itaca includes seven sections, but only four are concerned, relatively directly, to the sustain-
ability: Transport, Resource Consumption, Exterior Ambient Quality, Environmental Loading. 
The other three sections are Interior Ambient Quality, Quality Of Service, Management Quality. 
They are related less directly with the sustainability. They include very important factors in a 
building project but not to assess its sustainability. Itaca touches severals aspects, as electro-
magnetism, acoustic comfort, and so on, which are very important for the comfort and wellness 
of building user, but not directly connected with sustainability.    

In Leed we find five items: Sustainable Sites, Water efficiency, Energy & Atmosphere, Mate-
rials & Resource, Innovation & Design Process, directly concerning the sustainability. Plus In-
door Environmental Quality that is not directly connected with sustainability. As a consequence 
the evaluation given by Leed will reflect the effort made for the environmental sustainability of 
the building.  

1.2 Economic viability of use 

This criteria would evaluate if the use of the tool is sufficiently inexpensive. The indicators will 
be measurable at reasonable cost. Moreover for this aspect it would be necessary to ask for 



every indicator to be clear in content: easily understandable, with units that make sense, ex-
pressed in imaginable, figures. 

Buildings are complex systems. In order to make a  model that would include all implied fac-
tors it is a complex and time consuming work. We need a lot of information for it. Reasonable 
cost is an important issue. Our proposal to simplify the collection of all needful information is 
that the tool would demand to the already available information of the project. Even more pos-
sible, the information would be expressly enunciated in the project. The cost to elaborate more 
information for the assessment is very high (it is the problem of various existing tools).  

The indirect measure of the building characteristics to simplify and reduce the cost of dates 
collection would be risky for the evaluation quality. It would be worse if the geographic range is 
large. The value would be defined at a reasonable cost. The effort to use the tool could be ac-
ceptable in relation to its utility. The cost to collect the dates would be proportional to the 
weight of indicators in the tool.  

For example, in Casbee, the indicator “Q-1, 1.1–Evaluate the level of indoor background 
noise produced by air conditioning and by external traffic noise (Db)” needs a complex and un-
usual calculation in a project  (at least in Spain). In GBTool we meet positive example when it 
asks dates that we can meet in the project. In the section Architectural Systems: “AR6 - Site 
area hard-paved, non-permeable (m²)”, OR “Site area landscaped with species not requiring 
watering (m²)”, OR “The volume of solid wastes resulting from the clearance of existing struc-
tures on the site that will not be sent to a solid waste facility (%), aggregate not in concrete 
(density in kg per m3 area )”, and so far. They are all indicators that demand dates that we can 
meet in the project, easily understandable, and as a consequence, limiting effort, economic in-
vestment and giving to the tool more possibility of success. 

1.3 The profile of the user and the ambit of application of the tool should be clearly estab-
lished.  

This criteria searches if the information could be transmitted adequately to the user –for that 
reason it is necessary that the user profile must be clear, and the objet application were well de-
fined. 

It is necessary to foresee who the tool user is. We consider the user would not be a special-
ised technical in the tool use, not implied in the project, generally. If we want that the tool will 
be really useful the user would be a professional imply in the project, and using more times the 
tool, he will know what are the changes to have a more sustainable building.  

It would be useful to foresee that the tool could have various kind of users. The evaluation 
could certify to the user that the building where he lives has defined environmental characteris-
tics. The promoter could use the tool to establish what are the necessary actions, and the relative 
costs, to have the desired environmental quality. The architect could use the tool to verify the 
environmental efficiency of the last version of the project. 

The ambit of application could be the Design Stage or the Use Stage. In the Use Stage the 
tool would evaluate a finished and no alterable product. If the idea of the tool were a guide to 
favour the building sustainability, it has to propose corrective actions, and the relative costs, in 
the project stage, when it is still possible to modify project decisions. 

In this way, Leed address to a technical person, it communicates with physical units, of mate-
rials to use, action to do. Leed not even asks what are the building CO2 emissions, something 
unusual for the technical of building sector. It just propose actions to limit the energy consump-
tion and the use of high emission resources, it aims at avoid the cause more that reduce the ef-
fect. For example in the section  Materials & Resources it asks: “a minimum of 20% of building 
materials that are manufactured regionally within a radius of 500 miles”, OR in the section En-
ergy &Atmosphere it asks “Supply a net fraction of the building’s total energy use (as expressed 
as a fraction of annual energy cost) through use of on-site renewable energy systems”. 

1.4 The tool should be given possibilities of change. It should suggest sustainable actions, 
each evaluation step should be possible to trace and the proposed project changes should be 
economically viable. 



This criteria demands that the tool gives and implements to the user to change the project and 
improve its sustainability. It could depend on: 
1 If every step of the evaluation is traceable; 
2 If the tool suggest sustainable actions of change 
3 If these actions have a reasonable cost.  

We consider that the purpose of these tools it’s not just the evaluation of environmental qual-
ity but to communicate it to the tool user. It is to give to the technical people the information 
that can impact their decisions, to influence the building sector and improve its sustainability. 
The purpose of this kind of tool would be to help the project decision process in the project 
stage to realise more sustainable constructions. The tool would be directed to a technical on  
building sector. In order to make more sustainable project, in state of a technical of the tool 
whose purpose could be just to assign a score. 

  For example in Casbee, these indicators suggest actions: LR3-3 Wind Damage & Sunlight 
obstruction and gives a table that associates the evaluation with the quantity of effort and ac-
complished actions. It value using dates found in the project. LR1-2 Natural energy utilisation: 
this indicator proposes actions to goad the use of natural energies.  

Leed indicators give to the user relevant information, that can influence his decisions. 
Example of the above are in the section Materials & Resources: “Building Reuse - Maintain 

100% of existing building structure and shell AND 50% non-shell (walls, floor coverings, and 
ceiling systems)”; “Construction Waste Management - Recycle and/or salvage at least 50% (by 
weight) of construction, demolition, and land clearing waste”. These indicators respect also the 
third point of this criteria (to propose actions with a reasonable cost), because the proposed ac-
tions have a reasonable cost, they are solutions that we can meet frequently in the building mar-
ket. 

What we don’t find in any tool, is the relation benefit/cost of proposed actions. It has no 
sense an evaluation based only in theoretical possibilities without the consideration of the nec-
essary economic investment. It would be very useful that the tool considers that we produce the 
investment in the more efficient way (The promoter asks: “how can I invest the first economical 
resources to obtain the best environmental improvement?”. The user asks: “How much money 
did they spend to improve the building sustainability?”). 

The cost of the evaluation of a project is not just to evaluate it not only the first time, but it is 
the effort to identify change options, and – and this is very important - to evaluate the benefit 
and the cost of every one of them. In relation to ranking definition would exist the possibility to 
apply new techniques existing in the market, that could give best results. It would exist the pos-
sibility to include also its cost.  

1.5 To be a complete model with the minimum number of indicators 

This criteria asks that the tool is complete, that it touches all the important items, but that the 
quantity of the indicators should be as limited as possible. It asks that repeated or unnecessary 
indicators were no present. 

We consider that in order to generate a complete model of the building we have to take in 
consideration all the flows –fuel, raw materials, water, and of course the soil- crossing the build-
ing in its life cycle: project stage, building stage and production of building materials, using and 
upkeep stage, demolition. 

It is very important that the quantity of indicators would be limited and all that would be nec-
essary. The tool will be composed only by the essential indicators, so its would be more com-
fortable and with an high throughput, to avoid contradictions or to take in consideration the 
same factor more than ones. 

In this sense, a lot of tools don’t take in consideration, for example, that the environmental 
loading are a consequence of resources consumption: after the use of the resources what remain 
are residue. The environmental loading are that waste disperse in the environment (air, water, 
soil). It is necessary avoid to consider two time the same factor, it is necessary avoid to consider 
both resource consumption and environmental loading.  



CONCLUSION 

As a conclusion, we present the proposal that a solvent institution - maybe iiSBE– could be-
gin to think as an aim at the definition of efficiency criteria for the building sustainability as-
sessment tools, and not only about their quality. 

The proposed criteria – or the ones that could arise with an ample argument–would be applied 
to existing tools, as in this document we have tried to achieve as an example, with some of the 
more well-known and prestigious existing tools. Also some standards could be elaborated to en-
sure the efficiency in the building sustainability assessment. 

Beyond of the paper aims – although very connected to them – we can find arguments about 
central factors in the building sustainability evaluation, as the sustainability concept that we also 
find behind every tool. We propose ethical use of the building, the concept of sustainability 
should be enunciated in every tool. so we very much hope that the finished building would 
never be used as torture centre or made with slave or children’s labour, even if have obtained a 
good score. 
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1 INTRODUCTION 

1.1  Contextualization 

The sector of civil construction is known as one of the most accountable for the environmental 
impacts in Brazil and in the world. From the great amount of natural resources used in all of its 
production processes, the project design concerning aesthetics only and the bad choices regard-
ing materials and environmental comfort concepts to the great amount of waste due to handi-
craft construction techniques used by unqualified labor (SILVA et al., 2000). 

As part of the strategies to fulfill the local environmental goals established in ECO 921, 
methodologies for buildings environmental performance evaluation arose both in Europe and 
North America. These methods had in common the main objective of stimulating the market 
demand for higher levels of environmental performance and focused exclusively on the envi-
ronmental dimension of sustainability, although the range of civil construction is wider, and 
consequently with a greater need for re-evaluation in all of its aspects, including economic and 
cultural, for sustainability is also based on social action and for all that it stands for: shelter, 
health and social interaction (COOK, 2001).  

The discussion of environmental impacts created by civil construction still requires 
deepening and specificity, as it is necessary to consider that different scopes are required for 
certain building typologies, according to its nature of use. Particularly, buildings housing 
healthcare services put higher pressure on the environment, because of their high water and 
energy use, which are indispensable for maintaining asepsis level, and because of the several 
pieces of equipment, essential to the core activity, 24 hours a day, 365 days a year. Therefore, 
conflicts between biosafety and water and energy saving may occur from any analysis. 

                                                      
1. United Nations Conference for Environment and Development, occurred in 1992 in the city of Rio 

de Janeiro, Brasil. 

Vitória’s healthcare buildings environmental performance based 
on LEED-NC 2.2   

L.S. Araujo & J.L. Calmon 
Universidade Federal do Espírito Santo, Vitória, Espírito Santo, Brazil 

ABSTRACT: This paper represents the sustainability and environmental responsibilities for 
healthcare buildings. To accomplish the goal of this research, it has been done a simulation of 
the LEED methodology in three different healthcare centers and had been based on the existing 
blue prints and interviews with people fully involved in the whole process, from the beginning 
on elaboration of the program requirement list of the building, the concept, design and 
execution. The methodology applied was based on the concept of sustainability and discussed 
about subjects such as, water, indoor air quality, thermal comfort, landscaping, renewable 
energy, VOC’s, with main goal to evaluate the environmental perception and sensibility of 
personnel  involved, making a connection between the score and the project. Showing first, the 
poor knowledge of the subject. The casual score was only in the indoor air quality and 
sustainable sites, missing the green thinking. Just the basic legislations were applied. 



Up to these days one can observe that buildings are constructed with potentially carcinogenic 
materials such as wood composites, which use glue for pressed wood of formaldehyde-base2. 
These spaces must stimulate the use of products free of persistent bio-accumulative toxins, of 
chemicals and heavy metals such as mercury, lead and chromium, and especially free of PVC 
materials which are the largest cause of dioxins, the most dangerous substance ever produced by 
man. Construction management of healthcare buildings must know more sustainable 
construction techniques, ensuring the existence of healthier environments for all (GGHC, 2004). 

1.2  Evaluation methods for environmental performance 

Practically every country in Europe, Asia, besides the USA and Canada, have their own evalua-
tion methods for environmental performance, and according to CIB3  (2000) their focuses are 
diversified according to each country’s reality and to its respective lacks and abundances of 
natural resources, climate factors and others. 

Yokoo (2005) highlights the main initiatives among the existing environmental performance 
evaluation systems, namely: BREEAM - Building Establishment Environmental Assessment 
Method; CASBEE- Comprehensive Assessment System for Building Environmental Efficiency; 
GBC - Green Building Challenge; LEED- Leadership in Energy and Environmental Design. 

Such publications are systemic environmental evaluation tools, internationally acknowledged, 
in some cases searching for a worldwide application of the methods. 

In the present paper LEED methodology will be used in order to evaluate healthcare stations 
in the city of Vitória. The authors’ choice for LEED was based on the fact that it is one of the 
most popular evaluation tools worldwide, and it has a simplified structure, assessing the sustain-
ability of the whole building performance. Based on well-founded scientific standards, LEED 
method emphasizes strategies for the local sustainable development, water saving, energy effi-
ciency, material selection and indoor air quality (USGBC, 2007). 

Comprising a checklist that attributes credits to the fulfillment of pre-established criteria, 
each criterion is divided into credits that are basically project, construction or management ac-
tions that contribute to the reduction of the environmental impacts of the buildings. LEED re-
sults from a balance between prescriptive credits and performance specification, having as pref-
erence the environmental principles by norms and recommendations by accredited institutions, 
and promotes the evaluation of the ‘green’ building by a 4 level certificate (USGBC, 2007). 

1.3 The municipalization concept and the healthcare stations in the city of Vitória 

Starting from the premise that a man lives in the town, actions were set for the primary health 
care, of municipal obligation. Inspired by the Alma Ata4 Conference, these actions contemplate 
education, nutrition, family care, immunization, sanitation, endemic disease control, treatment 
of common diseases, and essential medication supply (GÓES, 2006).  

Today in Brazil there are 3 categories of health care: primary, secondary5 and tertiary6. On 
the primary level of health care the actions developed are health promotion, protection and re-
covery at an ambulatory level, sanitation and simple diagnosis. These activities are performed 
by auxiliary, technical, including doctors, nurses and dentists. The physical structure for this 
primary health care is the health centers, projected for populations between 500 to 2,000 inhabi-
tants (GÓES, 2006). 

Of the 170 million people in Brazil, 71.20% have a regular health care assistance. More than 
30 million Brazilians have never gone to a dentist. A large part of Brazilian population is as-
sisted by the health care stations on regular basis, which represent 41.80% of the procedures. 

                                                      
2 Formaldehyde is a colorless gas generally used in water solution as a preservative and disinfectant. It 

may cause cancer in significant concentrations. 
3 CIB-International Council for Research in Innovation in Building and Construction 
4 International Conference on Primary Health Care, in 1978 in the city of Alma ATA (USSR) 
5 The secondary health care level develops support to the primary level. It comprises ambulatory assis-

tance and medical clinic, surgery, pediatrics, gynecology and obstetrics.    
6 The tertiary health care treats more complex system cases. 



Only 21.50% enter the system through hospitals, 19.70% are treated in a doctor’s office and 
8.30% in clinics. (DATASUS, 2002 apud KASTRUP, 2006) 

The information that around 47 million people enter the health care system in Brazil through 
the health care stations shows their value to the population in general. 

The city of Vitória, capital of the Espírito Santo State, is the largest island of a group of 33 is-
lands archipelago, and it is located on the southeastern region of Brazil, latitude 20º19'09" south 
and longitude 40º20'50" east of Greenwich. (PMV, 2007). 

The health care system of Vitória’s municipality comprises 28 basic units which provide 
medical and nursing assistance, psychological, social and dental care, blood pressure monitor-
ing, curatives, exam collection, nebulization, shots, vaccines, providing medication   assistance 
groups to several programs, and referencing for reference centers7  (PMV, 2007). 

Despite the fact of being considered one of the capitals of the country with highest life quality 
level, from the public health point-of-view the state capital was recognized by the Social Devel-
opment Ministry which ranked it in the top-12 of 400 cities regarding health care (PMV, 2007). 

These data stimulate the authors to invest in the search for improvement in the health care 
system once the quality of the facilities is part of this process according to Foucault (1990) apud 
Toledo (2006: p.17) who said: “[…] From the moment that the hospital is conceived as an in-
strument for healing, the architecture and the distribution of space become a therapeutic instru-
ment […]”. 

2 OBJECTIVES 

The objective of this article is to evaluate, based on the criteria established by the LEED-NC 2.2 
methodology, the environmental perception and the familiarity of the agents involved in all 
stages of the construction of health care stations in Vitória with the issue of environmental per-
formance, including the elaboration of the needs program, projects elaboration and proposed 
building execution and, yet, if there is concern about the benefits and harms that the constructed 
environment can bring/cause, perceiving to what extent the environmental performance subject 
is considered in the professional activities of doctors and designers involved in the process.  

3 METHODOLOGY 

Based on its objectives this research is characterized as descriptive accordingly to Gil (1996). 
All the architecture and engineering projects of 3 Health Care Units were analyzed based on the 
LEED-NC 2.2 methodology, with visits to the construction sites to assess the fidelity in project 
execution. From the technical procedures or research strategies point-of-view it assumes charac-
teristics of survey and case study. 

Regarding the data collection instrument, still accordingly to Gil (1996), semi-structured in-
terviews with the main agents involved in the construction of health care units in Vitória were 
carried out, aiming to complement the information gathered from projects and from the study of   
the interviewees’ perception of the main subject of this research, obtaining qualitative results, 
while when the methodology LEED is applied, the results are quantitative.  

3.1  Criteria used for the selection of analyzed works 

The paper analyzes 3 municipal health care units: Praia do Canto, Santo André and Jesus de 
Nazaré Units. The criteria for selection was defined by the social-economical diversity of the 
communities where the units were implemented, the different types of vertical circulation, the 
different architects responsible for the projects and the date the construction was finished.  

                                                      
7  Secondary health care level structure.  



3.2  Criteria used for interviews 

Eighteen people were interviewed: 5 architects (1 project coordinator), 6 engineers responsible 
for complementary projects, 2 engineers responsible for carrying out the works, 3 doctors and 2 
health care station coordinators. The same questions sequence was maintained for all interview-
ees, with some open questions that allowed the deepening in some aspects considered relevant, 
and the interview script was previously set and questions prepared in a way that the main sub-
jects evaluated by LEED were approached and the objective achieved.  

Questions were grouped, but the interviewee had no knowledge of such separation of sub-
jects. Initially, a profile of the professional was drawn: name; graduation; professional experi-
ence; main area of work area; if he/she had a specific formation on health area; how the subject 
hospital architecture was approached during his/her university studies. The knowledge on norms 
relative to the studied edifications typology, form of contract and even the personal satisfaction 
with the building final result were also approached. The questions and their objectives were the 
same for all people interviewed and were grouped in blocks that are presented with their respec-
tive objects.  

Block 1 – Legislation involved and the command over the necessities program: the objective 
was to assess the interviewee’s knowledge regarding legislation and regulating norms such as:  
ANVISA RDC-50/2002 resolution (BRASIL, 2002); Health State Office norms; municipal code 
of posture of works; Urban Director Plan; flow and hierarchy of medical services. That way 
perceiving during the interview the familiarity of the person and his/her capacity to interpret the 
needs program, adjusting it to the many norms pertinent to hospital buildings.    

Block 2 – Correlation between architecture with the health issue: the objective was to assess 
the interviewee’s knowledge of the subject and if there is knowledge and sensibility to the bene-
fits and harm that architecture and constructed environment can bring to health. 

Block 3 – Environmental performance: the objective was to assess the interviewee’s knowl-
edge on the environmental impact of buildings and see to what extent the environmental per-
formance subject is known and considered in his/her activity. 

Questions were also made based on the criteria evaluated by LEED-NC 2.2 and grouped 
within each parameter analyzed: 

Block 4 – Sustainable Site: the objective was to assess the interviewee’s knowledge on the 
selection of the lot; correlation between the selected lot, the surroundings and the community; 
and available means of transportation   

Block 5 – The water and its optimized usage: the objective was to assess the interviewee’s 
knowledge on the problematic of the water issue and proposals for solutions of the building en-
vironmental impact on the subject.  

Block 6 – Energy and atmosphere: the objective was to assess the interviewee’s knowledge 
on energy efficiency; alternative sources of energy and ozone layer depletion. And to perceive 
the familiarity of the person interviewed with the proposed questions and the correlation made 
to seek the answers before the subject. 

Block 7 – Materials and resources: the objective was to assess the interviewee’s knowledge 
regarding concepts and definitions of issues such as products recycling; post- and pre-consumer; 
waste management; extraction and manufacturing of specified and used products. 

Block 8 – Building indoor air quality: the objective was to assess the interviewee’s knowl-
edge regarding the materials toxicity and environmental comfort. 

 Block 9 – Innovations and Design Process: the objective was to perceive the interviewee’s 
interest in research and propose innovations in the projects and work execution, and to assess 
the knowledge and level of professional update regarding new technologies applied on civil 
construction; ability to project when facing complex programs and to propose innovations and 
architectural solutions. 

Block 10 – Satisfaction and results: the objective was to perceive the interviewee awareness 
regarding the final result, and what would the suggestions be within the subjects: form of hiring; 
contractor’s interference; post-occupation evaluation; ranking of the final work results. 



4 RESULTS ANALISYS 

4.1 Discussion regarding the knowledge and domain of Legislation and Necessities Program 

All the people interviewed demonstrated to know the legislations (despite not considering it 
clear and objective); however, the knowledge of the services hierarchy is unsatisfactory, with 
the need of always being revised by the project coordinators of the constructions municipal 
agency when the preliminary studies are delivered. The project designers do not receive a flow-
chart of the services to be accomplished, and one architect said that in order to solve the pro-
gram they consider a puzzle, it is enough to distribute everything along a corridor and you are 
complying with the norm. None of them said to have chosen to work in the health area but that 
the market had led them to the hospital buildings project for different reasons. Not one designer 
have any kind of specific complementary studies for this type of edifications. 

4.2 Discussion of the correlation between architecture and results in health 

Despite the fact that the people interviewed admitted a direct link between the constructed envi-
ronment and the results in health, they said that the simple fulfillment of norms guarantees a 
healthy hospital building, “after all, norms exist for a reason. The consequences of the contact of 
some of the materials commonly used in the construction and the assembly of the constructed 
ambient have on human health are completely unknown and disregarded. 

4.3 Regarding the knowledge on the subject environment performance 

Environment performance, which is the central subject of this research, is not well understood 
by architects, doctors and health station coordinators, who confuse the term with environment 
comfort or even physical comfort. An architect said that his project contemplated environment 
comfort to the users because the room chairs were close to the office doors.  

Following, the discussion will take place regarding each criteria analyzed by the LEED-NC 
version 2.2, citing the LEED-NC 2.2 manual credit (USSGBC, 2005) whenever necessary, to 
which the discussion refers to. 

4.4 Discussion of the results within the LEED methodology criteria  

4.4.1 The environmental performance level of some edifications that house healthcare stations 
in Vitória according to LEED-NC 2.2 methodology 
The evaluation results of the 3 Health Care Units of Vitória are presented, accordingly to the 
criteria presented by the LEED-NC and Table 1 shows the summary of the results.  
  

Table 1.  Summary of the evaluation results of healthcare stations according to LEED-NC 2.2 criteria 
LEED Criteria Possible 

Points 
Unit 
Praia do Canto 

Unit 
Santo André 

Unit 
Jesus de Nazaré 

Sustainable sites  14 5 points 6 points 5 points 
Rational Use of Water 5 0  0  0  
Energy and Atmosphere 17 0  0  0  
Materials and Resources 13 0  0  0  
Indoor Air Quality 15 3 points 3 points 4 points 
Innovations and Design Process 5 0  0  0 
Points total 69 8 points 9 points 9 points 

4.4.2 The design process 
The SEMOB – Vitória Municipal Construction Agency maintains a project sector to carry out 
the city construction projects. However, this is not enough to meet the demands to prepare all 
the projects in the city, making it necessary to hire the services of other professionals in the city.  

The services are hired through public biddings based on the necessities program established 
by SEMU – Municipal Health Office. The architect responsible for the project is also in charge 
of hiring the complementary and engineering projects, which he also coordinates. 



The SEMOB project coordination team developed a book with specifications where finishing 
and other materials are standardized to all units. This book is supplied to the architect so that 
adaptations and adjustments to these standards, such as color, counter measurements, materials, 
etc. can be made depending on the project in development. 

4.4.3 Discussion regarding the sustainable sites criteria LEED-NC version 2.2  
In the stage of terrain or sustainable site selection, it can also be observed that scoring of points 
is present on the Public Transportation Access (SS credit 4.1), which is a determinant condition 
upon the site selection, since the public health service serves mid-low-class and low-class popu-
lation, which need public transportation. It was noticed the lack of concern with stimulating the 
alternative transportation: parking spaces are small not to encourage the use of alternative trans-
portation, but because the project designers were unable to carry out the program in smaller ar-
eas and leave part of the area for parking spaces (SS credit 4.4). Some of the interviewees re-
lated that fact with sadness, stating that they would like to have put one parking space for each 
professional that could afford a car. None of the constructions have bicycle storage. The perme-
ability rate is always limited to the minimum levels and it was noticed in the interviews that the 
goal is only to comply with the obligatory urbanistic indexes and not a concern with soil absorp-
tion (SS credit 6.1). Any attempts to reduce the heat islands could not be verified in any of the 
projects (SS credit 7.1 e 7.2). Regarding the reduction of light pollution (SS credit 8) the scoring 
of points was due to savings in the execution stage and not because of the non-disturbance of 
the surroundings. 

4.4.4  Discussion regarding the LEED-NC version 2.2 rational use of water criterion 
None of the works scored points in the rational use of water criteria, irrigation and garden wa-
tering is done using potable water from the concessionary (WE credit 1.2.). Although part of the 
hired projects scopes, landscaping is always left aside or executed with plants from the munici-
pal botanical garden, and not following the project. Pluvial waters is considered within hidro-
sanitary project traditional norms only for redirecting precipitation on the roof coverings, and its 
capture for reuse is not considered by project designers, who also did not foresee, even for fu-
ture implementation, a treatment station for waste water (WE credit 3.2). Project designers ar-
gue that hydraulic equipment specifications come from the Construction Agency and there is a 
standard for all healthcare units. There is no cost benefit relation and it was noticed that most of 
the decisions are made based on the economical factor, aiming to costs reduction and savings in 
short-term. None of the people involved knows the average consumption of a healthcare unit, so 
that they are not concerned about using low-consumption equipment.  

4.4.5 Discussion regarding the LEED-NC version 2.2 Energy and Atmosphere criterion  
This criterion has not been addressed by any of the constructions, nor the pre-requisite have 
been complied with. It is not a common practice to have parallel teams to follow up projects in 
Brazil. The savings with energy is always seen as cost reduction in the maintenance phase and it 
is not related as in developed countries of cold weather whose energy comes from thermoelec-
tric plants with effective atmospheric emissions, that is why the methodology puts so much em-
phasis on this phase and gives it a total of 17 points. The electrical project performed in the civil 
works of the Health Units is the most simple and basic possible. There are no three way 
switches, no presence sensor and no independent start (EA credit 1). The big energy problem in 
these buildings is related to the mechanical cooling and the choice of air-conditioners is done by 
the architect who already takes into consideration in the project where they are going top be in-
stalled.  Currently the necessity program asks that all doctor’s offices and administrative rooms 
are mechanically cooled excluding only the environments destined to support services. The 
most used systems id the Split, but they don not take into consideration if the cooling gas dam-
ages the ozone layer, as is the case of the CFC8 still used by the majority of the producers (EA 
credit 4).   Even in the Jesus de Nazaré Unit, which is located on the top of a hill and close to 
the sea and therefore, has excellent ventilation it was observed that the winds are kept constantly 
closed and the air conditioned is always on which characterizes the user lack of environmental 

                                                      
8 CFCs or chlorofluorocarbons are the great responsible for 24% of the total global warming. 



awareness. Most of the designers and doctors had difficulty mentioning alternative sources of 
energy and their production processes. 

4.4.6 Discussion regarding the LEED-NC version 2.2 Materials and Resources criterion  
The phase regarding the materials and resources used did not receive any points and the people 
in charge of carrying out the works admit that they did not select any residue generated in civil 
works for the selective garbage collection. None of the situations studied had any type of 
construction or fragment to be reused and even in the use phase there is no type of waste bin or 
container for selective collection of the garbage generated (MR pre-requisite 1), except for the 
hospital waste generated. The designers also don not know products which could have been 
used as construction materials which contain recycled raw-material from pre or post 
consumption of the products (MR credit 4.1 and 4.2)  and, not even the term is known by some 
of the interviewees. The architects and contractors do not know the origin of the materials nor if 
the region where the construction is located there is a similar product (MR credit 5.1 and 5.2), 
most of the respondents did not understand the reason for the question and showed a complete 
lack of understanding that the warranty and maintenance of local jobs is connected with the 
problems generated by the traffic of trucks in a country where almost 100% of the transportation 
is done by roadways and consequently generates a depreciation of the road network and 
increases atmospheric emissions due to diesel combustion. They also could not mention any 
quickly renewable material which could be used in the constructions (MR credit 6) and they do 
not know where the certified wood can be found or bought (MR credit 7). 

4.4.7 Discussion regarding the LEED-NC version 2.2 Indoor Air Quality criterion      
The 2 pre-requisites were complied with. The IQ pre-requisite 1 is a mandatory part of the local 
construction code (minimum size of the ventilation ducts) and the second, although it is not 
included in the project the determination of places for smokers, but being the building a place 
for health services, it was automatically forbidden to smoke in the internal areas (IQ pre-
requisite 2). There is no monitoring of the quality of the air entering and the ventilation ducts do 
not exceed the minimum required by the local regulation. During the construction phase none of 
the materials were protected to avoid dust or gas absorption (IQ credit 3.1). All the interviewees 
did not know what VOC and consequently it was not avoided the specification of high emission 
and toxicity (IQ credit 4.1, 4.2 e 4.4). After explaining the term and the main generation sources 
it was noticed that the doctors interviewed did not know the damages to health caused by 
formaldehyde, benzene, dioxins, etc. None of the projects have a control over the thermal 
conditioning and only the Santo André Unit had protection brises in the facade where the sun 
hits intensively (IQ credit 7.1). The care in the implementation to make the best use of the 
ventilation is neglected under the argument that the environments are climatized and the 
windows will be closed and thus there would be no need for ventilation, forgetting that the 
exchange of air is necessary to ensure hygiene and cleanliness, especially in places where it is 
common to have people contaminated with a variety of bacteria and viruses. In 2 units there 
were approximately 90% of the rooms using natural light and windows with a view to the 
outside (IQ credit 8.1 and 8.2). 

4.4.8 Discussion regarding the LEED-NC version 2.2 Technological Innovations criterion 
It was not possible to detect in the projects and it was confirmed by the interview that in none of 
the cases there was any innovation in the projects or the use of new technology as well as not 
used in the construction, thus there was no points for innovation in the project (ID credit 1-1.4).  

4.5 Discussion regarding the final results and satisfaction of the people involved 

To finalize, evaluated the satisfaction of the interviewees regarding the contracting and results 
obtained; it was verified that although all the interviewees classified the result positively the 
designers blamed the execution of the works for the existing flaws, while the constructors blame 
the contracting company and the financial limitations imposed to the construction. The 
contracting company explains that the contract follows bidding rules and do not allow for the 
selection of the contractors except for the lowest price. The evaluation of the interviewees was 
based on personal opinion as none of them followed up the execution of the works or carried out 



any type of post-occupation evaluation to check if the objectives were being complied with by 
the building. “If nobody complains we take for granted that it is working out the way it was 
done” said on of the coordinators of the project.  

5 CONCLUSIONS 

Observing the results from table 1, a similarity among the results of the three constructions as-
sessed can be noticed, where the scoring of points concentrates on the phase of sustainable site 
and in the phase of indoor air. After analyzing the projects and the interviews, one can see that 
the level of the professionals involved in the project and construction of the buildings is very 
similar, therefore leading to the similarity in the results of the 3 constructions assessed.   

The few points reached by the constructions analyzed are due to compliance with norms and 
not to environmental awareness, and concern with the building and its users. During the inter-
views it was observed a lack of knowledge regarding environmental issues. All of them were 
unanimous to say that the environmental targets would have been met if demanded, which 
shows a total disregard for environmental problems in general, being just worried with the com-
pliance of norms. 

It is believed that for a betterment in the performance of the future constructions of Health 
Units it would be necessary to carry out a reengineering of the whole process, from the elabora-
tion of the needs program prepared by the Health Agency, including the bidding and hiring 
process, the level of experience by the architects that apply for the project, the minimum re-
quirements of the construction companies that carry out the works as well as the awareness of 
the users, being them: employees or the community that use the medical and dental services.  

The inclusion of environmental targets to be met by the projects and the experience in hospi-
tal building projects or the specific formation in the health area is essential and should be part of 
the bidding processes in order to foster changes in the results presented.  
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1 INTRODUCTION 

The path towards a sustainable building sector has during the last decade generated numerous 
comprehensive environmental assessment methods for buildings. The methods have mainly 
been developed as a means for architects, planners, authorities, contractors and property 
managers to formulate environmental targets and to clarify options for achieving these targets. 
In addition they can provide environmental information to building users and other 
stakeholders. These initiatives are mainly national and are thus adapted to national conditions 
with respect to scope, legislation, stakeholders, etc. Examples of such methods include LEED in 
USA (Kibert, 2005), CASBEE in Japan (Murakami, 2005), and EcoEffect in Sweden (Assefa et 
al., 2007). These methods were commonly developed in collaboration between authorities, 
representatives of the property and construction sector and, sometimes, universities. An 
initiative developed in international collaboration includes the GBTool (Cole and Larsson, 
1999). A general conclusion when browsing the literature on assessment methods is that 
standpoints and considerations behind the choice of included assessment areas (further referred 
to as aspects) and indicators are difficult to find. Even though it is perceived as self-evident that 
environmental indicators should be environmentally relevant, it has seldom been discussed how 
this can be achieved. 

To face the sustainability challenges of the sector, major stakeholders in the Swedish building 
and property sector, including the Swedish government, municipalities and companies, have 
started an initiative embracing a number of commitments for each participant 
(ByggaBoDialogen, 2003). One commitment reads that all new buildings and 30% of existing 
buildings should be classified with respect to health and environmental performance before 
2009 (ByggaBoDialogen, 2003). Two research & development projects were therefore initiated 
to develop such a national rating method, applicable to residential buildings as well as offices, 
schools, etc. (Sundkvist et al., 2006). The work presented in this paper has been pursued in one 
of these R&D projects. The intended wide application of this method raises the issue of how to 
strive for making the method simple without totally losing the scientific relevance.  

Selecting aspects and indicators in environmental assessment 
methods for buildings 
 
T. Malmqvist & M. Glaumann 
Division of Environmental Strategies Research – fms, Department of Urban Studies,   
KTH (Royal Institute of Technology), Stockholm, Sweden 

ABSTRACT: It is tacitly understood that comprehensive environmental assessment methods 
cover the most significant environmental aspects of the intended assessment conditions. 
However, depending on the purpose and target-group of the method, more or fewer aspects and 
indicators may be included. In the development process of a Swedish environmental rating 
method for buildings, different approaches for selecting aspects were discussed and tested. In 
addition, possible indicators that measure the selected aspects were tested with regard to their 
environmental relevance, cost-effectiveness, etc. This procedure thus enabling a discussion of 
the appropriateness of different indicators used in existing environmental assessment methods 
for buildings. The analysis of this paper is restricted to indoor environmental quality (IEQ) but 
can be applied on all assessment areas of similar methods.  



The aim of this paper is thus to exemplify possible approaches for selecting aspects and 
indicators to be included in environmental assessment methods for buildings and to apply these 
approaches within the framework of the above-mentioned R&D project. The method referred to 
will cover many aspects, but this paper deals with aspects related to indoor environmental 
quality (IEQ). 

2 APPROACHES FOR SELECTING ASPECTS 

If it is important that the number of indicators be kept limited, the selection procedure of 
what environmental aspects to be included in a method become increasingly important. That is, 
an assessment of what would be the most significant environmental aspects ought to be made 
(compare with ISO, 2004). The R & D project used as a case study in this paper is such an 
example since the method is expected to be comprehensive, have a wide dissemination and be 
grounded in scientific evidence.  

For IEQ, we mean with aspects, the physical indoor conditions that may give rise to health 
problems if unnormal; e.g. indoor air quality, thermal climate, noise & acoustics and daylight 
conditions. In this sense, the notion aspect is used as a way to structure the content of an 
assessment method. However, it is the problems for human health that different physical 
conditions in a building cause, that is of interest to measure by the indicators used in the 
method. The following sections will therefore treat different approaches to identify the most 
significant building-related health problems related to IEQ. Nevertheless, for practical reasons, 
the notion aspect is used in this text. 

Five approaches were tried out in the discussions of what aspects to include in the new 
Swedish, rating method. They include to select aspects based on the severity and extent of IEQ 
problems for man, official environmental objectives, legislation and current practice in other 
methods. 

2.1 Severity and extent of IEQ problems 
Two approaches for establishing the significance of environmental problems, for instance 

used in the DALY (Disability Adjusted Life Years) work (Murray and Lopez, 1996), is to 
analyse the severity and extent of different problems. A literature review of the severity (i.e. the 
grade of disability a building-related problem causes) and extent (i.e. the number of affected 
people in Sweden) of building-related IEQ health problems was therefore performed in the 
project (Malmqvist and Glaumann, 2007). In addition, verified causal relationships between 
physical factors of the indoor environment and health problems were reviewed, as well as 
stressor levels in society. This review can be summarised as in Table 1, which can be used as a 
basis for discussing the selection of what aspects to include in the method. Severity and extent 
are here kept divided. However, to use them in combination is one way to interpret the 
significance of different health problems. 

 
Table 1. Severity and extent of building-related IEQ problems. __________________________________________________________________________________________________________ 
Problem      Severity      Extent __________________________________________________________________________________________________________ 
Lung cancer from 
radon gas exposure 

Can be fatal. Approx. 0,005 % of the Swedish population (Pershagen, 
1993).  
 

Legionnaire disease  Can be fatal. Approx. 0,005 % of the Swedish population (Socialstyrelsen 
et al., 2001). 

Allergy Can be fatal. Approx. 0,05 % of Swedish children have asthma that can 
be caused by damp buildings (Bornehag et al., 2001; 
Bornehag et al., 2004).  
 

SBS (Sick Building 
Syndrome) 

Health symptoms 
that endure also after 
exposure. 

Approx. 7% of the Swedish population experience at least 
one SBS symptom and relate it to the dwelling 
(Socialstyrelsen et al., 2001).  

Sleeping Health symptoms Approx. 2 % of the Swedish population (Environmental 



disturbances from 
traffic noise 
 

that endure also after 
exposure. 

Objectives Council, 2005). 

Traffic noise 
annoyance 

Discomfort when 
exposed. 

Approx. 9% of the Swedish population (Socialstyrelsen et 
al., 2001). 
 

Annoyance of 
neighbour noise 

Discomfort when 
exposed. 

Approx. 9% of the Swedish population (Socialstyrelsen et 
al., 2001). 
 

Installation noise 
annoyance 

Discomfort when 
exposed. 

Approx. 3% of the Swedish population (Socialstyrelsen et 
al., 2001). 

   
Annoyance by too 
cold indoors 

Discomfort when 
exposed. 

Approx. 12% dwellers in multifamily buildings (Norlén and 
Andersson, 1993).  

 
Reduced working 
ability caused by 
too hot indoors 
 

 
Discomfort when 
exposed. 

 
No Swedish data found. 

Reduced working 
ability caused by 
too hot indoors 
 

Discomfort when 
exposed. 

No Swedish data found. 

Annoyance by too 
little day-light 
indoors. 
 

Discomfort when 
exposed. 

No Swedish data found. 

Annoyance by too 
little direct sun-
light indoors. 
 

Discomfort when 
exposed. 

No Swedish data found. 

Reduced working 
ability caused by  
sun glare. 
 

Reduced working 
ability 

No Swedish data found. 

EMF sensitivity Health symptoms 
that endure also after 
exposure. 

Approx. 3% (self-reported) of the Swedish population 
(Socialstyrelsen et al., 2001). 

Children´s 
leukaemia 

Can be fatal. Approx. 0,00005 % of Swedish children (Socialstyrelsen et 
al., 2001). 
 

Poisoning, 
infection, corrosion 
injuries from bad 
tap water 

Acute diseases. No Swedish data found however approx. 14 % of Swedish 
permanent residents and as many holiday residents depend 
on tap water from individual wells (Socialstyrelsen, 2006).  

__________________________________________________________________________________________________________ 
 

2.2 Swedish official and sector objectives 
Another approach is to rely on societal intentions. In Sweden, 16 national environmental 

quality objectives with acquainted sub-goals have been formulated in a broad dialogue and 
decided on by the Swedish Parliament in consensus. These objectives and sub-goals can thus be 
seen as covering the most significant environmental aspects as judged by the society. The IEQ 
aspects that these objectives bring up include indoor air quality (ventilation), indoor air quality 
(radon gas), noise & acoustics (traffic noise) and tap water quality (Malmqvist and Glaumann, 
2007).. In addition, objectives for the property and construction sector have been formulated and 
agreed on by a large number of companies and organisations in Sweden. These objectives have 
more general formulations but their focus is on indoor air quality (ByggaBoDialogen, 2003; 
Byggsektorns Kretsloppsråd, 2003).  



2.3 Legal requirements 
A similar way to interpret what the society judges as most important is the current legislation, 

at least the mandatory rules. However, legislation is just one instrument for authorities to tackle 
a problem. Thus, there may be other aspects that could be considered as significant that are not 
covered by the mandatory rules. There are only two more specific mandatory Swedish rules that 
relate to IEQ, The compulsory ventilation control Act and the Swedish Chemicals Inspectorate's 
Code of Statutes related to highest limited formaldehyde emissions from construction 
boards.That is, both these rules relate to indoor air quality. 

2.4 Current practice in existing methods 
Finally, it can also be expected that the assessment of significant environmental aspects 

already has been performed and is thus reflected in the content of existing methods. For this 
reason we made a thorough inventory of comprehensive environmental assessment methods for 
buildings. The most well-known and accessible non-Swedish methods were included as well as 
two well-known Swedish methods. For methods with different modules for the design or 
operation phases, the module for the operation phase was chosen since the new Swedish rating 
method was expected to assess the performance of existing buildings. Issues related to 
embedded hazardous substances like PCB or asbestos are in some methods treated as IEQ 
aspects whereas in other methods they were treated separately. In this compilation they are not 
included since they were treated in a separate way in our project. Table 2 shows what aspects 
the reviewed methods include. 

 
Table 2. Included IEQ aspects in a selection of comprehensive environmental assessment methods for 
buildings.  __________________________________________________________________________________________________________ 
IEQ aspect     Health problem       Included in methods __________________________________________________________________________________________________________ 
Indoor air quality Allergy, SBS        EcoEffect (Assefa et al, 2007), LEED (Kibert,  

2005)  GBTool (Cole and Larsson, 1999),  
CASBEE (Murakami, 2005), Ecoprofile 
(Dyrstad Pettersen, 2000), BREEAM Office 
(BRE, 2006b), Swan label (SIS Ecolabelling, 
2005),  
Miljöstatus (Miljöstatus, 1999). 

        Legionnaire disease     EcoEffect, CASBEE, BREEAM Office,  
Miljöstatus. 

        Lung cancer (radon gas)    EcoEffect, LEED, Swan label, Miljöstatus. 
 
Noise & Acoustics  Sleeping problems, etc.    EcoEffect, GBTool, CASBEE, Ecoprofile,  

Ecohomes (BRE, 2006a), Miljöstatus. 
 

Thermal climate   Discomfort        EcoEffect, LEED, GBTool, CASBEE,  
BREEAM Office, Miljöstatus. 
 

Daylight conditions  Discomfort        EcoEffect, LEED, GBTool, CASBEE, 
                    BREEAM Office, Ecohomes, Miljöstatus. 
 
Illumination    Discomfort        EcoEffect, LEED, GBTool, CASBEE,  
                    Ecoprofile, BREEAM Office, Miljöstatus 
Electro-magnetic 
fields       EMF sensitivity       EcoEffect, Miljöstatus. 
 
Tap water quality  Div. health problems     - __________________________________________________________________________________________________________ 

2.5 Selection of aspects through the different approaches 
Based on the reviews above, we may summarise what IEQ aspects would be selected if 

considering the most severe problems, the most extensive problems, Swedish official objectives, 



Swedish mandatory rules and current practice in existing assessment methods. The results are 
presented in Table 3. The aspects mentioned in the first column in Table 3 are related to 
problems that can be fatal or for which the health symptoms endure even after exposure. It can 
be argued whether noise and acoustics would fit in this category. However, sleeping disturbance 
has been categorised as a disease by the Swedish National Board of Health and Welfare 
(Socialstyrelsen et al, 2001).  

 
Table 3. Priority of IEQ aspects related to five selection approaches __________________________________________________________________________________________________________ 
Severity of     Extent of problems   Swedish official  Swedish mandatory  Current  
problems              objectives    rules        practice __________________________________________________________________________________________________________ 
Indoor air quality – 
radon 
Indoor air quality – 
legionella 
Indoor air quality – 
allergy related 
Noise and acoustics 
– traffic noise  
Magnetic fields – 
childrens’ leukaemia 
Tap water quality 

Indoor air quality – 
SBS related 
Noise & acoustics 
Thermal climate – cold 
Electromagnetic field – 
EMF sensitivity 

Indoor air quality 
– ventilation 
Indoor air quality 
- radon  
Noise and 
acoustics - traffic 
noise 
Tap water quality

Indoor air quality - 
ventilation Indoor 
air quality -  
formaldehyde 

Indoor air 
quality  
Noise and 
acoustics 
Thermal 
climate 
Daylight 
conditions 
Illumination 
 
 

 __________________________________________________________________________________________________________ 
 
The summary displays that different selections of aspects turn out as significant when using 

different approaches. It is only indoor air quality that falls out as a significant aspect to consider 
in all approaches, even though different sub-aspects of indoor air quality are focused on. Noise 
& acoustics falls out as important for four of the five approaches.  

3 SELECTION OF ENVIRONMENTAL INDICATORS 

The means to assess specific aspects in assessment methods are often called indicators. 
Indicators provide information or describe specific phenomena. They are used in the absence of 
precise measures or when it is too costly to make more accurate evaluations, hence their 
frequent use for environmental assessments. Nevertheless, selecting indicators is a compromise 
between theoretical and practical requirements. For understanding and testing indicators with 
respect to such requirements, the following set of theoretical and practical criteria was suggested 
by Malmqvist and Glaumann (2006):  
 

- Theoretical criteria 
o Validity (to what extent is the problem associated with the aspect measured?) 
o Accuracy (how accurately is the problem measured?) 
o Repeatability (do repeated measurements produce the same result?) 

-  Practical criteria 
o Influence (to what extent can the building proprietor influence the indicator?) 
o Intelligibility (how easy is it to communicate the indicator?) 
o Cost (how costly is it to collect data and calculate the indicator?)  

 
Such an analysis can for instance be done by scoring indicators with regard to each criteria, 

preferably by discussing in a group. 

3.1 Testing possible indicators for inclusion in the rating method 
In order to find relevant environmental indicators to measure the aspects that were to be 

included in the new, Swedish rating method, an inventory of indicators in existing methods, 
standards, guidelines, authority recommendations, etc. was performed. A gross list of indicators 
was then analysed with regard to the theoretical and practical criteria specified above 



(Malmqvist and Glaumann, 2007). An important issue here is that validity is a measure of how 
well the indicator monitors the problem one wants to know something about. The more directly 
the problem is monitored, the higher the validity, or in other words, the environmental 
relevance. Thus, we argue that validity should be seen as superior to other criteria when 
selecting indicators for environmental assessments.  

The analysis of the gross list of indicators displays some interesting results. If considering the 
indicators used in the reviewed comprehensive methods, they show a great variety. Some 
methods have an emphasis on indicators that indirectly measures the problems, for instance 
LEED, CASBEE, Ecoprofile and BREEAM office. However, there are also comprehensive 
methods that use indicators that in a more direct way measure problems, like EcoEffect and 
GBTool. Examples of indirect indicators include “controllability of indoor air quality or indoor 
air temperature” or indicators like verifying whether anti-glare measures have been taken or if 
good carpet materials have been used. Such indicators have a low validity according to the 
reasoning above. In contrast, occupant surveys are seen as having high validity since they 
measure perceivable problems in a direct way.  

Theoretically, indicators that are judged to be strong at all the criteria above are the ones that 
theoretically are the most interesting to include in the method. Nevertheless, in practice other 
considerations may have to be met. For instance, IEQ indicators like “approved ventilation” (as 
an indicator of the health problems related to an inferior indoor air quality) and “hot water 
temperature” (as an indicator of risk for legionella contamination) have a rather low validity. 
Yet, they are simple indicators that are quite cheap to measure with rather a good accuracy. 
Since there may be few good alternatives, it is likely that similar indicators have to be chosen 
despite their shortcomings.  

4 DISCUSSION 

The approaches presented in this paper for selecting significant environmental aspects to be 
included in environmental assessment methods for buildings have all both strengths and 
weaknesses. To make a selection based on the severity and extent of IEQ problems can be 
ambiguous. For instance, there is a need to judge whether a severe problem should be valued as 
equally significant as an extensive one. In addition, problems can be more or less severe and 
extensive. Therefore, relying on official objectives or mandatory rules is less open for 
interpretation than selecting aspects according to the severity and extent of problems. However, 
since there is a displacement in time between new scientific evidence and the institution of 
objectives and laws, updated reviews are often necessary. In addition, under current Swedish 
conditions official objectives and regulations exist that may be relied on when selecting aspects. 
However, if such officially agreed-on intentions are absent, it will naturally not be possible to 
use such an approach. To rely on mandatory rules also has the evident drawback that legislation 
is only one way for authorities to deal with significant problems in society. 

It is common that new methods build on previous initiatives (Cole, 2006). Relying on 
existing methods for selecting aspects and indicators has the advantage of recognition and, as a 
consequence, supports practical implementation. However, methods have been developed in 
different contexts, for different target groups and applications. To rely on current practice is 
therefore a doubtful approach when selecting aspects. In addition, most comprehensive methods 
are extensive and thus they do not provide enough evidence for prioritisation between aspects.  

Table 3 shows that the aspects considered by the Swedish official objectives correspond quite 
well to the aspects that fall out to be significant when assessing the severity of problems. 
Existing methods often include thermal climate, probably because of the extent of this problem. 
In addition, daylight and illumination conditions are included in many comprehensive methods, 
despite the fact that no other selection approaches reveal their significance. Noise & acoustics 
stand out since it is not included in the well-known methods LEED and BREEAM (Office) 
despite causing both severe and extensive problems as well as being prioritised in the Swedish 
official objectives.   

Once aspects are selected, we suggest that indicators that as satisfactorily as possible monitor 
the related problems of the aspects be chosen, that is., indicators with high validity. However, 
other criteria like accuracy and costs are also vital. Indicators with low accuracy and that are 



costly to calculate will most likely not be chosen. If it only seems possible to choose indicators 
with low validity, complementary indicators for measuring the same aspect can be necessary. 
For instance, an indicator like “approved ventilation” may be complemented with asking the 
user´s opinion of the perceived indoor air quality.   

 

5 CONCLUSIONS 

If there is a need to limit the number of indicators in a comprehensive environmental 
assessment method for buildings, an approach for selecting the most significant environmental 
aspects to be included is appreciable. Just to rely on previously developed methods is then not 
enough since methods are developed in different contexts and for different purposes. In our 
work with a new Swedish environmental rating method for buildings we found it interesting to 
test a number of selection approaches. Aspects that fell out as significant in many of these 
approaches were then found to be well motivated to be included in the method. In addition, we 
judged aspects that fell out as significant when basing the selection of severity of problems and 
official objectives to be more prioritised. Thus, in our work we found indoor air quality and 
noise & acoustics (in particular traffic noise) to be the most significant aspects.  

We further argue that indicators for monitoring aspects/problems be tested with regard to at 
least validity, cost and other criteria since such a testing procedure facilitates a discussion of 
pros and cons with different indicators. This feature is in particular important in methods that 
give weighted ratings. We have not seen such analyses of indicators in existing methods. To 
achieve a wide dissemination of a rating method, indicators that are possible to connect to 
incentives, like reduced tax and reduced insurance fees, or that are included in other mandatory 
systems, can be prioritised. However, since the aim is to rate environmental performance, it can 
be argued that the validity with respect to monitoring specific environmental aspects should be 
seen as superior to other criteria.  

The paper has focused on building-related IEQ aspects and indicators. The approaches for 
selecting aspects and indicators are, however, universal and can be applied to all types of 
building-related environmental problems. If used it will facilitate a logical argumentation for 
why specific aspects and indicators are selected in different methods. 
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1 INTRODUCTION 

In the past 15 years, many international, national and regional sustainable building guidelines 
have been developed. In North America, the LEED™ Rating System (Leadership in Energy and 
Environmental Development) developed by the U.S. Green Building Council (USGBC) has 
emerged in recent years with a high level of visibility and increasing market acceptance. Re-
cently Green Globes™, used for many years in Canada, has been introduced into the US by the 
Green Building Initiative (GBI) as a sustainable building rating system and guide for commer-
cial buildings. In the US, sustainable commercial building guidelines have also been developed 
at the state and regional levels in New York, Minnesota, Florida and elsewhere. In the residen-
tial sector, there are many green building programs and guidelines as well.  

The future of these rating systems is unknown but there appear to be several driving forces 
that will shape their evolution. These include an emphasis on performance outcomes such as 
global warming impact, the need for regional variations, the need for variations for different 
building types, the trend toward more requirements rather than point-based alternatives, and 
more focus on actual building performance during occupancy and operation.  

2 LIFE CYCLE ASSESSMENT 

A key aspect of moving toward more performance-based outcomes in sustainable design is the 
use of Life Cycle Assessment (LCA) to determine the embodied environmental effects of mate-
rials, rather than relying on singular material properties, such as recycled content or distances 
traveled after the point of manufacture. However, the LCA tools that are currently available are 
not widely utilized by most stakeholders, including those designing, constructing, purchasing or 
occupying buildings.  

LCA is a methodology for assessing the environmental performance of a product over its full 
life cycle. Environmental performance is generally measured in terms of a wide range of poten-
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It is widely recognized in the field of Green Buildings that Life Cycle Assessment (LCA) is a 
conceptually preferable method for determining the environmental effects of materials, rather 
than relying on singular material properties or attributes, such as recycled content or distances 
traveled after the point of manufacture. However, the LCA tools that are currently available are 
not widely utilized. This is exacerbated by the failure of popular green building rating systems 
to fully incorporate LCA. The Green Building Initiative is introducing LCA as a more promi-
nent aspect of the material section in its Green Globes building assessment and rating system. In 
addition to developing an LCA tool for use within Green Globes, a generic version of the tool, 
Athena EcoCalculator, has been developed and made available free of charge so that LCA in-
formation can be easily incorporated into other guidelines and rating systems.  



tial effects, such as: 
− fossil fuel depletion 
− other non-renewable resource use 
− water use 
− global warming potential 
− stratospheric ozone depletion 
− ground level ozone (smog) creation 
− nutrification/eutrophication of water bodies 
− acidification and acid deposition (dry and wet) 
− toxic releases to air, water and land 

 
All of these measures are indicators of the environmental loadings that can result from the 

manufacture, use and disposal of a product. The indicators do not directly address the ultimate 
human or ecosystem health effects, a much more difficult and uncertain task, but they do pro-
vide good measures of environmental performance, given that reducing any of these effects is a 
step in the right direction. 

3 LCA TOOLS IN NORTH AMERICA 

Current LCA-based tools in North America include BEES 3.0, which is a product comparison 
tool including some brand-specific data, and the ATHENA Environmental Impact Estimator 
(EIE) for analysis of whole buildings and assemblies. BEES 3.0 is intended for use at the speci-
fication or procurement stages of the process. Weighting factors are used to generate overall en-
vironmental and economic scores. ATHENA EIE is for use at the conceptual design stage. A 
range of indicators without weighting are generated to show environmental effects of changes in 
shape, design or material make-up of a building. 

Recently, a new tool has been developed for use with the Green Globes™ environmental as-
sessment and rating system for commercial buildings.  With funding from the Green Building 
Initiative (GBI), the tool was created by Morrison Hershfield Consulting Engineers in associa-
tion with the University of Minnesota's Center for Sustainable Building Research and the 
Athena Sustainable Materials Institute. Modeled on the Building Research Establishment’s 
(BRE) Green Guide to Specification, which has been used in the U.K. for over a decade, it 
measures the global warming potential and other environmental impacts of more than 400 
common building assemblies in low- and high-rise categories. This same approach has been 
proposed for the U.S. Green Building Council’s (USGBC) LEED® Rating System in a report 
from a working group of the ad hoc “LCA into LEED” initiative that was launched in Septem-
ber 2004.  

The LCA tool and the entire Green Globes rating system is currently going through the tech-
nical committee responsible for GBI’s consensus process, which complies with American Na-
tional Standards Institute (ANSI) standards. GBI has authorized the Athena Institute to make a 
generic version of this tool freely available for use by other green building organizations, gov-
ernment entities, trade associations and universities. Regional versions of the tool are being de-
veloped to better reflect life cycle impacts based on local conditions. One of these regional ver-
sions is incorporated into the Minnesota Sustainable Building Guidelines. GBI also intends for 
the new software to be used in a forthcoming online version of the National Association of 
Home Builders’ Model Green Home Building Guidelines. Manufacturers can contribute rele-
vant data to the U.S. LCI Database Project (www.nrel.gov/lci). 

 



4 DESCRIPTION OF THE NEW LCA TOOL 

4.1 Determining Building Assemblies and Functional Equivalence 

The tool includes a list of common building assemblies for office, commercial or industrial 
buildings. These assemblies are broken into categories based on broad system type (exterior 
walls, interior walls, window systems, beams, columns, intermediate floors, and exterior roofs). 
One challenge in comparing groups of building assemblies is establishing functional equiva-
lence. Developing these more detailed functional equivalence categories presented a number of 
issues. 

Ideally, all assemblies in a defined category should have identical performance characteris-
tics. However, assemblies are often relied upon to perform several different roles within a build-
ing. For example, an exterior wall may serve purposes related to structure, thermal resistance, 
fire resistance, air and vapor control, sound control, and aesthetics. This presents a complica-
tion: different users of the tool may have different intended purposes for a given assembly. For 
example, a structural engineer may want to compare assemblies with similar structural perform-
ance characteristics, while an architect or building science engineer may want to compare as-
semblies with similar thermal performance characteristics. 

While it is possible to create a list of assemblies within a category with identical properties in 
one area, such as thermal resistance, the result would be a list where some assemblies have un-
realistic components. For example, if all exterior wall assemblies must meet a certain thermal 
resistance, most walls would utilize levels of insulation that are atypical and unavailable. 

A third functional performance issue is the fact that some assemblies are relatively uncom-
mon or impossible to utilize for specific building types. For example, it is unlikely that a high-
rise building will be constructed with wood based columns and beams, and it would be unrealis-
tic to offer these assemblies as viable options for some building types. This is particularly rele-
vant if the LCA data of this assembly affects the ultimate rating of other assemblies. 

A last issue relates to the effect of an LCA rating on other aspects of sustainability. In gen-
eral, assemblies with higher amounts of materials tend to have larger material environmental 
impacts than those with lesser amounts. For example, a 2x6 insulated wood stud wall will have 
higher material environmental impacts than a 2x4 insulated wood stud wall, if all material types 
within the system are the same. However, with many assemblies, material impacts represent 
only part of the environmental effect associated with the assembly: Their use also has opera-
tional effects, which could be significantly larger than their material effects over a building’s 
life cycle. This raises the question of whether an LCA rating tool should promote the use of low 
embodied effect systems, when these systems might be a poor choice if operational issues are 
included for consideration.  

To address some of these issues, the new LCA tool is divided into two separate parts: high-
rise and low-rise construction. Note that many building assemblies were included in both build-
ing types. Low-rise buildings were considered to be four stories or less. Assemblies are broken 
into broad categories based solely on their use. Categories include exterior walls, interior walls, 
window systems, beams and columns, intermediate floors, and roofs. Factors for thermal resis-
tance are provided for exterior walls and roofs, but solely for information purposes (they are not 
used to further categorize assemblies). No other functional equivalence categories are included. 

4.2 Environmental Impact Indicators 

The ATHENA™ Environmental Impact Estimator (EIE) was used to develop LCA information 
on each building assembly. LCA results were developed for the following indicators: primary 
energy (fossil fuel depletion), global warming potential, air and water pollution indices, and 
solid waste. Each of these environmental measures used by the ATHENA™ Environmental Im-
pact Estimator (EIE) software is described below. 

Embodied primary energy is reported in Giga-joules (Gj). Embodied energy includes all non-
renewable energy, direct and indirect, used to transform or transport raw materials into products 
and buildings, including inherent energy contained in raw or feedstock materials that are also 
used as common energy sources. (For example, natural gas used as a raw material in the produc-



tion of various plastic (polymer) resins.) In addition, the model and measure captures the pre-
combustion (indirect) energy use associated with processing, transporting, converting and deliv-
ering fuel and energy. 

Solid waste is reported on a mass basis in kilograms and includes all solid wastes generated 
during manufacturing, construction, replacement and demolition that are destined for landfills. 
No attempt has been made to further categorize emissions to land as either hazardous or non-
hazardous. All other measures are indices requiring more explanation and interpretation. They 
have been developed because of the difficulty of using and interpreting detailed life cycle inven-
tory results. For example, it takes considerable expertise to understand and appreciate the sig-
nificance of the individual emissions to air and water. Both categories encompass a relatively 
large number of individual substances with varying environmental impacts. 

Global Warming Potential (GWP) is a reference measure. Carbon dioxide is the common ref-
erence standard for global warming or greenhouse gas effects. All other greenhouse gases are 
referred to as having a “CO2 equivalence effect” which is simply a multiple of the greenhouse 
potential (heat trapping capability) of carbon dioxide. This effect has a time horizon due to the 
atmospheric reactivity or stability of the various contributing gases over time. The International 
Panel on Climate Change (2001) 100-year time horizon figures have been used here as a basis 
for the equivalence index: 

CO2 Equivalent kg = CO2 kg + (CH4 kg x 23) + (N2O kg x 296) 
While greenhouse gas emissions are largely a function of energy combustion, some products 

also emit greenhouse gases during the processing of raw materials. Process emissions often go 
unaccounted for due to the complexity associated with modeling manufacturing process stages. 
One example where process CO2 emissions are significant is in the production of cement (calci-
nation of limestone). Because Athena™ uses data developed using a detailed life cycle model-
ing approach, all relevant process emissions of greenhouse gases are included in the resultant 
global warming potential index. 

The air and water pollution measures are similarly intended to capture the pollution or hu-
man health effects of groups of substances emitted at various life cycle stages. In this case we 
used the commonly recognized and accepted critical volume method to estimate the volume of 
ambient air or water that would be required to dilute contaminants to acceptable levels, where 
acceptability is defined by the most stringent standards (i.e., drinking water standards). The 
Athena™ EIE software calculates and reports these critical volume measures based on the worst 
offender—that is, the substance requiring the largest volume of air and water to achieve dilution 
to acceptable levels. The hypothesis is that the same volume of air or water can contain a num-
ber of pollutants. 

4.3 Allocation of Points and Weighting Issues 

The new tool allows an unbiased comparison of material assemblies across a set of five envi-
ronmental indicators: embodied primary energy, which stands as a proxy for fossil fuel use; 
global warming potential; toxic releases to air; toxic releases to water; and solid waste. In the 
generic version of the tool, the Athena EcoCalculator, the LCA impacts are directly presented 
with no weighting or point allocations (Figure 1). 

In the Green Globes version, the goal is to translate the LCA results into points for the rating 
system. Rather than combining LCA scores across the five impact categories using some type of 
weighting so that each assembly can be assigned a single score, Green Globes will attribute 
points to each assembly in each impact category. This approach serves a valuable educational 
function because it lets the design team more readily see where they are earning their points. 
Points are awarded for a singular assembly by comparing its performance across each indicator 
measure to all other assemblies within the functional equivalence category (e.g. exterior walls 
for low-rise buildings). Assemblies with better than average performance across an indicator 
measure receive points (on a sliding scale), and the overall points for a particular assembly rep-
resent the sum of the points for each indicator category. There is no explicit weighting between 
indicator categories. 



5 EXAMPLE OF LCA APPLIED TO BUILDING ASSEMBLIES AND MATERIALS 

A simple assembly comparison using the ATHENA EIE illustrates how LCA can be used to 
make design decisions taking proper account of environmental performance measures through-
out the life of the materials. In Table 1, a given area of window assembly is compared to three 
typical solid wall assemblies in terms of primary energy use (read fossil fuel use), global warm-
ing potential, solid waste, air pollution index, and water pollution index. 

Table 1 illustrates the extent to which reducing window area has a beneficial environmental 
impact looking at the materials aspect in isolation, however such a decision must be examined 
in a whole systems context. For example, window design choices can have direct effects on 
building energy use if electric lighting and related cooling energy use are reduced because win-
dows permit sufficient daylight to enter a space.  Of course, they can also affect energy con-
sumption as a result of heat loss and radiant solar heat gain. Window design decisions also have 
potential LCA impacts by affecting the design of many related components and systems in a 
building. A high performance window designed to maximize daylighting might reduce the need 
for light fixtures and perimeter heating in a space, as well as help reduce the size of the me-
chanical system. Similarly, if a particular window is chosen with a high visible transmittance 
glazing to enhance daylighting, glare may be increased resulting in the need for exterior or inte-
rior shading systems with related material impacts. 

These systems implications should and can be taken into account in LCA tools, such as the 
ATHENA EIE, balancing any increased environmental impacts from the materials (additional 
glazing layers and coatings for example) against the avoided impacts from reduced operating 
energy use over the life of the building.   Those kinds of impacts must, of course, be balanced 
against other functional, cost, human comfort and aesthetic criteria to optimize systems from all 
perspectives.  

6 CONCLUSION 

The adoption of LCA tools into Green Globes, LEED, and other regional rating systems repre-
sents a major step forward in what will likely be an ongoing integration of LCA into the sus-
tainable design process. Over time, this process should strengthen the link between rating sys-
tem scores and actual environmental benefits. The ultimate goal is to model the environmental 
impacts of whole buildings, so that rating systems can abandon the checklist approach and rate 
buildings based on a comprehensive model of their environmental performance, similar to the 
way energy modeling is done today. The final LCA tool developed in this project allows an un-
biased comparison of material assemblies across a set of environmental indicator categories. 
The tool will be continually updated as new building product data or new assemblies emerge in 
the market. In addition, an alternative compliance path involving whole building LCA will be 
explored and possibly incorporated into Green Globes and other rating systems.  

 
 

 
 

 
 



 

 
 
 Figure 1: Athena EcoCalculator Interface 

 
 
 
 Table 1: Wall Assembly Comparison 

ASSEMBLY TYPE

Primary 

Energy 

per SF (MJ)

 GWP 

per SF 

(kg)

Solid Waste

per SF 

(kg)

Air 

Pollution 

Index

Water 

Pollution 

Index

Window system with aluminum frame Low-

E silver, argon-filled glazing
622           32.31        17.08        10.08        0.0021      

CIP Concrete, brick cladding

rigid insulation, vapor barrier

gypsum board, latex paint 

238           9.79          2.81          1.63          0.0010      

CIP Concrete, stucco cladding

rigid insulation, vapor barrier

gypsum board, latex paint 

160           13.22        3.29          2.39          0.0018      

Steel stud, stucco cladding

gypsum sheathing, batt insulation

vapor barrier, gypsum board, paint 

91             5.02          1.04          1.05          0.0098      
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1 INTRODUCTION 

Sustainability of the built environment is a topic that is receiving much attention in recent times. 
This is mainly because the concept is inextricably linked with several key global issues e.g. 
economic, environmental, housing and construction etc. Howard (2000) describes sustainability 
in terms of the following: social progress that meets the needs of everyone, economic growth, 
effective protection of the environment, and efficient use of resources. Specifically, Sustainable 
construction has also been described as the application of sustainable development to the con-
struction industry (AggRegain, 2007); the latter being defined as: “development that meets the 
present without compromising the ability of the future generations to meet their own needs” 
(The Brundtland Report, 1987).  

Howard (2000) identifies the characteristics of the construction industry in terms of the econ-
omy, society, construction activity and materials, building operation, and transport and waste 
implication; and concludes that “the combined performance of these issues represents the sus-
tainability of construction and the built environment”. The European Charter on Sustainable De-
sign & Construction (1998) provides as an introduction to its 27 principles that they (the princi-
ples) need to be “actively considered, implemented, and monitored by means of benchmarking 
and the application of appropriate sustainability performance indicator”. Performance assess-
ment, thus, is at the core of sustainable construction. 
 
2 PERFORMANCE ASSESSMENT OF SUSTAINABLE CONSTRUCTION: THE DIMEN-
SIONS/INDICATORS 

 
The importance of performance assessment in the quest for sustainable construction has been 
well underscored (Walsh, 1998; Hill and Bowen, 1997; Howard, 2000; Arbor, 1999; Augenbroe 
et al, 1998).  This could be seen as a positive development that strengthens the contribution of 
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of the performance of the industry’s quest for sustainability. This calls for a consideration of a 
well laid out approach of performance assessment. This should satisfy the multidimensional, 
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holders becomes necessary. The authors believe that it should be addressed at the local (na-
tional) levels first, then, regional, continental, and finally at the global level. In addition, it is 
submitted that the client as the promoter of construction should be an active partner in ensuring 
sustainability. This, it is estimated, will be the necessary step towards managing sustainable 
construction at all levels. 
 



the built environment to the broader agenda of global sustainable development. Hill and Bowen 
(1997) single out four attributes (calling them “pillars” of sustainable construction) of sustain-
ability –social, economic, biophysical, and technical –to explain the concept of sustainable con-
struction. Howard (2000) provides a framework for assessing sustainable construction issues in: 
“sustainable construction –the data” as part of a project entitled “sustainable Construction –
Developing an industry agenda”. Overall 7 key data categories were identified: Economic Per-
spectives, Construction Materials and Resources, Construction Activity, Building Operation, 
Recycling and Disposal, and social perspectives. These were analysed with a total of 37 items.  
    At a National Sustainable Building Workshop in Michigan (1999), 30 sustainability indica-
tors were identified together with their individual criteria for assessments (Arbor, 1999). These 
were grouped into 5 categories: Environmental Performance Assessment, Economic, Code Is-
sues, Organisational Condition, Stakeholder and Public Education. In a related development, 
Augenbroe et al (1998) detailed 4 requirements for sustainable building materials: Environ-
mental Performance, Technological Performance, Resource Performance, and Socio-economic 
Performance. In addition, 15 identified drivers of change in the construction industry were high-
lighted: “Energy conservation measures, Land use regulations urban planning policies, Waste 
reduction measures, Resource conservation strategies, Indoor environment quality, Environmen-
tally-friendly energy technologies, Re-engineering the design process, Pro-active role of materi-
als manufacturers, Better ways to measure and account for costs, New kinds of partnerships and 
project stakeholders, Adoption of performance-based standards, Product innovation and/or certi-
fication, Adoption of incentive programmes, Education and training, Recognition of commercial 
buildings as productivity assets”. The Fundamental Matrix: 2010 lists Social, Economic, Envi-
ronmental, Institutional, and Political as the construction related sustainability performance in-
dicators. 
     Literature, thus, seems to be highlighting certain dimensions (indicators) by which sustain-
able construction should be assessed. Figure. 1 represents the summary (not exhaustive) of the 
14 dimension obtainable from literature.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Dimensions of Sustainable Construction 
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2.1. the criteria/ or sub-items/metrics 
 
All the documents above compiled various sub-items or criteria by which the identified indica-
tors could be described or assessed. It is observed, however, that for the same indicator sited by 
two documents, there is little or no commonality at all among the list of sub-items/ factors. For 
example, While, Hill and Bowen (1997) list: Improve the quality of human life; Provide social 
self determination; cultural diversity in development planning; Provide, protect Human health 
(through a healthy and safe working environment); Implement skills training, enhance capacity 
(for the disadvantaged); Fair/equitable distribution of social costs of construction; Inter-
generational equity –under  social dimension, Howard (2000) lists: Decent and affordable Hous-
ing; Security; Education; Access to Transport; Education and Training for construction; Image 
of Construction; Working conditions in construction, under the same indicator i.e. social dimen-
sion. 
      In addition, there are cases where an item under one indicator (dimension) in a certain docu-
ment appears to be an item in a different dimension. For example, affordability appears as an 
item under Social dimension in Howard (2000) but occurs under Economic dimension in Hill & 
Bowen (1997). Arbor (1999) centred on the various levels (Federal, state, Regional/City, Build-
ing owner, Lending Institution) as the sub-item under Economics, while Hill & Bowen (1997) 
on the other hand highlighted such items as  employment, pricing, investments, choosing envi-
ronmentally responsible contractors/ suppliers, competitiveness under economic sustainability; 
and in Howard (2000) work types, project size, work load fluctuation, country output of con-
struction, structure of industry, and structure of sub-contracting in the industry were selected 
under the same perspective. Howard (2000) under Construction Material and Resources lists: 
resources, land, energy and CO2, minerals wood, Pollution, wastes from material production, 
waste uses as a construction material as contrasted with the 4 requirements of sustainable build-
ing materials (Augenbroe et al, 1998) mentioned in the previous section of this paper. Hill and 
Bowen (1997) placed: energy, materials, land, and pollution of land, air and water were items 
that emerged rather under the Biophysical dimension. Water, Noise, and Dust pollutions fell un-
der Construction Activity dimension in the document of Howard (2000). The items of the other 
dimensions follows similar criss-crossed trend. This poses a difficult measurement problem. 
     Assessing the performance of sustainable construction will require a clearer definition of 
relevant indicators and their criteria (or metrics), even in the same country. The present situation 
shows a rather a non-focused approach towards attempting to assess sustainable construction. 
Unless a framework is established that identifies which indicators are relevant under which cir-
cumstance, assessing the performance of sustainable construction in regional or continental lev-
els would be difficult, if not impossible; and even more difficult would be its management. And, 
the issue about performance management is: “if you cannot measure you cannot manage”. 
However, if these indicators and the factors are scientifically identified at local (national) levels, 
measurement would be more meaningful. 

 
3. THE CLIENT AS AN IMPORTANT STAKEHOLDER 

 
3.1. clients and their projects. 

Construction firms are moving closer to their clients who are themselves becoming more so-

phisticated and are often now the driving force for improvements in the construction process 

(Yisa et al, 1996). Being the sole initiator and financier of construction projects the issue of sus-

tainable construction should, thus, be seen and defined in relation to the client’s requirements. 

In particular, Latham (1994) maintains that clients “have a substantial role to play in setting de-

manding standards and insisting upon improvements”. Ultimately, he continued, they have the 

most to gain from ensuring the implementation of ‘best practice’.  
The case of the Petronas Twin Towers of Malaysia is an example of a project in which the client 
knew what he wanted. Completed in 1996, the Petronas Twin Towers, standing at 452m in 
height and joined by a sky bridge at 41st and 42nd stories, needed to meet a lot of criteria to sat-
isfy the Prime Minister, Dr.Mahathir Mohammed, the client. In addition to satisfying the techni-
cal requirements of cost, time and quality, it was expected to: 

• Be a World Class building (Mahatmir, 1992) 



• Put Koala Lumpur on the world map (KLCC Holdings Bhd., circa.1995:1) 

• Incorporate local design features so as to create a recognizably Malaysian skyscraper. 

(Bunnell, 1999) 

• It must represent the Islamic religion and geometric traditions (Cesar Pelli and Associ-

ates, 1997:29) 

• It must convey a specific sense of their tropical location (Cesar Pelli and Associates, 

1997:29); among others. 
In such a situation, success in the perspective of the client means more than a mere comple-

tion of project. 
Major clients are shaping the world with similar drives for “Mega Structures” e.g. such tall 
buildings as The Tapei 101 of Tapei (Taiwan, 509 m); Petronas Towers of Kualar Lumpur 
each); Sears Towers of Chicago (USA, 442). Such long bridges as the Akashi Kaikyo of Japan, 
1991m; The Izmit Bay, Turkey, 1668m; The Humber, UK, 1410m etc. are undertaken to ad-
dress social needs as well as other desires and ambitions of the clients. The trend is likely to 
continue so long as major clients see these structures as satisfying a nationalistic need. It is a 
whole new line of competition. The impacts or effects of these Mega structures, as well as the 
driving forces behind them, on sustainable construction become an important issue to address. 
This brings to focus the important role of the client in sustainable construction as an aspect of 
global sustainable development. This view is also supported in the document “ Achieving Sus-
tainability in Construction Procurement (2000)” produced by the Sustainability Action Group of 
the Government Construction Clients’ Panel (GCCP). The document submits that “in the move 
towards sustainable construction, the clients of the construction industry have a key role”. The 
proposition is that, clients should be given their usual role as promoters of construction –
promoting sustainable construction.  

 
3.2. Clients’ Ambition versus Sustainability concepts 
 
As to whether or not we need all of these monuments is an on-going debate. In the article: “the 
end of tall buildings” by Kunstler and Salingaros (2001) the authors predicted that the age of 
skyscrapers is at end.  Following the publication, several comments have taken exception to this 
thought. However, from the point of view of sustainability, we need to ask whether all these 
mega structures that various ambitious clients around the world are building are supportive of or 
conflicting with Sustainability. Sustainable construction demands that projects satisfy economic, 
social, environmental, recycling & disposal, construction material etc. perspectives as well as 
those of the client’s. Striking the balance between their ambitions and obsessions (as seen in 
their criteria), with sustainability issues defines the important role of clients in sustainable con-
struction. Government as a major client of a country should initiate sustainable construction 
measurement and management by establishing the relevant indicators and factors as part of the 
national building codes. 
 
4 PROPOSED FRAMEWORK FOR MEASURABLE SUSTAINABLE CONSTRUCTION. 
 
The question that remains is whether sustainable construction should be considered at global, 
national, or regional levels. Which indicators are global in nature and which should be left for 
the local situation? Which sub-items or factors should be considered to be influencing which 
dimensions?  

For a methodological approach to performance measurement and hence management of sus-
tainable construction, the authors propose an approach that begins with the measurements of 
performance at national (local) level. This calls for the establishment of performance indicators 
relevant to local conditions. This then could be linked to other localities, then with other nation-
als, then globally, by way of benchmarking for improvements.  
This approach will allow for localisation of performance indicators and factors.  
In each region, it will help to identify similarities and differences between indicators and factors 
of the countries involved, then to continental and global levels. The framework at the local level 
is depicted in figure 2 below.            

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Framework for promoting sustainable construction.                                  
 
In figure 2, the client brief should be considered within the framework of sustainable con-

struction measures (or standards) prevailing in the locality. Once this is conceived, the consult-
ants will also ensure that the brief is translated into a design that fits well within the sustainabil-
ity framework. This will form the foundation on which a project that supports sustainable 
construction can be produced. This approach has the additional benefit of identifying common 
indicators across countries in the same region (selected as “regional measures”); then similar 
ones within a particular continent (selected as “continental measures”); and finally “global 
measures”. With this arrangement sustainable construction could be measured, monitored, and 
of course managed, at the global, continental, regional, and national levels to take care of their 
respective perspectives and for different purposes. 

In large countries like the US, India, China etc, it should be possible to expect sub-divisions 
within the countries. For example, in US, there is diversity of climatic zones from the north to 
the south, as well as varying traditional technologies from region to region, different legal re-
quirements and varying building codes (Augenbroe and Pearce, 2000). This calls for different 
sets of sustainable construction indicators from state to state or from region to region within the 
same country. 

      
4.1. managing sustainable construction through performance measures. 

 
Once the required performance indicators for sustainable construction with their factors are 
identified in a particular locality, it should then be possible to ensure a programme of sustain-
able construction through management. Performance monitoring and management of sustain-
able construction, beginning with the client at the project level provides the opportunity to ad-
dress the issue at its very base. This may result in value judgement and decision making that 
will support sustainable development based on local, and indeed, international standards. As 
Plessis (2002) summarised: “sustainable construction industry no longer means simply that the 
industry is able to grow, but also that it supports the principles of sustainable development –
which may mean that in some cases it needs to stop growing, or grow in different ways”.  
Figure 3 is a proposed flowchart showing the process of measuring and managing the imple-
mentation of a construction project within the framework of sustainability. The client’s need of 
project is evaluated within the criteria of sustainable construction as contained in the codes of 
the country or locality. Based on the results of the interaction between the two, the client de-
cides to proceed with the designs or stops the entire project, leaning on the consideration of sus-
tainable construction and hence development. 
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Figure 3. Sustainability Performance Management Process 

 

At the design phase the sustainability test will continue to ensure that the design team is work-
ing within the framework of sustainability. The same applies to the construction phase. Wher-
ever a gap is identified, correction is made (where possible) and should be well documented for 
future improvements.  
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5.0. CONCLUSION. 
 
The concept of sustainable construction leads to sustainable construction industry. These are 
core aspects of sustainable development as a global agenda. In broad terms, society has come to 
realise that there is the need to ensure “social progress that meets the needs of the people, eco-
nomic growth, effective protection of the environment, and efficient use of resources” (Howard, 
2000). To achieve these objectives requires a methodical approach to identify, where we are, 
why we are here, where we want to go and how. It requires comprehensive management based 
on performance measurement of relevant indicators as they are identified in specific locality. 
Various countries, regions, and continents are at different levels of development and have dif-
ferent climatic, cultural, social settings. They are blessed with different resources. Sustainable 
construction issues, thus needs to begin at the local (country) level, and indeed, with projects. 
As it is with most issues on globalisation, it is proper to “think global, but “act local” first. Most 
importantly, the client, who is the mother of projects, should be recognised as an important 
player in promoting sustainable construction. 
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1 INTRODUCTION 

The growing need in urbanization and at the same time this renewed energy savings conscious-
ness lead architect and urban planers to pay more and more and more attention to the relation-
ship between the buildings and their nearby environment. But the lack of comprehensive meth-
ods and tools able to give reliable answers to the multiple constraints makes difficult the taking 
into account of the various parameters; many of these constraints are in contradiction, and even 
the intentions of the designer are real, functioning problems are too often noted, creating dis-
comfort for the users and extra-costs (for example the problems with overheating, glare, poor 
natural light, etc., generally result in the addition of uncontrolled protection devices, costly air-
conditioning systems, increase of electric light consumption, etc.) 

This is why among the various topics of research of the Cerma laboratory, one of the most 
important relates to the development of suitable methods and tools, mainly based on numerical 
simulation. From the definition of some pertinent “morphological indicators” and their evalua-
tion with our key software tool SOLENE, the urban planner and the architect is able to carry out 
investigations concerning the microclimatic and solar fittings of buildings and more generally 
urban forms. Smaller scales studies like the impact of solar protections or other devices such as 
porous screens can be also considered, even this paper focuses on urban analysis only. 

The particular structure of this simulation tool consists of more than a hundred of small but 
specific operations that can be chained or combined, automatically or according to the user’s 
needs ; thus it becomes quite easy to develop its own functions for a specific problem. 

The visualization functions use the 3D graphics API Open Inventor™ and propose various 
ways of representation which outline the different behaviours observed in space and time, all of 
them with coloured maps over the faceted surfaces of the 3D model, as shown further in the ex-

Urban bioclimatic indicators for urban planers with the software 
tool SOLENE 

F. Miguet 
Cerma, UMR CNRS 1563, Ecole Nationale Supérieure d’Architecture de Nantes, France 

D. Groleau 
Cerma, UMR CNRS 1563, Ecole Nationale Supérieure d’Architecture de Nantes, France 

 

ABSTRACT: The interactions between a building and its nearby environment are numerous and 
complex enough to require serious means of investigation, more especially as the requests of the 
new regulations and those of the users become increasingly demanding. To make it easier to 
understand these interactions, one of the aim of the Cerma laboratory is to develop 
comprehensive methods of investigation and the complementary evaluation tools in such a way 
they can help to the architect and the urban planer in their decision making process. Such a 
research takes on its full meaning in this period of a renewed interest for the protection of the 
environment and sustainability. After a concise summary of the main principles behind the 
methods and the tool we present in this paper, we will describe some “ indicators” through case 
studies that highlight the possibilities of the sofware, specially in case of urban investigations. 
The examples are choosen among various but recent studies that we achieved for architects, 
engineering departments or else the office of the urban development of our city.  



amples. These functions can display various requests and calculations from the database that 
any simulation build – for example the user can display the values over a given threshold only, 
the difference between two simulations results on the same geometry, etc.  

2 THE SOFTWARE TOOL SOLENE 

Some previous papers (Miguet & Groleau, 2002, 2001) already gave a detailed description of the 
physical models and the various simulation procedures that are used in SOLENE. In this paper we 
will only summarize the main principles. 

2.1 The geometrical model 
The geometrical 3D model can be imported from any CAD software that uses the ACIS engine. 
In theory the model is not restricted in form or complexity, provided it is consistent enough. The 
model has to be meshed to perform most of the simulations, except for cast shadows; but even 
the whole model is taken into account in the process, the simulation itself can be performed on 
selected surfaces of the meshed model only; this is interesting both for reducing the heavy cal-
culation and for vizualisation purposes (Figure 1). 
 

 
 
Figure 1. Simulation can be performed onto the surfaces selected by the user only; the levels of details for 
the object and the environment can be different. 

2.2 Sun and sky models 
Sun is modelled as a point source; its angular position is given by the celestial geometry and its 
energy is calculated from a statistical radiance model. The model of the sky vault is a hemi-
sphere of infinite radius, with the scene to be simulated located at its center. This hemisphere 
can be seen as a source of diffuse energy with a non-uniform distribution (Fig. 2). 
 

 
 
Figure 2. The urban scene under an overcast sky (the sky small radius is for visualization purpose only). 

 
For simulation purposes it is meshed with a geodesic triangulation, and the luminance values 

that are mapped on the hemisphere come from the well-known “all weather” Perez model. So 



SOLENE can deal with every kind of statistical distribution, from dark overcast to bright clear 
sky, with or without sun. 

2.3 Gathering the energy onto the urban scene 
Radiance or luminance values are collected on every patch of the studied scene; irradiance is 
calculated directly, but the illuminance of the environment is obtained from an integration over 
the luminance distribution over the whole hemisphere. From irradiance values we get illumi-
nances through the light efficacy model proposed by Perez again. 

2.4 Energy exchanges (radiosity) 
The previous process has brought energy to the surfaces facing sun or/and sky only. But many 
surfaces of the environment (mostly inside surfaces such as a ceiling) are not directly exposed. 
They receive energy by reflection from other surfaces, according to their reflection factor. This 
is now a classical radiative transfer problem which is solved in SOLENE with a radiosity algo-
rithm. The solution is calculated by the “progressive refinement” method due to Cohen. 

It must be noted that the computation of the solution needs form factors, that is to say the 
geometric relationships between all the patches of the meshed scene. They express the intensity 
of the energetic exchanges between surfaces. In computer graphics these are usually computed 
“on the fly”, while in SOLENE they are calculated first and stored on disk. 

This method allows to display the form factor sum for every patch of the scene (Fig. 3); it 
points out the zones of main exchanges of energy, and so gives useful information for the choice 
of materials, textures or colors (i. e. the zones for which the reflection factor might be increased 
to get the light deeper in a room). 
 

 
 
Figure 3. Display of the form factors: in light colour the zones of which it should be interesting to in-
crease the reflection factor to obtain more light in this small urban courtyard. 

2.5 The user interface (GUI) 
Most of the functions are accessible via a graphic interface which is divided in three main areas 
(Figure 4), while other ones need a command line:  

- The display window where the user can zoom, move and rotate the model ; he can also se-
lect a face and get various information about it. 

- The left window lists all the geometries; only the highlighted ones are displayed. The ge-
ometry must be selected to carry out the simulations. 

- The menu bar makes it possible to define the characteristics of the project (latitude, material 
properties, sun and sky conditions, etc.); it operates various operations with the geometries, and 
launch the simulation processes on the selected geometry.   



3 MORPHOLOGICAL URBAN INDICATORS 

3.1 The leading ideas 
The analysis of a building or a urban space in terms of energy savings and comfort needs a mul-
ticriteria approach. That means that several physical parameters must be studied simultaneously. 
But even though the interaction between the constructions and their environment depends on 
physical parameters, the effects on the users and the power consumption can vary in an impor-
tant way according to the use of the construction: a residential building, a commercial vocation 
area, a building for business activity only, or these various functions mixed all together lead to 
very different constraints. So we will pay particular attention to the connection between the 
physical approach and the intention of use of the constructions. 

For building and urban analysis, we have developed specific indicators that focus on the 
morphology (density, compactness, heat losses and gains), the exposure to sunlight radiation 
(duration of sunshine and energy), the potentiality in natural light (daylight access and occulta-
tion), but also questions of visibility (areas seen from a particular point), etc. Comparison be-
tween various proposals can be carried out, and the impact of a specific modification easily 
highlighted. 

These indicators have been built from a theoretical knowledge and multiple expert analysis 
that finally have lead us to think about “parameters” that could bring some reliable information 
about the project confronted with its environment. On the face of it these indicators are based on 
physical investigations, but there is no obstacle to introduce in SOLENE files with “social” or 
“economical” data, such as a number of inhabitants, a cost of hiring, etc., just like a SIG. 

3.2 The indicators: interpretation and limits 
The interpretation of these indicators must be careful and made with proper judgment; as said 
before, they allow interesting comparisons between different propositions, but they are not in-
tended to give rules or provide typical organization of any kind, no more than they carry any 
normative idea. For a specific indicator, a good value for a given season can be bad for another; 
or two of them may lead to contradictory architectural solutions; there's nothing surprising about 
that, it simply corresponds to the real nature of the building complexity in the face of its cli-
matic environment. 

The different indicators proposed in this paper do not constitute a limited and closed list. At 
the moment we are working on new indicators for the characterization of the risks of glare. In 
fact they must fit to the objectives pursued and they have to be build on demand. Their interpre-
tation is heavily related to the function of the behind spaces (offices, apartments, facilities…).  

The numerical estimate of these different indicators requires a 3D model, as usual in SOLENE; 
most of them can be calculated directly with the built-in functions of the software tool. The 
model can be very basic (gauges only for studying urban dispositions at the scale of a block), or 
more detailed according to the scale of the objects that are being studied (until the small mesh 
size of filter devices such as meshed metal screens – this specific implementation is not pre-
sented in this paper, see (Miguet F. 2007) for more details). 

4 APPLICATION TO MULTICRITERIA URBAN ANALYSIS 

Among the many possible indicators, we describe in the following some of them used in recent 
urban analysis carried out in Nantes. Those presented here can be considered as rather general 
and they can be used for almost any kind of urban analysis, even we have developed other ones 
for specific investigations. 

4.1 Urban built density 
The urban built density indicator Dsurf is the ratio between the ground occupation and the whole 
area of the project location. The more important is Dsurf, the more natural soil is neutralized 
(with a significant reduction in water infiltration for example). The cubic density Dvol can be de-



fined as the ratio between the built volume and the area of the urban territory; it’s a kind of av-
erage height of the buildings, and it is expressed in meters. 

These two indicators are closely related to surface optimization, the profitability of public 
services and equipments, the importance of mineralized or vegetalized areas. They are also re-
lated to economical aspects because they concern the consumption of the costly urban space and 
also the complexity of the urban distribution networks. The implementation of these indicators 
to social aspects can concern the concentration of the residents for example. 
In a more precise approach, the previous indicators should be completed by other ones related to 
the handling of the public spaces (mineral, vegetal, water, etc.),. 

4.2 Compactness 
The compactness C estimates the ratio between the exchange areas of the envelope and the floor 
area; the envelope includes walls, ground and roof. The minus C is the more compact is the 
building. A more precise approach is to split C into two parts: C1 for the exchange areas of 
ground and roof, C2 for the walls only, with C = C1 + C2. C1 reduces with the number of floors 
and C2 is related to the shape of the building, as shown on the different configurations of Fig. 4. 

This indicator have a serious impact on heat losses and solar benefits in the cold season, and 
risks of overheating in the hot season; it can also affect construction costs and maintenance ex-
penses (for a given volume, the more compact the building the less the area of the envelope). 

In winter C should be minimized to avoid heat losses, even it allows heat gains at the same 
time; usually losses are more important than gains, but it depends also on the outside average 
temperature, on the importance of the sunny periods and the ratio glazed/non glazed façade.  

In summer a low value of C should be interesting to avoid too much heat gains; again keep in 
mind that with this indicator the idea is not to recommend uniform cubic blocks, but it can be 
used to compare different configurations and alert about a heavy difference in operating costs. 
 

 
 
Figure 4. The building shape and the number of floors have a great influence on the compactness C (theo-
retical approach on the left). Values of compactness calculated on a new urban development in Nantes 
(application example on the right). 

4.3 Orientation of the façades 
It’s well known that some orientations are critical, especially south and west facing façades for 
the hot season in our countries. For our latitudes we will use mainly the south and the west fac-
ing indicators, but other orientations might be more pertinent in case of different latitudes and 
climatic environment, or for specific applications: for example the percentage of the north fac-
ing façades would give an idea of the heat losses that cannot be balanced, or the indoor spaces 
that benefit from constant quality light (Figure 5). 

The south facing indicator Osud expresses the percentage of façades facing south; it has to be 
maximized during the cold and the middle season to make the heat gains easier. In summer the 



south façades are not so critical because they don’t receive the highest energy due to the solar 
height, and openings can be easily protected (balcony, overhang, etc.). 

The problem is different with the west facing indicator Oouest (% of façades facing west) that 
expresses, for mid-range latitudes, a risk of summer discomfort (overheating and glare); it points 
out the necessity of architectural dispositions, or a specific typology of façade, or a reorganiza-
tion of the functions to avoid discomfort and heavy charges for cold production in the hot sea-
son, especially in case of business spaces. 

 

 
 
Figure 5. Display of the percentage of façade in a given orientation (south and west here).  

4.4 Solar gains of façades related to floor area 
The indicator Sfloor is defined as the average of the daily direct solar energy related to the floor 
area (unit: Wh/m2). When comparing different solutions, it is particularly interesting to refer to 
the floor area unit as this is the usual reference for any type of urban planning or construction. 
Building costs, sales price, consumptions, taxes, etc. are generally calculated referring to 1 m2 of 
floor. The calculation of this indicator refers to the compactness C2 indicator (see 4.2) 

It has to be maximized in winter and at the middle season as it represents a solar heat gain; on 
the other hand, it has to be minimized in summer unless this free energy might be used for other 
saving purposes (production of electricity with photovoltaic for example). 

This indicator should be more precise if taking into account the diffuse energy reflected by 
the ground and the nearby façades, as well as the solar factor of the windows. 

4.5 Potentialities in natural light 
The indicator Plight is related to the area of sky that is visible from any point of the environment. 
In other words, the more sky you see the more light you get. This area results greatly from the 
building morphology itself (Figure 6), but also from the nearby environment: masks due to other 
buildings, trees, etc. can reduce drastically the availability in natural light. On the other hand 
Plight is totally independent of the orientation of the façade in case of an overcast sky. 

This indicator has to be evaluated on the façades of course, but it is also interesting for the 
outside spaces, for example to specify the site for a public equipment such as a kindergarten.  

Except in case of specific purposes, this indicator has to be maximized in order to benefit 
from the natural light and reduce the electric consumption for the behind spaces.  

In the above the indicator has been evaluated regardless of the building materials, and their 
reflection factor is not taken into account; however a sunny light façade reflects a lot of light, 
and so this indicator should be weighted by the reflection factor of the different materials (tak-
ing into account both color and texture). The radiosity implementation in Solene makes this 
evaluation possible, and more a comparison between the two configurations (before and after re-
flections) can highlight the impact of the materials and so help in their choice (see Miguet, F. & 
Groleau, D. 2002 for more details). The display of the form factors gives also precious indica-
tions about the relative importance of the different surfaces in the reflection process. 



 
 
Figure 6. Theoretical availability (%) of natural light on a terrace, a vertical wall and a concave corner 
(left). Application to buildings with concave angles; display by 10% bandwidth (right). 

4.6 Losses due to the urban masks 
This indicator is particularly interesting to compare different urban dispositions because it high-
lights the effects of the urban masks on two important parameters: the solar heat gains and the 
potentialities in natural light. It is calculated as the ratio between the solar flux (respectively the 
natural light) received by the façades with the urban environment masks and this same solar flux 
(resp. light) without masks. The smaller the indicator the more the urban masks penalize the so-
lar or sky resource.  

4.6.1 Solar losses 
In winter this indicator has to be maximized to get the maximum of heat gain; the same at the 
middle season because low outside temperatures can be mostly offset by solar gains. In summer 
it should rather be minimized to avoid solar contribution. The indicator can also be interpreted 
as a pointer to the consequences of specific urban dispositions: for example the west facing fa-
çades that show a mask effect in summer, or the south facing façades with a regrettable mask ef-
fect in winter, etc. We sometimes used it as a deciding factor in case of bone of contention about 
solar rights. 

4.6.2 Light losses 
Same as before, the indicator has to be maximized to get the maximum of light during the cold 
and the middle season with overcast skies, but minimized during summer. Light losses on a 
north facing façade due to a urban mask can be weighted with the reflection factor of the oppo-
site façade, i.e. the south one of the mask (Figure 7). 
 

 
 
Figure 7. The more red colour the more is the reduction of daylight due to the surrounding buildings; here 
the tower causes an important loss in natural light for these north-facing apartments (~ 20%). 

4.7 Visibility 
The visibility is something different from the above; the previous indicators were clearly related 
to sustainability and comfort, while visibility may concern the inhabitant comfort only. 

Nevertheless this indicator is important in urban planning because it can highlight some “vis-
ual pollution” due to a new project, or on the contrary the benefit of a protected view to a spe-
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cific point of interest (monument, river, etc.). Other classical applications include the cartogra-
phy of the visibility area of a field of aerogenerators in the countryside, etc. 

 

 
 
Figure 8. From his balcony, the observer sees only a very small part of the nearby tower; the inner court-
yard is visually protected from the tower. 

5 CONCLUSION 

The goal of this paper was to highlight how some urban indicators, calculated with the 3D simu-
lation tool SOLENE, can significantly help the architect or the urban planner in their decision 
process. The simulations give them important and reliable information about the close connec-
tions between the buildings and their environment.  

On the other hand it’s important to keep in mind that these indicators will not give any ready-
made solution; the decision-maker has to compromise with many constraints. These are more or 
less difficult to manage, and the objective and practical elements given by the simulations re-
sults will be reliable deciding factor for the final choice. 

Finally, the possible uses of our tool are not limited to the applications that have been de-
scribed here. Its open structure makes easier the development of new functions, and makes it at-
tractive from an educational point of view. It helps the user to understand the mechanism of the 
interactions between the various parameters; this is the reason why we use SOLENE in the teach-
ing process with the master students of the school of architecture of Nantes for their project ad-
justments. 
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1 INTRODUCTION 
 

A building project can be regarded as sustainable only when all the various dimensions of sus-
tainability –environmental, economic, social and cultural ones - are dealt with. The various sus-
tainability issues are interwoven, and the interaction of a building and its surroundings is also 
important. The environmental issues are in common those which cope with reducing use of non-
renewable materials and water, and reducing emissions, waste and pollutants. The following 
goals for an overall assessment can be found in several agendas: optimization of site potential, 
preservation of regional and cultural identity, minimization of energy consumption, protection 
and conservation of water resources, use of environmentally friendly materials and products, 
healthy and convenient indoor climate and optimized operational and maintenance practices. 

The purpose of sustainability assessments is to gather and report information for decision-
making during different phases of construction, design and use of a building. The sustainability 
scores or profiles based on indicators result from a process in which the relevant phenomena are 
identified, analyzed and valued. Two extreme trends can be recognised at the moment: on one 
hand, complexity and diversity of indicators of different operators and on the other hand, evolu-
tion towards better usability through common understanding and simplicity. 

Development of assessment methods and respective tools is a challenge both for the academia 
and practice. A major issue is that of managing the flows of information and knowledge be-
tween the various levels of indicator systems. A variety of sustainability assessment tools is 
available on the construction market, and they are widely used in environmental product decla-
rations like e.g. BREEAM in the U.K. and LEED in the U.S. (Edwards & Bennett 2003). There 
are also LCA-based tools available that are especially developed to address the building as 
whole, like e.g. Eco-Quantum (Netherlands), EcoEffect (Sweden), ENVEST (U.K.), BEES 
(U.S.), ATHENA (Canada) and LCA House (Finland). A comparison of contextual and meth-
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odological aspects of tools has been made e.g. by Forsberg and Malmborg (2004). The majority 
of the tools is developed based on a bottom up approach, i.e. a combination of building materi-
als and components sums up to a building, and this even though they are designed to consider 
the whole building including energy demand, etc (Erlandsson & Borg 2003). Tools to support 
decision-making in accordance with principles of performance based design have also been de-
veloped, mainly in research communities. 

The assessment tools, either environmental or performance-based are under a constant evolu-
tion in order to overcome their various limitations. The main goal, at the moment, is to develop 
and implement a systematic methodology that supports design process of a building. The meth-
odology should result to the most appropriate balance between the different sustainability di-
mensions, and be practical, transparent and flexible at the same time. It should be easily adapt-
able to the different kinds of buildings and to the constant technology evolution.  

In this paper, approaches to incorporate the three sustainability dimensions within a building 
project are presented and discussed based on a feasibility study and state-of-the-art. In a more 
thorough way, the sustainability is dealt with the concepts of eco-efficiency and cost-efficiency 
that result from a holistic building performance analysis. Then, the potential to introduce the 
building’s economic and social impacts (“soft indicators”) in the originally environmental LCA 
methodology is studied, and the new developments and perspectives for the Building Sustain-
ability Assessment (BSA) using global indicators is presented.  

 
 

2 APPROACHES TO BUILDING SUSTAINABILITY  
2.1 Sustainability indicators of a building project  
The sustainability indicators of the construction and real estate sector give information about the 
influences of the industry as a whole and about the impacts of construction and operation of 
buildings and other built assets. Different approaches for indicators exist due to differences be-
tween societies, industrial traditions, environment and geography.  

The sustainability indicators for a building project can be selected from various lists prepared 
at governmental, sectoral and community level. The Agenda 21 by CIB (1999) states that the 
framework of relevant issue areas should be based on the assumption that a sustainable building 
approach includes all factors that may affect the natural environment or human health. For a 
contactor or facility manager, it is important to differentiate between the criteria and tools used 
to assess technology at the generic or global level, and the approach used at the site specific ap-
plication or local level (Environmentally Sound Technologies 2003). In spite of some differ-
ences between the lists of indicators, most of them deals directly or indirectly with the following 
issues: resources consumption, environmental pressure, energy and water efficiency, indoor air 
quality, comfort and life cycle costs. 

An indicator is expressed by a value derived from a combination of various measurable pa-
rameters (variables). Indicators have to be defined in a clear, transparent, unambiguous and cor-
rect way, even before the concern whether they relate and evaluate several parameters. The in-
dicators are usually grouped (aggregated, categorized), and further various aggregated 
indicators may create subgroups in a hierarchical system. 

2.2 Managing and assessing building sustainability 
Building Sustainability Assessment (BSA) methods can be oriented to different scale analysis: 
building material, building product, construction element, independent zone, building and 
neighbourhood. Analysing the scope of the most important sustainability support and assess-
ment systems and tools it is possible to distinguish three types: 

– Systems to manage building performance (Performance Based Design); 
– Life-cycle assessment (LCA) systems; 
– Sustainable building rating and certification systems. 



i) Managing building performance  
Performance Based Building is an approach to building-related processes, products and services 
with a focus on the required outcomes (the 'end'). This approach would allow for any design so-
lution (the 'means') which can be shown to meet design objectives (Koukkari, 2005).  

The comprehensive implementation of the performance approach is dependent on further ad-
vancement in the following three key areas: the description of appropriate building performance re-
quirements; methods for delivering the required performance; methods for verifying that the required per-
formance has been achieved. 

The main purpose for a generic hierarchical model is to provide a common platform to define 
the desired qualities of a building and to develop a common language for different disciplines as 
well as to serve as a basis for development of design and technical solutions. The choice of the 
objectives in the hierarchical presentation shows also to some extent the values of the developer.  

Based on the hierarchy of performance objectives and their targeted qualities, alternate design and 
technical solutions can be developed. The capability of different solutions to fulfil the performance crite-
ria can be studied with verification methods. Figure 1 represents a generic model of building’s perform-
ance analysis. Similar hierarchies are introduced by several organisations. 
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Figure 1. Example of a generic model of building’s performance analysis (VTT ProP®). 
 
This kind of method is providing some important benefits to both end users and to the other par-
ticipants in the building process, since it promotes substantial improvements in the overall per-
formance of the building, encourages the use of construction solutions that better fit the use of 
the building and promotes a better understanding and communication of client and users re-
quirements. 

Tools to support decision-making in accordance with principles of performance based design 
have been developed mainly in research communities. An example is the EcoProp software 
(Finland). 

 
ii) Integrated Life-Cycle-Analysis of buildings  
The complete building sustainability assessment (BSA) comprise the ways in which built struc-
tures and facilities are procured and erected, used and operated, maintained and repaired, mod-
ernised and rehabilitated, and finally dismantled and demolished or reused and recycled. Adop-
tion of environmental LCA in buildings and works is a complex and tedious task as a building 
incorporates hundreds and thousands of individual products and in a construction project there 
might be tens of companies involved. Further, the expected life cycle of a building is exception-
ally long, tens or hundreds of years.  

The life-cycle of a building project starts before any physical construction activities and ends 
after its usable life. Figure 2 shows an integrated LCA of the building stages. 
In the first LCA methods the concept of sustainable construction was confused with the concept 
“low environmental impact construction”, therefore they failed to enter the mainstream sustain-
able development discourse. More recent LCA methods include the economic performance 
analysis in the evaluation. The economic assessment is an important factor in the success of any 
new approach in construction, to include sustainable principles. Demand for sustainable con-
struction is influenced by buyer perception of the first costs versus life cycle costs of sustainable 
alternatives (Kibert, 2003).  



The life-cycle inventory analysis (LCI) can be extremely complex and may involve dozen of 
individual unit processes in a supply chain (e.g., the extraction of raw resources, various pri-
mary and secondary production processes, transportation, among others) as well hundreds of 
tracked substances. The more rigorous the LCA methods are the more data intensive they are, 
therefore the assessment process can involve enormous expenses of collecting data and keeping 
it updated, particularly in a period of considerable changes in materials manufacturing proc-
esses. Some data needed for the LCA is expensive and difficult to obtain, and is most often kept 
confidential by those manufactures that do undertake the studies. According to Pushkar, Becker 
and Katz (2005), the databases do not include all the needed information for many of the rele-
vant building products and components, nor the construction process itself. Therefore they con-
clude that LCA tools that editing of existing variables and adding new ones according to local 
conditions, is essential. 
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Figure 2.Integrated LCA of the building stages. 
 
The goal of some BSA methods is to simplify the LCA for practical use. The simplified LCA 
methods that currently exist aren’t comprehensive or consistently LCA-based but they play an 
important role in turning the buildings more sustainable. More accurate BSA tools will integrate 
environmental assessment, life cycle costs and methods needed to verify if the required per-
formance has been achieved. LCA-based methods are used to compare solutions to help decide 
which solution corresponds to the best compromise among the different sustainability dimen-
sions. 

2.3 Sustainable building rating and certification 
The rating and certification systems and tools are intended to foster more sustainable building 
design, construction, operation, maintenance and disassembly/deconstruction by promoting and 
making possible a better integration of environment, societal, functional and cost concerns with 
other traditional decision criteria.  

These systems and tools can be used both to support the sustainable design, since they trans-
form the sustainable goal into specific performance objectives and to evaluate the overall per-
formance. There are different perspectives in different sustainable building rating and certifica-
tion, but they have certain points in common. In general, these systems and tools, deal in one 
way or another with the same categories of building design and life cycle performance: site, wa-
ter, energy, materials and indoor environment. 



Near all of the sustainable building rating and certification methods are based in local regula-
tions or standards and in local conventional building solutions. The weigh of each parameter 
and indicator in the evaluation is predefined according to local socio-cultural, environmental 
and economic reality. Therefore the major part of them can only have reflexes at local or re-
gional scales. However, there are some few examples of global scale methods. This kind of 
methods are above all used at the academic level since the requisite reference cases have to be 
constructed and separately assessed for each building type which is a time consuming and ex-
pensive process. 

There are three major building rating and certification systems that provide the basis for the 
other approaches used throughout the world: Building Research Establishment Environmental 
Assessment Method (BREEAM), developed in U.K.; Sustainable Building Challenge Frame-
work (SBTool), developed by the collaborative work of 20 countries; Leadership in Energy and 
Environmental design (LEED), developed in U.S.A..  

 
 
3 DEVELOPMENT OF BUILDING SUSTAINABILITY ASSESSEMENT  
3.1 Scope of the work 
The Portuguese building technologies and the indoor environment quality standards are quite dif-
ferent from most European countries. The first situation is mainly related to the fact that Portugal 
was not involved in the II World while the second is related to the mild climate. This reality nor-
mally hinders the use of foreign decision support and sustainability assessment methodologies 
without prior adaptation of the list of parameters, weights and almost all benchmarks. Another im-
portant reason that is clogging the real implementation of the sustainable assessment is the huge 
amount of parameters that project teams have to deal with: many of the methodologies presented in 
the sections above embrace hundreds of parameters, most of them not standard in Portugal and dif-
ficult to deal with for many project teams. 

This study intends to be the basis for the future development of an advanced residential building 
sustainability rating tool, especially to be suitable in Portuguese traditions, climate, society and na-
tional standards. The research aims to cope with the mentioned problems and to real implement 
building sustainability assessment in Portugal. The name of the methodology that is under devel-
opment is Methodology for the Relative Sustainability Assessment of Residential Buildings 
(MARS-ER from the Portuguese acronym).  

In this section, steps to establish the methodology are presented. The indicators inside each sus-
tainable dimension and their associated parameters will be presented. Additional it will be dis-
cussed how to calculate the weights, based in the local environmental, socio-economic and legal 
reality and in the type of building that is going to be evaluated. 

First of all, system boundaries are presented. Then, the approach can be divided in four major 
stages: selection of indicators and parameters, quantification of parameters, normalization and 
aggregation of parameters and representation and the global assessment of a project. 

3.2 System boundaries 
At a fist stage, the methodology is being developed to assess residential buildings. Most of the 
Portuguese construction market is related with the residential sector and therefore the develop-
ment of a methodology to support and rate this sector’s sustainability is a priority. 

The object of assessment is the building, including its foundations and external works within 
the area of the building site. The impacts of the building in the surroundings and in urban envi-
ronment won’t be assessed. Some authors concluded that restricted scales of study (correspond-
ing for a single building for example) are too limited to take into account sustainable develop-
ment objectives correctly (Bussemey-Buhe, 1997). Although, sustainable urban planning is 
normally limited to municipalities and regional authorities, therefore, it is more rational and 
straightforward to limit the physical system boundary to the building itself (or part of it) to-
gether with the site. This way, the methodology excludes construction works outside of the site 
location and construction of the different networks for communication, energy and transporta-
tion outside of the site location. 



The temporal methodology’s boundary should represent the whole life cycle stages of the 
building. In a new building it will consider all life-cycle stages, from construction to final dis-
posal and in existing buildings the temporal boundary will start from the moment of the inter-
vention to the final disposal. Besides the time boundary two other important aspects to define 
are the hours of normal occupation and use and the occupation density. 

3.3 Selection of indicators and parameters 
After defining the methodology’s time and physical boundaries the next step is to choose the in-
dicators and related parameters within the three sustainable development dimensions that are 
going to be used to assess the objectives of a project. According to Kurtz et al (2001) a parame-
ters is a sign or a signal that relay a complex message, from potentially numerous sources, in a 
simple and useful manner. Therefore the main three objectives of the parameters are: simplifica-
tion, quantification and communication (Geissler, 2001). Categories and related parameters are 
the basis of the methodology, since objectives and results will be conditioned by them.  

Figure 3 resumes the parameters that are considered in the methodology under development. 
Other parameters could be included in further phases of development. 

 
Assessment Objectives 

 
Indicators and Parameters to Assess 

 
Environmental 
Performance 

Societal 
Performance 

Economic 
Performance 

• Climate change: 
Global warming potential. 

• Emissions to air, water and soil: 
Destruct. of the stratospheric ozone 
layer; 
Acidification potential; 
Eutrophication potential; 
Formation of ground-level ozone; 
Inert waste to disposal 
Hazardous waste to disposal 

• Water efficiency: 
Potable water use; 
Rain water use. 

• Resources depletion: 
Land use; 
Materials resource depletion; 
Fossil fuel depletion potential. 

• Hydrothermal comfort: 
Relative humidity; 
Winter thermal performance; 
Summer thermal performance; 

• Indoor air quality: 
Air suspension solid particles; 
Carbon monoxide; 
Carbon dioxide; 
Ozone; 
Formaldehyde; 
Organic volatile compounds. 

• Acoustic comfort: 
Airborne sound insulation; 
Impact sound insulation; 
Reverberation time. 

• Visual comfort: 
Natural lighting use; 
Illuminances.  

• Life-cycle costs: 
Costs before use of the building; 
Maintenance costs; 
Operation costs; 
Costs after building use; 
Residual value. 
 

 
Integrated Building Performance Analysis 

 
Representation and Global Index 

Figure 3. Indicators and related parameters considered in the MARS-ER tool. 
 

In the evaluation of the environmental performance it is necessary to analyse the potential effects 
related not only with the building materials or products but also with the operation of the building. 
For example, the assessment of fossil fuel depletion for a building’s life cycle is based in its mate-
rials or products embodied energy (energy invested in extraction, transport, manufacture and in-
stallation), plus the operational energy needed to run the building over its lifetime. 

The definition of the environmental indicators and parameters is based in the work that is be-
ing carried out in CEN/TC 350 WG1. The methodology uses the same indicators and parame-
ters that the experts found relevant in the building environmental performance assessment. 

In societal performance assessment, the methodology only considers the parameters related 
to the health and comfort performance of buildings during their use and operation. The method-
ology doesn’t considers parameters that could raise some kind of complexity and subjectivity in 



the assessment, in order to facilitate its use and understanding by all Portuguese construction 
market’s actors. The list of societal parameters presented in Figure 1 reflects the functional re-
quirements of a residential building, according to national construction codes. 

The economic performance parameters were defined in order to include all costs related to 
building’s life-cycle, from cradle to grave. The economical performance analysis is not complete 
unless the residual value is evaluated. The residual value of a system (or component) is its remain-
ing value at the end of the study period, or at the time it is replaced during the study period.  

3.4 Quantification of parameters 
After selecting the parameters it is necessary to proceed with their quantification. Quantification it 
is essential to compare different solutions, aggregate parameters and to accurate assess the solu-
tion. The quantification method should be anticipated. There are several quantification methods: 
previous studies results, simulation tools, expert’s opinions, databases processing, etc. (Cherqui, 
2004).  

At the level of the quantification of the environmental parameters, there are some aspects to 
overcome, mainly in which regards to the availability of fundamental local LCI environmental 
data for all construction materials and products used in buildings. While there isn’t local LCI it 
is possible to use the information given in Environmental Products Declarations (EPD’s), and 
other LCI databases from nearby countries. MARS-RE recommends the use of the Central 
Europe’s LCI data collected by Berge (Berge 2000). Another way is to use an external life-cycle 
assessment (LCA) tool to quantify the environmental parameters. 

After quantifying the economic parameters listed in Figure 3, the next step is to calculate the 
sum of the total net present value (NPV) of the different costs. Therefore in the assessment there 
will be just one economic parameter: life-cycle costs.  

3.5 Normalization of parameters and aggregation 
The objective of the normalization of parameters is to avoid the scale effects in the aggregation of 
parameters inside each indicator and to solve the problem that some parameters are of the type 
“higher is better” and others “lower is better”. Normalization is done using the Diaz-Balteiro et al. 
(2004) Equation 1. 

i
iPiP

iPiP

iP ∀
−

−
=

*
*

*  (1) 

In this equation, Pi is the value of ith parameter. P*
i and P*i are the best and standard value of the 

ith sustainable parameter. The best value of a parameter represents the best practice available and 
the worst value represents the standard practice or the minimum legal requirement. 

Normalization in addition to turning dimensionless the value of the parameters considered in the 
assessment, converts the values into a scale bounded between 0 (worst value) and 1 (best value). 
This equation is valid for both situations: “higher is better” and “lower is better”. 

As stated before, building sustainability assessment across different fields and involves the use of 
numerous indicators and tens of parameters. A long list of parameters with its associated values 
won’t be useful to assess a solution. The best way is to combine parameters with each other inside 
each dimension in order to obtain the performance of the solution in each indicator (Allard, 2004). 

The methodology uses a complete aggregation method for each indicator, according to Equation 
2. 
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The indicator Ij is the result of the weighting average of all the normalized parameters iP .  
wi is the weight of the ith parameter. The sum of all weights must be equal to 1. 
Difficulties in this method lie in setting the weight of each parameter and in the possible compen-

sation between parameters. Since weights are strongly linked to the objectives of the project and to 
the relative importance of each parameter in the assessment of each indicator, higher weights must 



be adopted for parameters of major importance in the project. The possible compensation between 
parameters is limited inside each indicator.  

In what concerns to the weights of the environmental parameters, there aren’t national impacts 
scores for each environmental parameter, according to its relative importance to overall per-
formance. Although, there are some international accepted studies that allow an almost clear 
definition. Two of the most consensual lists of values are based on a US Environmental Protec-
tion Agency’s Science Advisory Board study (EPA, 2000).and a Harvard University study 
(Norberg-Bohm, 1992). Whenever there isn’t a local or regional available data, it is suggested to 
use SAB’s weights in MARS-RE. Table 1 presents the relative importance of environmental pa-
rameters and indicators that is considered in the methodology. Values are adapted from the SAB’s 
study. 

 
Table 1. Relative importance weights for environmental parameters, adapted from the Science Advisory 
Board study. ________________________________________________________________________________________________ 
Indicator     Impact parameter          Parameter’s   Indicator’s 

Weight (%)  Weight (%) ________________________________________________________________________________________________ 
Climate change    Global warming potential        22      22 ________________________________________________________________________________________________ 
Emissions     Destruction of the stratospheric ozone layer 15      47 

Acidification potential         15 
Eutrophication potential        15 
Formation of ground-level ozone (smog)  17 
Inert waste to disposal1        6 
Hazardous waste to disposal2      32 ________________________________________________________________________________________________ 

Water efficiency   Potable water use3          75      4 
Rain water use3           25 ________________________________________________________________________________________________ 

Resources depletion Land use1             37      27 
Materials resource depletion1      37 
Fossil fuel depletion potential      26 ________________________________________________________________________________________________ 

1 This parameter was connected with the habitat alteration impact category of the SAB study. 
2 This parameter was connected with the habitat alteration and ecological toxicity impact categories of the SAB study. 
3 This parameter was connected with the water intake impact category of the SAB study. 
 
In spite of being easy to quantify the functional parameters, the way as each parameter influ-
ences the functional performance and therefore the sustainability isn’t consensual. This assess-
ment involves subjective rating and depends, above all, on the type of solution and on the valua-
tor’s social-cultural and economic status. This way in a first approach the methodology 
considers the same weight for all functional parameters. The MARS-RE is being developed in 
order to accommodate a more consensual distribution of weights.  

3.6 Representation and global assessment of a project 
One important feature of the methodology is the graphical representation for the monitoring of the 
different solutions that are analyzed. The representation is global, involving all the considered ob-
jectives (indicators). 

The tool that is used to graphically integrate and monitor the different parameters is the “radar” 
or Amoeba diagram. This diagram has the same number of rays as the number of parameters under 
analysis and is called the sustainable profile. In each sustainable profile the global performance of 
a solution is monitored and compared with the performance of the reference solution. Furthest to 
the center is the solution, better it is. It is also possible to verify the solution that best compromises 
the different parameters used in the assessment. Figure 4 represents two sustainable profiles that 
result from the application of the MARS-RE to two hypothetical solutions. 

The assessment of a project will come from the visualization of all indicators. Analysing fig-
ure 4 it is possible to verify that the solution that best compromises the objectives of the project 
is the most circular one. MARS-RE is an iterative design method, which is used to identify and 
to overcome the weaknesses of a project but it could not be used to assess the sustainability of a 
solution in an absolute way. It is used to compare different solutions in order to recognize the 
one that best suits the objectives of the project. After assessing the performance of a solution 



within all indicators as presented in Figure 2 the next step is to combine the indicators with each 
other inside each dimension in order to obtain the environmental, societal and economic perform-
ance of each solution, as presented in Equation 3 for the environmental dimension. 
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PEnv represents the environmental performance of the solution, IEnvi the ith environmental indica-
tor and wEnvi is the weight of the ith indicator. 

 

 
Figure 4. Sustainable profile. 
 
The last step is the quantification of the Sustainable score (SS). SS is a single index that resumes 
the global performance of a solution. As nearest to 1 is the sustainable score, more sustainable is 
the solution. The aggregation method used to calculate the sustainable score is presented in 
Equation 4. 

EcoEcoSocSocEnvEnv wPwPwPSS ... ++=  (4) 

Since that the main aim of the sustainable development is the balanced development within the 
three dimensions, MARS-RE considers as standard an equal weight for each dimension in the in-
tegrated assessment. Although, users can use another set of weights, according to specific local 
priorities. In order to prevent difficulties in sustainability assessment, this unique mark should not 
be used alone to classify the sustainability because there is the possible compensation between in-
dicators and moreover the solution has to be the best compromise between all different indicator. 

 
 

4 CONCLUSIONS 
 
Sustainable design, construction and use of buildings are based on the evaluation of the envi-
ronmental pressure (related to the environmental impacts), social aspects (related to the users 
comfort and other social benefits) and economic aspects (related to the life-cycle costs).  

In this paper it was presented some approaches to the buildings sustainability assessment 
(BSA) and one tool that is being developed to assist the Portuguese design teams in the sustain-
able design. Despite the numerous studies about it there is a lack of a worldwide accepted 
method to assist the architects and engineers in the design, production and refurbishing stages of 
a building. The actual LCA methods and building rating tools have a positive contribution in the 
fulfilment of sustainable developing aims, but they have their subjective aspects, for example, 
the weight of each parameter and indicator in the evaluation. For this reason, nowadays, the use 
of Performance Based Buildings methods, supported in the best construction codes and prac-
tices, to guide the design teams in order to archive the performance objectives, continues to be 
more objective than the use of rating tools. 

The sustainable building rating tool that is being developed intends to contribute positively to 
the sustainable construction in Portugal through the definition of a list of goals and aims, easily 
understandable by all intervenient in construction market, compatible with the Portuguese con-
struction technology background. Although, there are still two important steps to fulfil before 
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applying the methodology: validation of the list of indicators and parameters and assessment of 
the societal weights. Although the list of indicators and parameters is partially based in the 
framework for assessment of integrated building performance (CEN/TC 350), further work in-
cludes its validation in Portugal through thematic interviews and surveys to experts in each di-
mension of the sustainable development. The weight of each health and comfort related parame-
ter is now being assessed through experimental works and subjective evaluations.  

The uptake of sustainable building design is in its infancy. Even with the actual limitations 
linked to the different methods available, the widespread of assessment methods is gradually 
gaining more market in the construction sector. Globally, the urgency to turn the economic 
growth toward sustainable development will require more efforts in the construction sector, too.  
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1 INTRODUCTION 

Today’s imperative of sustainable development (World Commission on Environment and De-
velopment 1987) manifests itself in various actions in many areas. One of the most important 
areas is assessment of environmental impacts caused by production, use and disposal of various 
products, Life Cycle Assessment (LCA). LCA is an objective procedure to evaluate the envi-
ronmental burdens associated with a product, process, or activity by identifying and quantifying 
energy and material usage and environmental releases, to assess the impact of those energy and 
material uses and releases on the environment, and to identify and implement opportunities 
yielding environmental improvements. The environmental impacts considered can be global 
such as greenhouse gases, regional, such as acid rain, or local, such as smog formation (Osman 
and Ries 2006). The method evaluates all stages of a product life, including raw materials ex-
traction, production, use and disposal. 

The method has been increasingly used in the production of consumer goods and as a tool to 
assess and decide among alternative technologies or products; however, it has not been widely 
used to analyse construction products and building production and use; only in recent times, an 
increasing body of literature has dealt with this area (e.g. Asif et al 2007; Koroneos and Dom-
pros 2007; Schuurmans et al 2002; Josa et al 2004; Schmidt et al, 2004; Nixon et al 2004; Tre-
loar et al 2004; Jonsson 1998), as revealed by an extensive literature search. 

Worldwide, it is estimated that approximately 40% of the total energy consumed, 40% of all 
the waste produced, and 40% of all virgin raw materials consumed are associated with the build-
ing/construction sector. In today's world, only consumption of water is larger than the total pro-
duction of petrous materials to be further used in construction. The LCA end-results will lead to  
the minimization of the use of the above mentioned raw material resources and the inherent en-
vironmental impacts, while being extremely beneficial toward the rationalization of  the final 
product of the construction industry, while ensuring the sustainable development of the sector. 

Life cycle assessment of construction processes 
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ABSTRACT: Life cycle assessment (LCA) is a methodology by which the environmental im-
pacts of a product or a process can be evaluated throughout its life cycle. The methodology can 
serve as a decision tool in the selection of construction materials and optimization of construc-
tion processes. The paper presents the theoretical background of a particular method, and to 
demonstrate its flexibility and capabilities, a case study of a reinforced concrete wall cast in situ 
is analysed. Based on the inventory of all materials and processes required for this wall, the 
LCA analysis is carried out. Various scenarios for the selection of the different constituent ma-
terials of the were considered, and the results show that the selection of different concrete con-
stituent materials has a major influence upon the environmental parameters, in particular, energy 
use and global warming. The analysis clearly shows the selection of the cement type (in terms 
of supplementary cementing materials content) is the single most important component of a re-
inforced concrete structure in terms of its environmental impact.  



In contrast with the products for wide consumption, buildings are designed and constructed 
for a long service life. The specified service life depends very much on the importance of the 
building. A building is a complex product that consists of many building products, which are 
permanently built in (Construction Products Directive 1988) with a relatively long production 
period. Therefore, a life cycle assessment can be applied either to a whole building, taking it as 
a product (e.g. Asif et al 2007), or to an individual construction product (e.g. Koroneos and 
Dompros 2007). 

2 METHODOLOGY 

Life cycle assessment methodology became standardized with the introduction of the interna-
tional standards ISO 14040 (1997), ISO 14041 (1998), ISO 14042 (2000) and ISO 14043 
(2000). The standard analysis contains the following steps: 

- Goal and scope definition 
- Inventory analysis 
- Impact assessment and 
- Interpretation 
Life Cycle Inventory (LCI) involves tracking of all flows in and out of the system of interest 

– raw resources or materials, energy by type, water, emissions to air, water and land by specific 
substance. 

The results presented in this study were obtained by using an LCA tool developed by the 
European Ready-Mix Concrete Association (ERMCO) particularly to assess the applicability of 
the LCA for production of reinforced concrete structures. Several LCA methodologies are em-
bedded in the program: CML2001 (Guinée 2001), EDIP (Wenzel et al 1997) and Eco-Indicator 
(Goedkoop et al 2001). All these methodologies meet the ISO 14042 requirements and are being 
recognized throughout Europe.  

The tool was developed specifically for analysis of concrete and reinforced concrete ele-
ments. It is not intended for the analysis of the building and its performance during its use. Even 
so, different end-of-life scenarios and levels of recycling can be projected in the analysis. 

2.1 Selection of functional unit 

Understanding the concept of functional unit is essential for proper execution of Life Cycle As-
sessment Analysis. The assessment is carried out on a functional unit, therefore, it should de-
scribe the function of the product or process being studied. Its careful selection will improve the 
accuracy of the comparative study and usefulness of the results. A simple example of a well 
chosen functional unit would be the selection of a m2 of insulating material with a defined ther-
mal insulation capacity. If two insulation materials were compared in terms of their environ-
mental impact, and material A would have larger insulation capacity compared to material B, 
then the functional units for these two materials would have to have different thicknesses.   

3 CASE STUDY 

One of the most commonly encountered types of a building’s structural element, a cast in situ 
reinforced concrete wall, was selected as a case study. The production of the wall is schemati-
cally presented in Figure 1, in which the raw materials, by-products and energy flows, including 
suppliers, customers and waste treatment transport, are represented. 

 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 1. Materials and energy flows according to the CML2001 methodology (Meijer, 2003) 

3.1 Production process description 

The concrete plant supplying concrete to the construction site, where the wall is being con-
structed, is 100 km away from the site and reinforcement is supplied from a plant 80 km away 
from the site as depicted in Fig. 2. Trucks with varying capacities are employed to transport the 
constituent materials to the concrete plant, and reinforcement and fresh concrete to the construc-
tion site. The distances from the concrete plant to aggregate producer (quarry), production of 
cement and additives (plasticizers) and other data defining the reference case, such as concrete 
mix design, end-of-life scenario and final waste treatment are collected in Table 1. It is assumed 
that at the end of life, 95% of both concrete and reinforcement are recyclable. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2. Schematic presentation of cast in suit reinforced concrete wall production 
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Table 1. Input data for the life cycle assessment analysis of reinforced concrete wall cast-in-situ. 
Functional unit Quantity Quant. / m2 
Area 1 m2  
Corresponding mass of concrete 0.508 t  
Concrete mix composition   
CEM I 52.5 365 kg/m3 73 kg 
Cement transport (truck cap. 28 t) 100 km  
Coarse aggregate 800 kg/m3 160 kg 
Fine aggregate 1200 kg/m3 240 kg 
Aggregate transport (truck cap. 28 t) 80 km  
Plasticizers 3.3 kg/m3 1 kg 
Transport of plasticizers  
(truck cap. 28 t) 

250 km  

Reinforcement 45 kg/m3 9 kg 
Reinforcement transport  
(truck cap. 28 t) 

100 km  

Water 125 l/m3 25 kg 
Truck 28 t (transport) 202 t km/m3 40 t km 
Life cycle - construction   
Reinforced concrete wall 1 508 kg 
Transport to site   
Truck 40 t 100 km  
Truck 40 t 50.8 t km 50.8 t km 
Demolition   
Demolition  508 kg 
Final waste treatment   
Waste concrete 5 % 0.025 t 
Recyclable concrete 95 % 0.474 t 
Waste steel 5 % 0 t 
Recyclable steel 95 % 0.009 t 
Truck 28 t (transport to landfill) 25 km 12 t km 

 

3.2 Analysis and results 

Casting of the reinforced concrete wall was analyzed by using the CML2001 methodology 
(Guinée 2001). 

The complete results obtained by using LCA are presented in Table 2. The largest environ-
mental impact emerges from the cement, and the results also indicate the second largest envi-
ronmental impact is generated by the transportation by truck, when taken as a single group. 

The indicator results presented in Table 2 are expressed in conformance to the methodology 
of CML2001 (Guinée, 2001). The units employed are therefore kg of the reference resource an-
timony (Pb) for abiotic depletion potential, kg 1.4 DB (dichlorobenzene) equivalent for toxicity, 
kg SO2 equivalent for acidification, and kg CO2 equivalent for global warming potential. 

Table 2 clearly shows the dominant influence of cement on the overall environmental impact 
of the cast-in-situ reinforced concrete wall; 48% of all energy, and 68% of all produced CO2  
required to produce a m2 of concrete wall is used for the cement production. Despite large quan-
tites, the contribution of aggregate to the overall environmental impact of the wall is almost neg-
ligible and it represents less than 1% of the total value of all environmental indicators consid-
ered. 

 
 
 
 
 
 
 
 
 



Table 2. Contributions of individual processes and materials upon environmental impacts during the life 
cycle of a reinforced concrete wall. 
  

Energy (MJ) 
Human  
toxicity  

(kg 1.4 DB) 

Abiotic source 
depletion  

(kg Sb) 

Acidification  
(kg SO2) 

Climate 
change  

(kg CO2) 
Cement 456.250 2.365 0.424 0.134 65,554 
Aggregate 12.200 0.074 0.054 0.004 0.596 
Plasticizers 4.244 0.055 0.026 0.006 0.256 
Reinforcement 83.430 5.922 0.338 0.028 4.266 
Water 0.000 0.000 0.000 0.000 0.000 
Transport – const. 
materials 

83.959 1.025 0.848 0.054 6.337 

Production 65.996 0.376 0.640 0.017 3.807 
Transport to site  64.473 0.782 0.650 0.042 4.858 
Construction 12.336 0.151 0.125 0.008 0.934 
Maintenance 0.000 0.000 0.000 0.000 0.000 
Demolition 104.070 1.005 0.985 0.047 6.701 
End-of-life scenario 58.379 0.566 0.515 0.022 3.512 
Total 945.337 12.321 4.605 0.361 96.822 

 
The sensitivity study was therefore conducted for two different concrete mixes containing 

different cement types in different quantities. Concrete mix design employed in the analysis is 
presented in Table 3. Cement Type I (CEM I) used in the reference mix is replaced by Type II 
(CEM II), which contains up to 20% of supplementary cementing materials. The two mixtures 
have approximately equivalent compressive strength of concrete; therefore, the bearing capacity 
of the wall that defines the functional unit does not change due to the concrete mixture design 
change. 

The LCA results for the two concrete mix designs, CEM I and CEM II, respectively, is pre-
sented in Table 4 for energy usage, CO2 and toxic substance emissions. The results of the simu-
lation reveal a significant reduction of energy consumption in the production and disposal of the 
concrete wall, when built with CEM II cement type; this is due to the increased content of min-
eral additives in this cement that do not require high temperature kiln-burning. In what concerns 
climate change impact, i.e. CO2 production, CEM I and CEM II yield practically identical re-
sults; however, CEM II has lower terrestrial eco-toxicity and slightly higher acidification than 
those of CEM I. 

 
 

Table 3. Concrete mix design used in sensitivity analysis to assess the influence of cement type and influ-
ence of concrete mix design upon used energy and CO2 production, and toxic substance emission upon 
ground, water and air. 
 Reference case  

(CEM I 52.5 Europe) 
Changed mix design 

(CEM II/A-L 32.5R Europe) 
Cement 365 kg/m3 410 kg/m3 
Coarse aggregate 800 kg/m3 960 kg/m3 
Fine aggregate 1200 kg/m3 790 kg/m3 
Plasticizers 3.3 kg/m3  6.1 kg/m3  
Water 125 l 175 l 
 
 

Table 4. Sensitivity analysis: LCA results for the reference and changed case of concrete mix design. 
 Reference case 

(CEM I 52.5 Europe) 
Changed mix design 

(CEM II/A-L 32.5R Europe) 
Energy 945.2 MJ 812.4 MJ 
Climate change  96.8 kg CO2 102.4 CO2 
Terrestrial ecotoxicity 0.128 kg 1.4 DB 0.087 kg 1.4 DB 
Acidification 0.361 kg SO2 0.411 kg SO2 
Eutriphication 0.074 kg PO4

- 0.082 PO4
- 

 



The results presented in Table 2 show that during the disposal stage, the level of recycling 
has a major effect upon environmental profile of the reinforced concrete wall. The second sensi-
tivity study was therefore carried out for different levels of concrete and reinforcement recy-
cling, that is carried out after the demolition. Results for major environmental indicators pre-
sented in Table 5 for 5, 50 and 95% recycling rate show that total energy used in the life cycle 
of the wall is affected for less than 5% when the level of recycling increases from 5 to 95%. The 
largest influence is observed for inert waste, which is significantly reduced when recycling level 
is increased. 

 
 

Table 5. Influence of recycling rate upon selected environmental indicators. 
      recycling level 
     5% 50% 95% 
Energy (MJ)    990,866 968,102 945,337 
Non-chemical waste (kg)   475,226 255,676 36,126 
Chem.waste (kg)    0,019 0,014 0,008 
Human toxicity (kg 1,4 DB)   12,589 12,455 12,321 
Abiotic source depletion (kg Sb)  4,826 4,716 4,605 
Eco-toxicity fresh water aquatic (kg 1,4 DB) 1,514 1,468 1,422 
Eco-toxicity fresh water sediment (kg 1,4 DB) 2,504 2,426 2,349 
Eco-toxicity terrestrial (kg 1,4 DB)  0,134 0,131 0,128 
Climate change (kg CO2)   100,665 98,744 96,822 
Photo oxydant formation kg C2H4  0,021 0,020 0,019 
 

4 DISCUSSION AND CONCLUDING REMARKS 

The analysis for the base case of a cast in situ reinforced concrete wall using the CMLCA meth-
odology reveals that cement is the leading single component in what concerns environmental 
impact in all categories considered, namely: energy usage, human toxicity, abiotic resources, 
acidification, and climate change. It is interesting to note that in terms of energy usage demoli-
tion is second only to cement (104.1 vs. 456.2 MJ). The combined transport component is, when 
all the categories are considered and after the cement, the one with the largest environmental 
impact. This result is not unexpected taking into account the relatively large distances (100 km) 
to be travelled by the concrete, which are considered in the case study. It is surprising, however, 
to note that reduced distances do not lead to significant reductions of toxic substance emissions. 
The sensitivity analysis also serves to demonstrate the ability of selecting the construction mate-
rial, in this particular case cement composition, based on the LCA methodology. The two mixes 
with different cement types, CEM I and CEM II, although with different compositions, yield 
similar results with an advantage of 14% in terms of energy usage for CEM II, but yielding a 
13.8% increase in acidification. Obviously, with the guidance of the LCA methodology, differ-
ent mixes with similar strength can be designed to yield reduced environmental impact. 
   The proposed procedure and the case study used for its illustration clearly indicate the po-

tential of LCA as a decision tool in what concerns buildings, and, in particular, building compo-
nents. The designer can make an educated choice when selecting the best-suited construction 
material, while the construction planner can use as a component of the decision process the en-
vironmental impact due to the relative distances of the suppliers.   
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ABSTRACT:  
According to a life cycle analysis (LCA), proper selection of all building variables 

and components requires the calculation of their environmental impact throughout their 
entire life cycle, which leads to numerous calculations. The objective of this study was 
to establish a methodology for the identification of design variables with minimum en-
vironmental impact, yet using relatively simple calculation procedures. The methodol-
ogy comprises three steps: (1) Grouping the variables into distinct, stand-alone groups 
that enable to break down the entire life cycle calculation into several independent op-
timization procedures; (2) Optimization of the variables within each group; (3) Integra-
tion of all the solutions.

The methodology was applied to a typical office building. It was shown that the life 
cycle approach, combined with optimization tools, can successfully ascribe most of the 
design variables into three independent groups. Sensitivity analysis showed that vari-
ables allocation depends on regional characteristics (climate, energy production etc.).

1 INTRODUCTION 

A building, including all of its components, is a complex product that affects the environment 
during all stages of its life cycle, from construction through service life until complete demoli-
tion. The building sector is a major consumer of natural resources. It consumes some 25% of the 
forest wood, 16% of the fresh water, and 40% of the raw stone, gravel and sand used throughout 
the world each year (Dimson, 1996). In addition to the consumption of raw materials, the build-
ing sector is a significant consumer of energy, thus accounting for a significant amount of car-
bon dioxide emission throughout the operation time of a structure, which may last one hundred 
years and more. 

Reducing the environmental impact of buildings and building-related activities is thus an im-
portant task that should be considered early during the design stage of a building. A wealth of 
literature is available on the optimization design related to energy (Shariah et al., 1998; Kalogi-
rou et al, 2002; Becker and Paciuk, 2003). However, energy consumption during the operational 
stage of building life is only one aspect of the entire life, and a comprehensive approach that 
takes into account the entire building life "from cradle to grave" must be considered. A life cy-
cle analysis (LCA) method, as outlined in the ISO 14040 series, can constitute a framework for 
such a comprehensive approach. This method has already been applied in the evaluation of 
some industrial products and processes (Dobson, 1996; De Langhe et al., 1998; Dones and 
Frischknecht, 1998; Alexander et al., 2000). 

According to the LCA method, proper selection of all building variables and components re-
quires the calculation of their environmental impact throughout their entire life cycle, i.e. from 
the quarrying of the raw materials, throughout the building's entire service life, until final demo-
lition. The number of variables to be considered is extremely large, leading to an even greater 



number of calculations. In order to facilitate these calculations, some simple methods were de-
veloped that evaluate the environmental impact of a building. The most easy-to-use ones are 
based on a prescriptive approach that lists a series of simple guiding rules, which, when ful-
filled, will make the building more environmental friendly. These tools, such as LEED in the 
US and BREEAM in the UK, are gaining in popularity due to their simplicity, but lack a scien-
tific basis that will enable to compare solutions to optimize their selection. Other tools, such as 
BEES (Lippiatt, 1999), provide a more comprehensive calculation of several building materials 
and components, as well as a calculation of their economic performances based on their use in 
North America. Optimization of an entire building over its entire life cycle is still limited. 

The objective of this study was to establish a methodology for optimizing the selection of de-
sign variables, with minimum environmental impact of the entire building, yet using relatively 
simple calculation procedures.  

2 METHODOLOGY 
2.1 Grouping  
The methodology is based on the assumption that the multitude of building variables can each 
be ascribed to a small number of groups and that optimization can be performed individually 
within each group without losing the scientific basis of the calculation. It is assumed that vari-
ables can be aggregated into such groups based on the greatest environmental impact related to 
the group, provided there is a significant difference between these impacts. Consequently, each 
variable would be optimized with respect to the group in which it has the greatest impact. The 
resulting combination will yield the overall optimal solution that would have been obtained by 
optimizing the entire population over the entire life cycle, but with less calculation power. 

The methodology comprises three steps (Fig. 1): (1) Grouping the variables into distinct 
stand-alone groups that enable to break down the entire life cycle calculation into several inde-
pendent optimization procedures; (2) Optimization of the variables within each group; (3) Inte-
gration of solutions. In order to facilitate the calculation, the building is scanned first to identify 
basic repetitive modules, such as identical floors or sections. In such a case, the calculation can 
be performed on this particular module only. 
 

Grouping

Basic module : Design variables 

Operational energy 
stage

Production  & 
Construction stage

Maintenance to 
Demolition stage

Full Env . Imp . Range 
for feasible 

distribution range of 
every Des . Var.

OEG P&CG MtDG IG

Full Env . Imp . Range 
for feasible 

distribution range of 
every Des . Var.

Full Env . Imp . Range 
for feasible 

distribution range of 
every Des . Var.

 
Figure 1: Scheme of grouping procedure. 
 

Two main phases were identified in view of their environmental impacts: pre-occupancy, and 
post-occupancy. The former is affected directly by quantities of materials, their availability and 
construction methods whereas the latter is affected by routine use and maintenance practices. 
The first group therefore includes activities related to production and construction (P&CG). The 
second and third groups include activities related to the post-occupancy phase. Energy for the 
routine operation of the building was found to be a stand-alone category. Its environmental im-
pact is significant and it is affected by the selection of materials, acclimatization methods, glaz-
ing dimensions, ventilation rates and other parameters that lead to a non-linear accumulation of 
the environmental impacts. Other maintenance activities, such as renovation and rehabilitation, 



are, in fact, repeated activities involved in the construction and demolition of particular ele-
ments or components. The second and third groups were, therefore, defined as the operational 
energy group (OEG) and the maintenance to demolition group (MtDG), respectively. A fourth 
group, the integrated group (IG), that contains variables relevant to several life cycle stages, was 
also identified. 

Grouping is based on scanning the environmental impacts associated with each life cycle 
stage of the range of solutions for a particular variable, thus establishing the full environmental 
impact range (FEIR) for this variable. Variables that clearly exhibit the greatest environmental 
impact in a single stage are assigned to this stage. 

Thus, for example, the environmental impact of each of the possible solutions for partition 
walls are analyzed within each of the above groups to determine the full environmental impact 
range of all the solutions. If all of the solutions exhibit a significantly large environmental im-
pact in one of the three individual groups, then this design variable (partition wall, in this exam-
ple) is assigned to this particular group, otherwise, it is assigned to the fourth group, the inte-
grated group.  

Since the environmental impact of materials and elements in the P&CG and MtDG groups is 
almost a linear function of their quantities, calculating their impacts is relatively simple. Pa-
rameters that refer to operational energy are non-linear and another method of calculating their 
impact was developed as follows: 

First, the optimal combination of variables for minimum environmental impact is determined 
as the base point for the rest of the calculations. Optimization, at this stage, requires use of a re-
liable but fast algorithm, such as the Genetic Algorithm [Holland 1975], in order to cope with 
the complexity of this calculation. It should be noted that the objective of this calculation is not 
to achieve minimum energy consumption, but rather minimum fuel consumption that depends 
on energy production processes and acclimatization equipment. The range of solutions for each 
of the building variables is then compared with the optimum obtained previously, to determine 
the FEIR for this group. 

2.2 Optimization 
Optimization is done to achieve two objectives: minimization of both the environmental impact 
and of the cost of the solution. 

In order to achieve these two objectives, optimization is done using the indifference curve 
technique, which is known for its solution of multi-objective problems (Hwang and Masud, 
1979). According to this method, the various solutions are plotted on an X-Y plot, using a rela-
tive scale. The best solution for each objective is assigned the zero value, whereas the worst so-
lution is assigned the 100% value. The distance of each solution from the origin, on the X-Y 
plane, determines its ranking relative to the other solutions. The best solutions are obviously 
found closest to the origin. Figure 2 demonstrates this approach. Solutions 2 and 3 have the 
same ranking, thus it is impossible to determine which one of them is better .It is, however, 
clear that Solution 1 is better than the others in terms of both environmental performance and 
cost performance. 

3 EXAMPLE OF APPLICATION - OFFICE BUILDING 

An example of an office building was chosen to demonstrate the methodology. An office build-
ing can be represented by a single repeating unit located in the main body of the building (in-
termediate floor, not in a corner). Similarly, a single apartment or a single floor can be taken as 
the repeating unit in a residential building or multi-floor building, respectively. For our exam-
ple, we selectd a unit 3 m wide by 4 m long and 3 m high, with three partition walls and one ex-
ternal wall. Table 1 lists the decision variables for this unit i.e. all variables that might be se-
lected during the design of the building. For example, five solutions are commonly-used in 
Israel for partition walls. Each solution has a certain impact on the environment during the con-
struction stage and during its service life (renovation and rehabilitation) and it may have an im-
pact on the consumption of energy for heating and cooling. 
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Figure 2: The indifference curve technique used to optimize both environmental and cost per-
formances. 
 

For the purpose of operational energy calculation, the service conditions must be defined 
first. For this example, it was assumed that the office is occupied by one person, eleven hours a 
day (7am to 6pm), 5 days a week. Room temperature is set to 20°C for heating regime and 24°C 
for cooling regime and heating and cooling is done by a heat-pump (Coefficient of Performance, 
COP, of 2.75 and 3.0, respectively). Air exchange rate is 1h-1. Weather conditions were calcu-
lated according to meterology data for a typical year in Jerusalem, i.e. mild summer and cool 
winter. The required illuminance was set to 500 lx and additional source of power such as elec-
tric equipment was assumed to be 610W. Calculations were performed for a service life of 50 
years. 

 
Table 1: Decision variables  
Variable  Alternatives 
Partitions Gypsum wallboard, concrete block, cellular block, gypsum block, or sili-

cate block 
Floor/ceiling Flat reinforced concrete slab, ribbed slab with concrete blocks, ribbed slab 

with cellular blocks, or hollow-core pre-stressed concrete plate 
Floor covering Ceramic tile, terrazzo, marble, PVC, or carpet 
External wall type Wall types I, II, or III  
External wall covering Stone, ceramic tile, or plaster 
Glazing 54 types 
Window Size Width and height from 0.3m to 2.7m at discrete steps of 0.3m  
Insulation thickness External and internal (0.0m to 0.2m at 0.01m intervals) 
Concrete mass thickness Internal and external (0.1m to 0.2m at 0.01m intervals) 
Block thickness 0.2m to 0.3m at 0.01m intervals 
 
Calculations were performed using the following tools: 
• Thermal analysis - EnergyPlus (Crawley et al., 2001) 
• Optimization of the thermal analysis using the genetic algorithm - GAOT (Houck et al. 

1995). 
• Environmental data processing and database - SimaPro 5.0 (Goedkoop and Oele, 2001), 

and additional database - BEET (Petersen, 1999). 
• Life cycle assessment, LCA, - Eco-indicator 99  

The environmental databases listed above contain a large number of alternatives for material, 
elements and processes. In addition, the data-processing tool enables to create new processes, 
provided that sufficient knowledge exists with respect to all of its details. When knowledge on 
the environmental impacts of all the construction processes was insufficient, data for construc-
tion activities was calculated based on environmental impacts resulting from the consumption of 
raw materials, their transportation to the construction site and the energy required for the on-site 
use of equipment during construction.  



Eco-indicator 99 is a damage-oriented method that divides the damage into three groups: 
damage to human health, damage to ecosystems, and resources depletion. The data are proc-
essed into a single score (eco-points) using the concept of cultural theory (Thompson et al., 
1990) and includes three methodological options that use different assumptions for damage 
time-frame (E- very long and not absolutely proven, I- very short and already proven, H- bal-
anced) and for the required level of damage certainty (E, I and H as above and A- evenly dis-
tributed). It should be noted that all options for time-frame and level of damage uncertainties 
must be considered unless otherwise predetermined for a particular reason. 

4 RESULTS AND DISCUSSION 
4.1 Production and Construction Stage 
Table 2 presents an example of the calculation of the full environmental impact range (FEIR) 
for the partition wall variable. Each alternative was analyzed thoroughly for its environmental 
impact. This impact was processed into a single score, expressed in eco-points, using the vari-
ous approaches to the damage time-frame, as described above. The range of possible solutions 
for each calculation method was determined. Thus, the range for the I/A option extends between 
11.3 for cellular blocks and 146.0 for concrete blocks, i.e. 134.7 pt. The minimal and maximal 
range was found to be 80.6 and 185.8, respectively; a value that expresses the difference be-
tween the most conservative and most liberal possible solutions. 
 
Table 2: Environmental scores stemming from the production and construction stage for the partition wall 
variable (pt), calculated for different assumptions of time-frame and level of damage certainty. 

Alternatives I/A I/I H/A H/H E/A E/E 
Gypsum board 23.7 27.8 51.8 61.2 53.2 49.3 
Concrete block 146.0 199.0 124.0 101.0 123.0 95.9 
Cellular block 11.3 14.6 17.4 17.5 17.7 15.3 
Gypsum block 43.5 55.6 63.9 64.3 78.7 70.1 
Silicate block 11.3 13.7 27.8 29.4 26.5 23.3 
Range  134.7 185.3 106.6 83.5 105.3 80.6 

4.2 Operational Energy Stage 
In order to find the FEIR for the operational energy stage, optimization of the module's vari-
ables was performed first to obtain the minimum electricity consumption. Each variable was 
then investigated for changes in the environmental impact stemming from the choice of a differ-
ent alternative. The minimum and maximum were determined, leading to the results presented 
in Table 3. It should be noted that the calculation was done assuming service life of 50 years. 
Defining this period (service life) is important since the electricity demand increases linearly 
with the service life. Once the full range of electricity consumption was determined for each 
variable, the environmental impacts were calculated as described above.  

4.3 Maintenance to Demolition Stage 
The FEIR for each variable was determined similarly to the calculations described in the Pro-
duction and Construction stage above, together with the negative impact of demolition and the 
positive impact of possible recycling. The life cycle of each variable was determined individu-
ally. 

4.4 Determination of Group Allocation  
Table 4 presents a summary of the results. Each variable was allocated to a specific group pro-
vided that its FEIR for one of the stages was significantly larger than for any of the other stages. 
Partition wall, for example, was allocated to the Production and Construction Group. Its FEIR 
for this group ranged between 81 and 185 eco-points, whereas it ranged from 7 to 35 and from 
12 to 22 for the other two groups .It is therefore clear that this variable belongs to this group and 



further optimization for any similar building can be done within this group only. Allocation of 
the other variables into the appropriate group is presented in Table 4. 
 
Table 3: Deviations from optimum of electricity demands for design variables' feasible ranges, assuming 
50-year service life 

Electricity Demand Deviation 
(kWh*50yr/m2)  

Variable 

North South West East 

Range per m2 
(kWh*50yr/m2) 
 

Range per 12m2 
module 
(kWh*50yr/module) 

Partitions 26.9 46.2 21.4 18.2 18.2 – 46.2 218.4 – 554.4 
Floor/ceiling 59.4 102.6 121.4 89.3 59.4 – 121.4 712.8 – 1456.8 
Floor covering 16.6 22.8 28.6 22.9 16.6 – 28.6 199.2 – 343.2 
External wall type 5.4 29.7 24.8 9.7 5.4 – 29.7 64.8 – 356.4 
External wall cov-
ering 2.2 1.3 2.2 0.9 0.9 – 2.2 10.8 – 26.4 

Glazing type 4565.8 4054.7 3754.0 3181.5 3181.5 – 4565.8 38178.0 – 54789.6 
Window size 2355.2 1188.3 1337.6 1101.2 1101.2 – 2255.2 13214.4 – 27062.4 
External insulation 
thickness 378.8 486.6 628.4 471.9 378.8 – 628.4 4545.6 – 7540.8 

Internal insulation 
thickness 344.8 450.8 587.5 437.4 344.8 – 587.5 4137.6 – 7050.0 

External concrete 
thickness 10.4 18.2 20.1 10.7 10.4 – 20.1 124.8 – 241.2 

Internal concrete 
thickness 10.2 17.6 14.5 7.9 7.9 – 17.6 94.8 – 211.2 

Block thickness 34.6 48.4 62.0 44.6 34.6 – 62.0 415.2 – 744.0 
 

Table 4: Design Variable Grouping 
Full Environmental Impact Ranges per life cycle 
stage (Pt) 

Variable 

Production & 
Construction 

Operational 
Energy 

Maintenance to 
Demolition 

Group 
Allocation 

Partitions 81 – 185 7 – 35 12 – 22 P&CG 
Floor/ceiling 110 – 263 45 – 92 8 – 13 P&CG 
Floor covering 48 – 93 6 – 22 244 – 467 MtoDG 
External wall type 37 – 97 2 – 23 10 – 22 P&CG 
External wall covering 18 – 52 0 – 2 16 – 48 IG 
Glazing  0 – 2 1240 – 3460 1 – 5 OEG 
Window size 1 – 5 429 – 1710 2 – 11 OEG 
Ext. insulation thickness 2 – 11 148 – 476 <1 OEG 
Int. insulation thickness 2 – 11 134 – 445 <1 OEG 
Ext. concrete thickness 36 – 105 4 – 15 7 – 14 P&CG 
Int. concrete thickness 36 – 105 3 – 13 7 – 14 P&CG 
Block thickness 17 – 47 13 – 47 2 – 5 IG 

 
In addition to the allocation of each variable into the appropriate group, it is evident that the 

FEIR of window size and glazing type is much larger than that of all other variables, indicating 
that proper selection of this variable is of special importance for proper environmental design. 

Sensitivity analysis showed that production of electricity using renewable energy, such as 
hydro power plants, may change group allocation. When hydro power is used for electricity 
production instead of coal (produced using French technology), as assumed in the previous cal-
culations (Tables 2 and 3), the following variables moved from one group to another: wall size 
and insulation thickness moved from the OEG to IG group, and floor/ceiling and block thick-
ness moved from IG to P&CG. Some of these changes were expected due to the significant im-
pact of these variables on the electricity consumption for heating and cooling. Other sensitivity 
analysis showed that changing the electricity production method, from one type of fossil fuel to 



another, may also affect group allocation. Improving the recycling options for the materials, 
however, showed no impact on the group allocation of the variables. 

 

5 APPLICATION TO A PARTICULAR OFFICE BUILDING 

Once group allocation is determined for all design variables in general, this approach can be ap-
plied to a particular office building. As an example, we selected a three-story office building: 20 
m long and 17 m wide, with 15 rooms on each floor, facing the four cardinal directions (north, 
south, west and east). Occupancy conditions were similar to those stated before (i.e. one person 
per office, 7 am to 6 pm, 5 days a week). 

The cost and environmental impact of each alternative were calculated. Again, the environ-
mental impact of all of the alternatives was examined for damage time-frame due to the uncer-
tainties involved with the assessment of the environmental impacts. Optimization of the solu-
tions was analyzed using the indifference curve technique, as illustrated in Figure 3. According 
to these calculations, the selection of gypsum board for partition walls, for example, yields the 
best solution. It should be noted that in view of its cost, this is indeed the cheapest solution but 
not the one with the least environmental impact. However, simultaneous optimization of the two 
objectives reveals this alternative to be the best. It can also be seen that different environmental 
approachs, (H/H and E/E, very long time-scale consideration only or balanced long and short 
time-scale) may add another alternative (cellular block) to the selected solutions. 

 
Figure 3: Cost performance vs. environmental performance for the partitions variable (P&CG) (square – 
silicate block, solid circle – gypsum block, circle – cellular block, triangle – concrete block, asterisk – 
gypsum board). 

6 SUMMARY AND CONCLUSIONS 

A full life cycle analysis methodology of an entire building was developed by reducing the 
number of calculations required for such analysis. A representative unit is defined for the inves-
tigated site. The range of possible solutions for each design variable is determined, as well as 
the maintenance and usage conditions. The solutions are analyzed for their Full Environmental 
Impact Range (FEIR) for each stage of their life cycle. Three groups were defined: production 
and construction, maintenance (including renovation, rehabilitation and demolition) and opera-
tional energy. The latter was defined as an independent group since the former groups relates 
mainly to the amount of materials whereas the latter refers to energy for acclimatization and il-



lumination, which involve non-linear parameters such as window size and orientation, thermal 
mass of elements, etc. It was found that most of the variables can be assigned to one group only, 
which means that optimization can be performed within this group only, thus reducing the num-
ber of required calculations. Only a few variables were assigned to a fourth group, which in-
cluded variables relevant to more than one of the above groups. 

Group allocation was found to be sensitive to the method of energy production but insensitive 
to 

inimize 
its
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1 INTRODUCTION 
 

Sustainable Development searches the best trade-off between three dimensions: environment, 
society and economy. Construction and mainly the building sector has great influence in that 
objective. Buildings accounts for the greatest amount of the total residues production and en-
ergy consumption. Besides that, buildings are the population’s center of life: an adult in a de-
veloped country spends almost 90% of its life inside buildings. Globally, buildings construction 
is responsible for about 40% of raw materials (stone, gravel, sand, etc), 25% of wood, 40% of 
energy and 16% of water annually spent all over  the world (Roodman, 1995). In Portugal, in 
spite of existing important differences between the reality and the statistical figures, according 
to national energy directorate (DGGE) and national statistics institute (INE), during operation 
phase, buildings (houses and offices) accounts for about 25% of the national primary energy 
consumption, 6,7% of the total water end-use and is responsible for the annual production of 
420 millions of cubic meters of residual water. According to INE, construction industry is also 
responsible for the annual production of about 7,5 millions tons of solid residues. These figures 
show that buildings are related with strong environmental, social and economical impacts that 
have great potentialities to be to some extent overcame.  

In Portugal, during the last decade of the 20th century it was possible to assist to a huge 
growth in the construction market, mainly in new buildings and road infrastructures sectors. For 
instance, in the second half of the 90’s the national construction sector’s growth rate was ten 
times higher, compared to the European average rate. From 1999 to 2002 were built an average 
of 105 000 new residential units per year. These figures are even more significant if they are 
compared to the reality of the most developed European countries, where the retrofit-
ting/rehabilitation market assumes a higher relative importance. According to Euroconstruct, the 
retrofitting/rehabilitation market in Portugal represents about 8% of the total construction 
works, while the Western European average is nearly 45%. 

Despite the fact that in an initial phase this mismatch was justified by the relative underdevel-
opment of Portugal, this unsustainable growth is raising a set of problems that the construction 
market is facing nowadays, like p.e., overplus number of residential units built to a stagnated 
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and each day older population, urban planning chaos caused by the disorderly growth, progres-
sive degradation and consequent desertification of urban centres. 

Building refurbishing in opposition to demolishing and new construction is an important step 
towards sustainability. Correcting the actual policy of “use and throwaway” it is possible to 
overcome some economic problems; to increase the occupants and users comfort; to  turn down 
the environmental impacts through the energy consumption, raw materials and residues reduc-
tion; and to preserve the city’s cultural legacy.   

Sustainable refurnishing is based in several different aspects, some times contradictory, related 
among others to the quality of materials, economic impacts, indoor environment comfort, pro-
tection of environment, cultural heritage, etc..  

Although there still is an important question that must be solved: to define the sustainable re-
furnishing concept through tangible goals. Sustainability assessment is a holistic approach that 
doesn’t consider all aspects related to the environmental, economic and social performances of a 
solution, but only those parameters that better compromises the objectives of the assessment, the 
type of solution, the available data, among others. The application of the “Sustainable Devel-
opment” concept is based on the definition of objectives and criteria to be used in the sustain-
ability assessment and comparison of different building solutions. This way it is possible to 
choose the most sustainable solution, according the considered aspects. 

This paper presents the first step for the development of a methodology for the sustainability 
assessment of building refurnishing processes, which is based in the three dimensions of Sus-
tainable Development. At the end of the paper, the methodology is applied to a case study 
which aims are the selection of the most sustainable refurnishing solution for a building façade, 
according to the assessment objectives. 

 
 
2 SUSTAINABILITY ASSESSMENT METHODOLOGY 
 
The methodology presented in this document is a derivation and adaptation of the Metodology 
for the Relative Assessment of Building Solutions (MARS-SC) that was developed in order to 
evaluate new construction solutions (Mateus, 2004). This methodology follows these steps: 
definition of parameters, quantifications of parameters, normalization of parameters, aggrega-
tion of parameters, representation and assessment of the solution.  

In the next paragraphs is made a short description of the methodology MARS-SC adapted to 
refurnishing operations. 
 
2.1 Definition of parameters  
The sustainability assessment is holistically made, because it is impossible to consider all parame-
ters that express the performance of a solution at the level of the three dimensions of the sustain-
able development. This way, in this phase the number and type of parameters to be assessed inside 
each dimension are defined. The definition depends on one hand in all objectives of the assess-
ment, type of solution to be refurnished, local conditions, functional requirements that are neces-
sary to fulfil, available data, and in the other hand in the assessment boundary: the sustainability 
assessment of a single construction element refurnishing is not based in the same parameters used 
for a whole building or district. Table 1 presents some parameters that could be considered in a 
sustainability assessment of a refurnishing solution for a façade.  

 
2.2 Quantification of parameters  
After selecting the parameters it is necessary to proceed with their quantification. Quantification it 
is essential to compare different solutions, aggregate parameters and to accurate assess the solu-
tion. The quantification method should be anticipated. There are several quantification methods: 
previous studies results, simulation tools, expert’s opinions, databases processing, etc. (Cherqui, 
2004). In some cases times the parameters to evaluate are quantitative. When assessing qualitative 
parameters like for instance, aesthetics and maintenance aptitude, the qualitative performance level 
is transformed in a quantitative scale, using the equivalences presented in Table 2.This transforma-



tion is based in the comparison of the performance with the best and conventional/minimal nor-
malized performance.    

 
 
Table 1. Parameters that could be used in the sustainability assessment of refurbishing solutions for build-
ing façades. _____________________________________________________________________________________________________ 

Parameters      _____________________________________________________________________________________________________         
Environmental       Social           Economic _____________________________________________________________________________________________________ 
Environmental       Airborne sound insulation    Construction cost   
Global warming potential    Thermal insulation       Operational cost   
Fossil fuel depletion potential  Structural safety        Refurnishing cost     
Acidification potential     Fire safety          Dismantling/demolition cost  
Chemical oxygen depletion   Water permeability       Residual value 
Production of residues     Maintenance aptitude      Residues treatment cost  
Embodied water       Preservation of the city’s heritage 
Reusing potential      Aesthetics 
Recycling potential     _____________________________________________________________________________________________________ 
 

 
Table 2. Equivalences between the qualitative and quantitative performances.   _________________________________________________________ 
Qualitative performance         Score  _________________________________________________________ 
Best solution             1,00 
Good solution             0,75 
Slightly better than the conventional solution  0,25 
Conventional solution/minimum standard   0,00 _________________________________________________________ 
 
It is not easy to evaluate the environmental parameters mentioned above. Although there are some 
life-cycle inventory (LCI) databases about the environmental pressure related to several construc-
tion materials that could be used to support life-cycle analysis (LCA). It is also possible to use 
LCA tools to evaluate the parameters mentioned above. 

To assess the social parameters related to the indoor environment comfort, it is possible to use 
one of the several normalized methodologies available. Another way is to use and process some 
available databases that collect common functional performance data related to some conventional 
refurbishing solutions. Whenever possible, experimental results should be used, because those are 
the ones that best draw up the real performance of the solution. 

Life cycle cost analysis (LCCA) is more straightforward than the environmental performance as-
sessment, since there are different standardized methodologies and published construction costs 
databases. LCCA is a method that allows the quantification of the global cost of a product for a 
certain period of service life. In this method all costs are included: construction cost (capital cost), 
operation cost, maintenance cost and the residual value of the building or of some part of it. LCCA 
is an important approach whenever it is necessary to compare two solutions that have the same 
functional requirements but that differ at the level of their initial and operational costs. 
 
2.3 Normalization of parameters  
The objective of the normalization of parameters is to avoid the scale effects in the aggregation of 
parameters inside each dimension and to solve the problem that some indicators are of the type 
“higher is better” and others “lower is better”. Normalization is done using the Diaz-Balteiro et al. 
(2004) Equation. 
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In this equation, Pi is the value of ith parameter. P*
i and P*i are the best and worst value of the ith 

sustainable parameter. 



The normalization in addition to turning dimensionless the value of the parameters considered in 
the assessment, converts the values into a scale bounded between 0 (worst value) and 1 (best 
value). This equation is valid for both situations: “higher is better” and “lower is better”. 

 
2.4 Aggregation  
Sustainability assessment across different fields and involves hundreds of parameters. Each sus-
tainable dimension is characterized by several parameters or indicators. A long list of parame-
ters with their associated values won’t be useful to assess a project. The best solution to over-
come this situation is to combine parameters with each other to obtain “global indicators”, 
allowing assessing the sustainability of each solution at the level of each sustainability dimen-
sion. 

The complete aggregation method that is used in this methodology is presented in Equation 2.    
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The global indicator Ij is the result of the weighting average of all the normalized indicators iP .  
wi is the weight of the ith parameter. The sum of all weights must be equal to 1. 
Equations 3 to 5 present how to aggregate the parameters inside each indicator in order to assess 

the performance of a solution within each sustainable dimension. 
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iEcoEco PI = , economic dimension                                                                             (5) 

In the economic dimension, the global indicator as the same value of the normalized eco-
nomic parameter because the normalized parameter results from the sum of every cost found in 
the life-cycle costing analysis. 

The weight of each parameter in the assessment of every indicator is not consensual, as it is 
possible to verify when analysing the several different available methodologies for sustainable 
design assessment and support. This is the major inconvenient of this method, when compared 
to performance based methodologies, since it is possible the compensation between parameters. 
 Weights are strongly linked to the objectives of the project: higher weights must be adopted 
for parameters of major importance in the project. 
 At the level of the weights of the environmental parameters, there are some international ac-
cepted studies that allow an almost clear definition. One of the most accepted studies is the one 
performed by the EPA’s Science Advisory Board (SAB) that developed lists of relative impor-
tance of various environmental impacts to help EPA to best allocate its recourses (EPA, 2000). 
 Whenever there isn’t a local or regional available data, it is suggested to use EPA’s weights in 
MARS-SC. 
 In spite of being easy to quantify the functional parameters, the way as each parameter influ-
ences the functional performance and therefore the sustainability isn’t consensual. This assess-
ment involves subjective rating and depends, above all, on the type of solution and on the valua-
tor’s social-cultural and economic status. This way in a first approach the methodology 
considers the same weight for all functional parameters. The MARS-SC is being developed in 
order to accommodate a more consensual distribution of weights. 
 



2.5 Representation and assessment of the solutions 
One important feature of the methodology is the graphical representation for the monitoring of the 
different solutions that are analyzed. The representation is global, involving all the considered ob-
jectives. 
 The tool that is used to graphically integrate and monitor the different parameters is the “radar” 
or Amoeba diagram. This diagram has the same number of rays as the number of parameters under 
analysis and is called the sustainable profile. In each sustainable profile the global performance of 
a solution is monitored and compared with the performance of the reference solution. Furthest to 
the center is the solution, better it is. It is also possible to verify the solution that best compromises 
the different parameters used in the assessment.  
 After assessing the performance of a solution within all dimensions (environmental, societal and 
economics), the next step is to combine the global scores with each other in order to obtain the sus-
tainable score. Sustainable score (SS) is a single index that resumes the global performance of a 
solution. As nearest to 1 is the sustainable score, more sustainable is the solution. The aggregation 
method used to calculate the sustainable score is presented in equation 6. 

EcoEcoSocSocEnvEnv wIwIwISS ... ++=  (6) 

Sustainable score, SS is the result of the weighting average of each global indicator Ij. wi represents 
the weight of the jth parameter. 
 The weight of each dimension in the global sustainability is still not consensual. It depends, 
among other, in the objectives of the project and local priorities. In MARS-SC it is proposed to use 
the weights presented in Table 3.  
 
Table 3. Weight of each sustainable dimension in the sustainable score assessment. ________________________________________ 
Indicator      Weight (wi) ________________________________________ 
Environmental (IEnv)  0,30 
Societal (ISoc)     0,50 
Economic (IEco)    0,20 ________________________________________ 
 
The SS value should not be singly used in order to characterize the sustainability of a solution, 
since it is possible the compensation between dimensions and moreover the solution has to be 
the best compromise between all the different aspects: every aspect has to be represented. 

 
3 CASE STUDY 

 
The scope of the case study is the assessment of a refurnishing project related to a multi-storey 
building with three floors, located in the city’s centre of Guimarães. This building was built at the 
end of the 60’s and most of its envelope, mainly the façade, is in a considerable degradation state 
(figure 1). This building doesn’t have any king of heritage value. In the façade it is possible to 
identify some cracks that are compromising the water permeability of this construction element. 
The aim of this project is not only to improve the building aesthetics, but also to improve other 
functional characteristics, mainly the thermal comfort, in order to turn it compatible to the actual 
comfort demands. Another requirement to fulfil is that the refurnishing solution should be the best 
compromise between the three dimensions of sustainable development.  
 After examining the façade it was possible to conclude that the cracks are stable and that the 
original solution used in the façade is a hollow brick cavity wall without any insulation material, as 
presented in Figure 2. 

The refurnishing solution to adopt should not disturb the indoor living conditions of the inhabi-
tants. This way the two solutions proposed for the façade’s opaque area were the ventilated façade 
(solution 1) and the external thermal composite system – ETICS (solution 2).  The cross-section of 
both refurnishing solutions are presented in Figures 3 and 4.  

In order to fulfil the thermal standard valid during the design period (Decrew-Law 40/90) it 
was necessary to reduce the U-value of the façade in 42%, in relation to the initial value. 
 



 
Figure 1. Elevation of the façade.  

 
Figure 2. Cross-section of the existing solution. 

 
Figure 3. Refurnished façade’s cross sec-
tion after (solution 1). 

 
Figure 4. Refurnished façade’s cross section after (so-
lution 2). 

 

3.1  Accessed parameters and related weight 
At the level of the environmental performance, the project team decided that the solution to adopt 
should have the lowest possible embodied environmental impact. The selected parameters for the 
environmental performance assessment were: embodied primary energy (PEC), global warming 
potential (GWP), habitat alteration (HA) - based on the construction mass (M) and quantity of 
residues produced during materials processing (R), acidification potential (AP) and chemical oxy-
gen depletion (COD).  

In which regards to societal performance, the aim was to find the best compromise between the 
following functional parameters: airborne sound insulation (Dn,w), U-value (U), maintenance apti-
tude (MA). 

For the economic performance the aim was to choose the solution with lower construction cost. 
This way it was considered just one economic parameter in the assessment: construction cost (CC). 

Table 4 resumes the considered parameters and related weights. 
 

Table 4. Assessed parameters and related weight. ________________________________________________________________________________________ 
Dimensions  Parameter            Parameter’s  Dimension’s 
                    Weight (%)  Weight (%) ________________________________________________________________________________________ 
      Primary energy consumption (PEC)  11,1 
      Global warming potential (GWP)   33,3 
Environment  Habitat alteration (HA)      33,3     30,0 
      Acidification potential (AP)     11,1 
      Chemical oxygen depletion (COD)  11,1 ________________________________________________________________________________________ 
      Airborne sound insulation (Dn,w)   33,3 
Societal    U-value (U)          33,3     50,0 
      Maintenance aptitude (MA)     33,3 ________________________________________________________________________________________ 
Economic   Construction cost (CC)      1,00     20,0 ________________________________________________________________________________________ 
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3.2 Quantification of parameters 
Besides the environmental performance of both refurnishing solutions, Table 5 presents, only for 
information, the environmental performance of the initial solution. In Portugal is not available LCI 
data related to the building materials’ environmental impacts. This way the results are based in the 
values presented by Berge for Central Europe (Berge, 2000)  
 
Table 5. Environmental performance of the initial and both refurnishing solutions. _____________________________________________________________________________________________ 
Solutions   M(1)   PEC(2)   GWP(3)   AP(4)   COD(5)   R(6) 

      Kg/m2  kWh/m2   g*103/m2  g*103/m2 g*103/m2  g*103/m2 
_____________________________________________________________________________________________ 
Initial     244,05  161,56   39,51    0,40   3,70    15,72 
Solution 1   29,60   83,10    14,63    0,13   5,18    3,17 
Solution 2   43,00   32,59    5,77    0,04   0,46    0,71 _____________________________________________________________________________________________ 
(1) Total construction mass per square meter. 
(2) Embodied primary energy. 
(3) Global warming potential in CO2 grams equivalents. 
(4) Acidification potential in SO2 grams equivalents. 
(5) Chemical oxygen depletion in NOx grams equivalents. 
(6) Residues that result from the production of the construction materials. 

 
Table 6 presents the results found in the functional and economic performance assessment of 
both solutions. In order to compare between the initial and refurnished performances, the initial 
performance is also presented. The construction costs are based in a cost estimation drawn up by 
three construction companies which head-office is situated in the North of Portugal. They in-
clude all direct and indirect costs and profits related to construction works. 

 
Table 6. Functional and economic performances of the initial and both refurnishing solutions. _________________________________________________ 
Solutions   U     Dn,w   CC 

      W/m2.ºC  dB   €/m2 
_________________________________________________ 
Initial     1,40    45    - 
Solution 1   0,60    48    100 
Solution 2   0,60    46    35 _________________________________________________ 
 

3.3 Representation and assessment of both solutions 
Table 7 resumes the results found in the sustainability assessment of both refurnishing solutions, 
using the methodology MARS-SC. Figure 5 presents the sustainable profile of both solutions. 
Analyzing the results it is possible to observe that refurnishing solution 1 is only better than so-
lution 2 at the level of the functional requirements. This reality is based on the major advantages 
of this solution: high maintenance aptitude and improved airborne sound insulation. The use of 
ceramic materials and galvanized steel, two materials that have high embodied energy, turns the 
environmental performance lower than the ETICS refurnishing solution. Another important 
drawback of this solution is the high construction cost, almost 285% higher than the solution 2 
cost. 

This way, in the analysed sample and according to the considered dimensions, parameters and 
related weights, the most sustainable refurnishing solution is the external thermal insulation 
composite system – ETICS (solution 2). 

 
Table 7. Results obtained in MARS-SC  _________________________________________________________________________________________ 
      Performance               _____________________________________________ 
Solutions   Environmental  Societal   Economical  Sustainable Score 
      IEnv      ISoc    IEco     SS _________________________________________________________________________________________ 
Solution 1   0,17      1,00    0,00     0,55 
Solution 2   0,83      0,33    1,00     0,61 _________________________________________________________________________________________ 
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Figure 5. Sustainable profile of both refurnishing solutions 

 
 
4 CONCLUSIONS 
 
Sustainable building design, construction, operation and refurnishing are based in the assessment 
of the environmental pressure, societal performance (related to the construction norms, regulations 
and psycho-social characteristics of building’s users, among others) and life-cycle costs. Sustain-
able construction seeks a better compatibility between natural and artificial environments, never-
theless without giving up the buildings’ functional quality and the project’s cost-effectiveness. 
 The rehabilitation of the building stock is an very important aspect in order to increase the sus-
tainability of the construction market: in one hand refurnishing increases the durability of the con-
struction elements, which allows the amortization of the initial environmental impacts in an ex-
tended life span, and in other hand, it allows to update the buildings’ functional performance, with 
all societal and cultural advantages, along with the exploitation of the existing structures, with 
every related economical advantages. 
 Despite of several studies about sustainable construction indicators, up till now there wasn’t a 
methodology that could assist the project team in the sustainable refurnishing projects. In this pa-
per it was presented a methodology to assess the sustainability of the building refurnishing pro-
jects. There are still some important limitations to overcome, like for instance the development of a 
more consensual list of weights. Although at this step, the methodology could give an important 
input to project teams in order to turn the refurnishing operations much more compatible to the 
sustainable development aims, in order that the future generations coould have at least the some 
conditions as the actual ones. 
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1 LIDERA – PORTUGUESE ENVIRONMENTAL BUILDING ASSESSMENT SYSTEM 
 
Sustainable development, sustainable construction or buildings can have a broad perspective, 
from triple bottom to strong sustainability. In all them, the environment must have an important 
role with minor or major perspective from economics, social or other components (Kibert 1994; 
Kibert 2003). 

LiderA (in Portuguese the acronym for environmental leadership to sustainable construction) 
is a voluntary system to assess the sustainable Portuguese buildings that is been in development 
since 2003 (Pinheiro and Correia, 2005), and is mainly based in environmental dimensions. 

The LiderA sustainable assessment have its core in environmental components, like soil and 
integration, resources (energy, water and materials) and environmental loads, complemented 
with social aspects like comfort, accessibility, and technical components like durability, envi-
ronmental management and innovation.  

The system have a top-down approach with 6 categories, divided in areas (21) and subse-
quently in criteria (50) in order to allow in those, the nesting of different levels of detail and 
analysis. The global set of criteria can be applied to different uses with different thresholds to 
define levels of sustainable performance. Levels range from G to A++, in which A level means 
50 % of improvement towards practice (usual E level) and A+ and A++ an improvement Factor 
4 and Factor 10. 

To be certified, LiderA system must verify that it complies with legislation and have a per-
formance that achieve at least a C level. The first five certificated buildings appeared in 2007 
and are (name, data of use, use type, built area): 

• Hotel Jardim Atlantico (Calheta), 1993, tourist complex, 7 497,20 m2, 97 apartments; 
• Torre Verde (Lisbon), 1998, one residential building, 7 200 m2, 41 apartments; 
• Casa Oásis, (Faro), 2002, one tourist house, 240 m2; 
• Ponte da Pedra, phase 2 (Matosinhos), 2006, two residential buildings, 14 852 m2, 101 

apartments; 
• Parque Oriente (Lisbon), design phase approved, 13 buildings, 41 441 m2, including a 

residential area (27 912 m2) with 185 apartments and different types of commercial use 
in other areas. 

The Portuguese LiderA System – From Assessment to 
Sustainable Management? 
 

Pinheiro, Manuel Duarte  
DECivil, SHRHA, Instituto Superior Técnico, TULisbon, Portugal 

ABSTRACT: LiderA is a voluntary Portuguese system that intends to assess the sustainable 
buildings. It is been in development since 2003 and this year it certified the first five Portuguese 
buildings. Besides a brief explanation of LiderA approach and certification cases, this paper 
presents other possible applications of this assessment system, in order to lead environmental 
management in building to sustainable management. 



The assessment and certifications involve 72 230 m2 in residential (70 %), tourist (11%) and 
commercial use (19%), from a house to several buildings, in design and operation phases, show-
ing that it is possible to have multi-application to different types of buildings.  

In the certification cases range from energy performance, thermal comfort and other areas 
and different levels between apartments, once they have different orientations and conditions, 
what point out to the need of adjust in project, in order to assure similar levels. This emphasises 
the possibility of scale and adjust.  

2 FROM ASSESSMENT TO MANAGEMENT  
 
Nevertheless, the environmental performance of the buildings depends not only of the design 
but also of the type of use and management as Ratti (et al., 2005) point out to the case of energy 
in offices. In an analysis of near 100 office buildings the authors show that energy consumption 
could have a variation of 1 to 20, where a factor of 2 results from the users of the offices (2,5 
factor from design, 2 factor from the system and 2 factor from urban context). In other areas like 
water, solid wastes, energy consumption in transports, the users could have a larger influence. 

So, in order to walk to sustainable buildings, it is need to achieve a higher environmental per-
formance at buildings, that include good environmental design, and tools to assess and certify, 
but also the support by the user and management with environmental management knowledge 
and capabilities, like an environmental management system to support the use phase and com-
plementarily in the construction phase (new, renovation or demolition). 

The most used international environmental management system (EMS) is ISO 14001 (Block, 
2006:8; Peglau 2002; Kein et al., 1999:449) and it can be an important tool to the construction 
sector (Ball, 2002) and to buildings (Hill e Bowen, 1997). 

The application of ISO 14001 can contribute to achieve a better environmental performance 
and perhaps to contribute to sustainable buildings. That challenges the ISO 14001 in several di-
mensions: 

1. ISO 14001 is a base to improve organization and can be neutral, since it is not focused in 
a specific level of environmental performance, and so the practical results are not neces-
sarily a more sustainable organization or building. In order to assure that environmental 
performance is achieved, assessment tools will be need; 

2. ISO 14001 is design to command and control and in cases of buildings environmental 
management, the users can be informed and influenced but command is not necessarily a 
good approach, so the logic must be to adjust in order to inform and influence several 
stakeholders; 

3. ISO 14001 can be applied to different phases, from the idea, to construction, operation 
and demolition or deconstruction, but usually it is applied to a specific phase, in most of 
the cases in construction and partially in operational phase, and do not interlink informa-
tion and management between phases, which constitutes an important step; 

4. ISO 14001 requires specific formal procedures which must be adjust depending of the 
phases, uses types, for example the applications in construction phase can demand for the 
need of simpler formal approach and in the operation of a hotel can call for further formal 
strategies. 

The environmental performance focus is the base to drive from environmental management to 
sustainable management. As Hill and Bowen (1997) indicated, integrated environmental as-
sessment tools with environmental management can be a base to search and implement sustain-
ability. 

Since the performance of the buildings result from several aspects and in most of the cases is 
important to create conditions to improve and manage, the assessment can give a structural input 
to that approach. 

LiderA assessment can be done in the several phases, and it can assess for example in opera-
tion phase, measuring the standard use (in average behaviour from the users and maintenance) 
of the building with the LiderA thresholds level; so when compared with the real performance, 
that gives a margin to the users, management, and maintenance to further improvement. 

In that context, one of the possible applications of results is to interlink with a potential envi-
ronmental management system (ISO 14001) with specific requires deriving from the assessment 



component and expanded it to complementary aspects, from social and economics areas. This 
approach in which the assessment component supports the future use and management of the 
buildings can lead to new performance and continuous improvement. 

3 CAN LIDERA SUPPORT SUSTAINABLE MANAGEMENT? 
 
Usually (Cole, 1998) the assessment system are developed in specific phases (to assess de-

sign or operation), types (residential, offices, or others), context (most of them area bottom up), 
and so applications in broader context can be difficult.  

Theoretically, LiderA approach with a hierarchical level, and a structural approach, allows 
other applications and since it is focused at environmental performance it can be used to support 
EMS (like ISO 14001) to sustainable management. What happens in practice?  

When we analyse the five LiderA certifications, four of them have components from envi-
ronmental management, like environmental information and monitoring and Hotel Jardim 
Atlântico have a full ISO 14001 certification. 

Hotel Jardim Atlântico (four stars hotel), it is located in Portugal, Madeira Island, in a place 
called Calheta. Since it was built in 1993, the focus of the approach and services is based on the 
idea of Nature, aiming to be integrated in the landscape and defending the environment (HJA, 
2007). The Hotel has an implantation area of 19.808 m2 with a garden area of 25.000 m2.  

The building design was careful about the landscape, use of bioclimatic principles and also 
solutions allowing reducing the consumption of resources, like energy and water, and reducing, 
treat and reuse environmental loads, like effluent discharge or solid waste. 

Nevertheless, the environmental performance depends not only of the design but also of the 
type of use and management. They adopted an ISO 14001 System as a component to define its 
policy, environmental program and practical measures that involve the workers and the users. 
They implemented an environmental program (including measures and management actions) in 
the following areas: 

• Landscape impact - e.g: The hotel was efficiently planned and built in order to inte-
grate the buildings in the landscape; they have built an own typical footpath near the 
hotel in the middle of unspoilt nature. The hotel installed clotheslines on the balco-
nies to prevent the guests drying their towels over it. 

• Energy efficiency – e.g.: Key switches in the guest rooms; use of energy efficient 
light bulbs; most apparatus and machines are equipped with low consumption and re-
covery energy equipment; good isolations in every part in order to avoid loosing en-
ergy; The laundry uses digital measuring apparatus and exact computerized programs 
to obtain an exact capacity and lower consumption of water and energy; they have 
checklists, where they check every day, weekly or monthly, all the maintenance of 
the house to have a control and a prevention policy. 

• Management of fresh water resources - e.g.: They have installed water savers in all 
taps; apply to the guests to save water, for the well being of our nature; provide in-
structions on how to use the toilet flush, depending on the necessity of everyone, in 
order to reduce again 50% of water. At the same time they reduce the water capacity 
of the reservoir to a minimum, saving 40% at each flush; in the laundry, for the steam 
iron, they use the recycled water from the dehumidifying machine. 

• Waste water treatment - e.g.: They have a biological cesspool (sewage) and they use 
the treated water for the irrigation of the garden in order to save the fresh water; the 
irrigation water from the cesspool is rich in manure, so they don't need fertilizer or 
other ecological harmful products; they kept a planed cleansing of the small water 
courses "levadas", watercourses, siphon, etc… for a better drain in case of rain, as 
prevention; 

• Air quality and noise control - e.g.: All rooms have natural ventilation and no air 
conditioning; periodically they check and clean the chillers and air conditionings 
(public areas); 

• Employees, guests and public entity's - e.g.: They have trained the employees 
through initiatives about their environmental policy; they inform the guests about the 
environmental programs and activities. 90% of guests participate and give new sug-



gestions/ideas. Some of them have already been implemented; the municipality and 
other public entities cooperate. 

 
 
 

 

a) Panoramic View  b) Hotel with gardens irrigated with treated 
wastewater 

 

c) Lamps of low energy consumption d) Rain Water collection 

 

e) Low water consumption taps f) Waste Water Treatment 
Figure 1 – Hotel Jardim Atlantico – Example of environmental measures 

The environmental management system and its performance is periodically monitored and 
annually revised with a general balance and assessment of objectives and goals. The results 
show progressive advances (e.g. between 2005 and 2006 the package reduction approach lead to 
a reduction of 18 % in waste), improvement opportunities and aspects that are worst. Deriving 



from that annual balance usually it is designed the next year action program, in order to have a 
better performance. 

Nevertheless this assessment is relative and does not allow a full view of the situation and the 
building’s environmental performance level. The HJA LiderA assessment (Pinheiro, 2007) 
show the Hotel with a position of good environmental performance (Figure 2) in areas like en-
ergy and water, effluents, solid, indoor air quality, or thermal comfort.  
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Durability and Accessibility   

20 Accessibility 
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Environmental Management and Innovation  

21 Environmental Management 
C48 Environmental Information (A) 
C49 

Recognize Environmental Man-
agement System 

 

Figure 2 – Hotel Jardim LiderA Profile Assessment Level (Pinheiro, 2007) 

LiderA assessment shows that HJA have a better environmental performance when compared 
with other same level of services hotels. For example, in 2006 (HJA, 2007b) when compared 
with an average of 4 star Hotels in Madeira, the average shows a:  



• 67% reduction in consumption of electricity by night and by user; 
• 22% reduction in propane gas by night and by user; 
• 55 % reduction in water consumption by night and by user. 
The LiderA does not give only an indication of improvement face to the average practice, but 

once the limit of improvement is not A (50 % ), but factor 4 or 10 (respectively  A+ and A++) it 
point out structural areas of improvement. For example, they have a system to collect the rain 
water that can be use to supply swimming pool and to other uses, reducing the needs of potable 
water to level 75 % compared with practice, or to include solar panel to heating the waters. 
These will imply small construction works. Other aspects, like reducing toxic waste will imply 
further supplier involvement and personal training, in order to reduce to 75 %. 

The role of LiderA assessment can be used as a global view, making a contribution to identify 
new environmental aspects and give new performance goals in short, medium and long term in 
the way to sustainability. 

From other perspective, the role of environmental management in HJA could lead to a better 
environmental performance and to a continuous dynamic, which can also support a higher sus-
tainable building performance. 

 In others cases, like Torre Verde, Casa Oasis, Ponte da Pedra or Parque Oriente the situation 
is that they do not have a full EMS, but they have or will have at least an user’s manual, a main-
tenance manual and ways to inform (internal web site, newsletter, reports, meetings or others) 
the building management and the users of the environmental level, allowing them to make better 
decisions and improve global or individual actions. 

 

Figure 3 – Torre Verde Environmental building manual (Tirone Nunes, 2005) 



4 ENVIRONMENTAL BUILDING ASSESSMENT AND ENVIRONMENTAL 
MANAGEMENT 
 

The main question is to know that if it exist a positive relation between these two approaches. 
The HJA show that complementary it can exist and it has a positive relation leading to a better 
environmental performance, but it also shows the existence of some critical points. There is dif-
ferent focus and application in different phases. 

Traditionally, to each area it is applied a specific context, and in specific phases this can be a 
fragmenting trap, so assessment and management must be defined since, as LiderA pointed out, 
the earlier phases of the project and support all the life cycle phases like construction, operation 
and demolition or deconstruction. 

Another important aspect is that most of the important decisions are taken in earlier moments 
and in phases where the environmental information is reduced and it is difficult to have an inte-
gral performance assessment. So a possible prescriptive orientation and assessment is essential 
in preliminary phases, as presented in LiderA system to that specific phase. 

As Cole (et al. 2005), point out several possibilities can be postulated regarding the possible 
ways that assessment methods may evolve in the longer future including: assessment methods 
will need to be cast within a broader array of initiatives for creating necessary change, will have 
to be recast under the umbrella of sustainability – environmental, social and economic. 

In most of the cases in assessment methods, economic or cost analysis are implicit (or ab-
sence) but not explicit and are partial. An exception is GB Tool, which included that approach 
(Larson, 1999) and that is a reason why LiderA component recommend a life cost cycle analy-
sis. 

The environmental management system includes mainly the workers and suppliers. In order 
to go towards sustainable management the system must be enlarged and must include the users 
and other stakeholders, even in an influential context. 

LiderA system provides an assessment of environmental performance, not only related with 
the improvement of practice but to further structural improvement that can give, as showed, a 
broader view from environmental performance to sustainable level. LiderA have also specific 
criteria to environmental management information and environmental management system. 

Nevertheless it is important and needed to include new degrees of action and management in 
the buildings in order to allow a dynamic management in different moments and with different 
users. So, as LiderA points out, there is a need to consider environmental management aspects 
in the design phase. 

LiderA can be the base to interlink an environmental building assessment with an environ-
mental management system (like ISO 14001, that must be adjusted), focusing in environmental 
performance and applied at different phases, creating, in theory and practice, a win-win relations 
between these two approaches. 

5 CONCLUSIONS  
 

LiderA is a voluntary Portuguese system to assess the sustainable buildings that begins to be 
in the market in an experimental phase, but certified in 2007 the first five buildings, involving 
72 230 m2 in residential (70 %), tourist (11%) and commercial uses (19%), from a house to sev-
eral buildings, in design and operation phases.  

These five certifications show that it is possible to have a multi-application to different types 
of buildings and to several life phases, resulting from the top down structure with different lev-
els of detail and thresholds linking design, construction, use and final end life. 

Besides the usual assessment system, the hotel Jardim Atlantico case point out that it is pos-
sible and needed a potential positive relation between environmental management system and 
LiderA system. 

Since the final performance depend from several components, including design and users, the 
two approach can be complementary and can create a win-win relation if they use the environ-
mental assessment system as a base to implement a full strategy to ensure environmental and 
sustainable performance with broader view, environmental performance focus, and adjust from 
environmental management system. 



In conclusion, another new frontier to sustainable environmental assessment is a holistic ap-
proach that links the sustainable assessment component to the environmental management sys-
tem (mainly users) in order to achieve higher sustainable performance.  

As Cole (et al. 2005) explains market-based assessment methods will have to reinvent them-
selves to maintain potency. To that field, LiderA system could provides new perspectives, ex-
perimental applications, creating new opportunities and challenges. 
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1 INTRODUCTION 

The concept of sustained development, defined in the Brundtland report in 1987, is a very com-

plex and dynamical challenge that demands contributions of the most diverse activity sectors. 

 In 1996 the document named “The Habitat Agenda” written in the II Habitat conference that 

occurred in Istanbul mentions problems related with human communities and specifically refers 

the participation of the construction industry in the sustained development: 

 

“…encourage the development of methods that are economically and environmentally sane, 

as well as in the production and distribution of the materials used in construction, including the 

strengthening of the industries of traditional construction materials that use raw materials that 

are available as close as possible” 

 

This declaration shows the significance of the construction industry in a sustained develop-

ment, because this economical activity influences the environment and the well fare of the 

population as it contributes to the dissipation of the natural resources, energy consumption, air 

pollution and the creation of waste.    

 

In civil engineering construction, we should have present the life cycle assessment while we 

select the materials in order to valuate the whole environmental impacts that are directly associ-

ated. In order to accomplish reliable results, we should not only define criterions or requests, but 

also establish a methodology of valuation and environmental characterization of materials in 

analysis. 

Life cycle assessment of steel and reinforced concrete structures:  
A new analysis tool 
 

Alexandre Peyroteo, Miguel Silva, Said Jalali 
 

Minho University 
Department of Civil Engineering 
Guimarães, Portugal 

ABSTRACT: In this paper is discussed the life cycle of steel and reinforced concrete structures 

using a simplified life cycle analysis. The developed methodology consisted in quantification of 

a series of parameters both economic and environmental that characterize both reinforced con-

crete and metallic structures. The parameters obtained are a result of an ongoing investigation in 

civil engineering companies in Portugal. Based in the life cycle analysis, five parameters were 

selected in order to make the assessment, in witch: energy consumption, water, CO2, SO2, NOx. 

A database was developed into a software program that can perform life cycle analysis of these 

types of structures giving their physical properties. Furthermore, the software was developed in 

a way that can be used with other types of materials and can be upgradeable in the future in or-

der to expand the number of parameters in analysis. As a result the software outputs the total 

amount of emissions caused by the production of a given structural element as well as deter-

mines the structural costs giving in the end a global project analysis. 



In the international scenario, the responsible entities have been present. Between them we 

have the International Organization of Standardization, in which the ISO 14000 norm as become 

one of the most relevant tools in the environmental managing. The application models of Life 

Cycle Assessment (LCA) for selection of construction materials constitutes, at present, a more 

complete methodology, bounding the materials selection with a global environmental perform-

ance (e.g. environmental impacts). The Life Cycle Assessment follows four basic steps, in 

which step can consist in one or two phases as can be seen in fig.1. 

 

 
Figure 1 – Scheme of the Life Cycle Assessment phases. 

 

Currently there are no software tools available to help decision makers assess in direct man-

ner energy consumption, water, CO2, SO2 and NOx values regarding the construction of a build-

ing. The need for such tools has resulted in the environmental deterioration and the need of 

quantification of such parameters. The application of this tool will enable decision makers to 

better manage the LCA of a building by developing appropriate control measures to minimise 

these risks by, for example, prioritising their operational maintenance strategies. 

 

In this study we’ve focused on the environmental impacts caused by the manufacturing and 

transport of necessary materials to build a reinforced concrete or a steel structure. The final re-

sults allowed us to decide which structure is more sustainable financially and environmentally. 

To do so, a software program was developed that allows a Life Cycle Assessment of the pa-

rameters earlier referred of any kind of structure. All collected data was inserted in the database 

program regarding Portuguese parameters in order to create a more accurate simulation.   

2 EXPERIMENTAL WORK 

The structure’s LCA was based in the existing values of the most significant emissions pro-
duced in the extraction, production and transformation of the materials used in the conception of 
the structure. The water consumption and the energy consumption were also considered.  The 
next step was to make a discrimination of the reinforced concrete into its constituents: cement, 
aggregates, steel bars and wood (formwork).  In order the results to be representative of the 
building construction in Portugal, we’ve made a campaign in the Portuguese industry that oper-
ates in civil engineering construction and sells the raw materials used in the building construc-
tion. The data referring to the materials used in reinforced concrete was made available by Cim-
por S.A (1) for the cement type used and Siderurgia Nacional (3) facilitated the values for the 
steel bars. In the aggregates case, the parameters were gathered from an aggregate manufactur-
ing factory (2) and the data used for the formwork (wood) was obtained in the publication CI-
MAD (4). Regarding the structural steel and because there aren’t any industry operating in Por-
tugal, we had to use data from a Spanish company named Arcelor (5) and located in Madrid. 
 

The selection of the several ambiental parameters to be compared was based on the signifi-
cance of these in ambiental impact terms. The issue of the concordance between the parameters 
that were given by the companies above mentioned was also considered. It is strictly necessary 
that all of the several materials have the same parameters. Only so we can make a proper analy-
sis. Once all the data were converted to the unitary value it was possible to estimate the value of 
the environmental impact caused by the materials in study. Each impact was represented graphi-
cally.  
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Table 1- Environmental parameters relative to the production of reinforced concrete 

 Cement Aggregate Water Steel Wood 

Energy Consumption 2,9 GJ/ton 0,01 GJ/ton 0   1,872 GJ/t 0,306 GJ/m
3
 

Water 0,18 m
3
/ton 0 m

3
/ton 0,5 m

3
/m

3
 0,66 m

3
/t 0 m

3
/m

3
 

CO2 675 Kg/ton 0 Kg/ton 0  0,036 t/t 0 t/m
3
 

SO2 0,15 Kg/ton 0 Kg/ton 0  0,005 t/t 0 t/m
3
 

NOx 2 Kg/ton 0 Kg/ton 0   0,001 t/t 0 t/m
3
 

 
 
We’ve considered in the energy consumption values, an average standard from Central 

Europe (6) because measurements are yet to be made for Portugal. Also taken in consideration 
in this work were the ambiental impacts caused by the transport of steel to Portugal (6). As 
such, we have estimated the distance between Guimarães (place were the building is found) and 
Madrid (location of the factory) resulting in an impact due to the transportation based on the 
weight of the transported steel and the distance between cities added the corresponding emission 
value per unit of distance due to the emissions produced by the engine of the truck (table 3). The 
total environmental impact is given by the sum of the production of the steel and its transporta-
tion. 

 

Table 2– Environmental parameters of structural steel production 

 Value 

Energy Consumption 10 GJ/t 

Water 6,6 m
3
/t 

CO2 1,51 t/t 

SO2 0,0011 t/t 

NOx 0,001 t/t 

 

 

Table 3– Environmental parameters of structural steel transportation 

 Value g/(ton.km) Distance(km) 

CO2 120 

SO2 0,1 

NOx 1,9 

700 

 
 
After collecting all values regarding the parameters in issue, a software tool named EcoBuild 

was developed in Visual Basic. The first step when running EcoBuild was to load the database 
entries with those presented in tables 1-3, the built in database is very dynamic so it can be eas-
ily upgradeable for future works. 
 

The valuation of the ambiental impact of the building materials was made by studying a usual 
building located in the city of Guimarães. A representative portico of the building (fig.2c) was 
used in order to assess construction materials of the reinforced concrete structure and then a 
comparison is made with an equivalent steel portico. 

 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2 - structural scheme and portico of the building 

 
The portico was constituted with tree beams of different dimensions and one type of pillar in 

a total of 4 pillars. The different dimensions are summarized in table 4. 
 

Table 4 – Dimensions of reinforced concrete structural elements 

Pillars width (m) height (m) length (m) 

P1 0,3 0,3 3 

Beams  

V1 0,25 0,6 6 

V2 0,25 0,6 7 

V3 0,25 0,6 5 

 
 
In the concrete composition per cubic meter was used 350kg of cement from the Cimpor 32.5 

kind I. The aggregates used were sand rolled extracted from the river and granitic gravel with a 
total of 1900Kg/m

3
. Was also accounted the total steel bars length used for the reinforced con-

crete. The pillars used φ 8 and φ20 steel bars and the beans ranged from φ 6, φ 8, φ 16 and φ 25 
steel bars. The associated cost per cubic meter of concrete was 324,22€ with a total amount of 
reinforced concrete  3,78m

3
. 

 
 

Table 5 – Properties of the steel structural elements  

Pillars Type weight (Kg/m) length (m) 

P1 HEB240 83,2 3 

Beams  

V1 INP400 92,6 6 

V2 INP400 92,6 7 

V3 INP400 92,6 5 

 
 
Concerning the equivalent steel portico, it was selected a HEB240 for the pillars and INP400 

for the beams. Was determined a cost of 2€/kg with a total of 2665,2Kg of steel. Table 5 sum-
marizes the properties of the steel used for comparison.  

 

(b) 

(c) 

(a) 



 

3 RESULTS 

Analysing the figure 3, we may notice that the steel structure as greater energy consumption 
than the reinforced concrete structure.  

 
 
 
 
 

 

 

 

 

 

 

 

 

 
 

 The steel structure consumes about 27 GJ while the reinforced concrete structure con-
sumes about 6 GJ, resulting in 4.5 times more energy consumption.  

 
 

Table 6 – Summarized results 

 Concrete Steel 

Water(m
3
) 2,82 17,59 

Nox(kg) 3,69 6,21 

CO2(kg) 931 4248 

SO2(kg) 5,42 3,12 

 
 

 The data regarding the water consumption indicates that the steel structure consumes 
about 6.2 times more than the reinforced concrete structure. 
In the analysis made to the NOx emissions, we can see that, once again the reinforced concrete 
structure does less harm to the environment; it releases approximately 2 Kg while the steel 
structure releases 68% more to the atmosphere.  
As we examine the Carbon Dioxide emissions, the difference is quite significant. The steel 
structure releases 4248 Kg of CO2 while the reinforced concrete structure releases only 931 Kg, 
i.e., 88% less.  
Only in the SO2 emissions reinforced concrete structure presents a larger amount, releasing 2.5 
Kg, 47% more than the equivalent steel structure. 

 
 

 
 
 

 
 

 
 

 

 

 

Figure 4 – Global analysis 

Figure 3 – Energy Consumption 



 

 As a result, when we carefully analyse in global terms (fig.4), it’s clearly evident that 
the total environmental impact caused by the construction of the same portico in steel is much 
bigger than using reinforced concrete, causing about 3.5 more impact. 

4 CONCLUSIONS 

Making an analysis of the given that we can observe that the environmental impacts caused by 
the steel structure are vastly greater than the ones caused by the reinforced concrete structure. 
Consequently, the kind of structure that is friendlier to the environment is the reinforced con-
crete. There is only one parameter that causes more damage to the environment in the reinforced 
concrete structure: the SO2 emissions. Though it makes more damage to the environment, its 
difference is only of 0,8Kg. We therefore conclude that globally the steel structure is less sus-
tainable.  

We consider important to add that although the steel structure is less sustainable, the steel is a 
resource that may reach a recyclable rate of 100%. The item wasn’t considered in our study. 
The developed software program can be downloaded in the Civil Eng. Materials Research 
Group webpage: http://www.civil.uminho.pt/web/gmc/ 
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ABSTRACT: In order to support the development of an adaptive thermal comfort model based 
on Portuguese climatic, social and psychological characteristics extensive field surveys are be-
ing carried out in occupied buildings in Portugal. This adaptive model, will consider climate, 
traditional ways of living in and “using” buildings, users’ expectations, and major changing so-
cial, economical and psychological factors. 

Field surveys are based on dedicated questionnaires and gathering information about actual 
climatic and indoor conditions. Behavioural aspects are being given a major attention in these 
surveys and will be studied under a more detailed environmental psychology approach. It will 
also be important to detect driving factors underlying changing trends in what regards thermal 
comfort expectations, attitudes and behaviours, which can either contribute to or deviate from a 
sustainable energy efficient everyday life practice.    

This paper presents a general overview of first results obtained in two field survey cam-
paigns.  

1 INTRODUCTION 

Presently there are two approaches, both controversial, that aim to estimate and to evaluate in-
door environment thermal comfort conditions in buildings. The first one, an analytical approach 
(Fanger 1970, ISO 7730 2005), is based on experimental results obtained under controlled labo-
ratory conditions and requires indoor control strategies, with defined narrow and stable tempera-
ture ranges usually hard to reach without the use of air conditioning systems. 

The other approach, the adaptive approach, assumes that thermal comfort is a dynamic proc-
ess, in which the user interacts physically and psychologically with the thermal environment. 
This approach assumes that the human capacity and need of adaptation, either interacting with 
the building and its systems, or resulting from social and cultural habits, is essential to reach a 
sensation of thermal comfort.    

Adaptive models (Dear 1997, Humphreys 1998, Nicol 2002) assume indoor temperature 
variations depending of outdoor temperatures, in order to stimulate and to enable adaptive op-
portunities and actions. The final (desirable) results could be the users´ well-being and a reduc-
tion of energy consumption without compromising thermal comfort. 

Looking at current Portuguese thermal and energy regulations (RCCTE and RSECE 2006) 
one can also see that indoor thermal reference conditions, like in many other countries, are de-
fined in a static way: indoor air temperatures of 20 ºC (heating season) or 25 ºC (cooling sea-
son). 

In the last years there is an increasing trend, namely in service buildings and transports (pri-
vate and public), for the use (and abuse) of artificially conditioned environments. This creates a 
thermal “accommodation” which induces an alteration in thermal comfort “needs”.  Besides 
that, the counterpart of the use of mechanical systems is often translated by architectural options 
not adapted to the climate and disregarding the adaptive potential of users. In Portugal as well as 



in many other countries, although not always for the same reasons, service buildings are not any 
more built and delivered without mechanical air conditioning systems. 

In the residential sector one can notice, too frequently, the adoption of inadequate building 
options, disregarding the prevailing external climate, the location and the orientation of the 
building. As a consequence this becomes a strong incentive for the acquisition, installation and 
unavoidable use of air conditioning devices to correct unacceptable indoor environments. 

At the same time, there is an increasing offer and demand of heating, and air conditioning 
equipment. Several factors contribute to reinforce this tendency: increased purchasing power; 
social status; individual/collective attitude/tolerance towards less satisfactory thermal condi-
tions; lower equipment costs; advertisement persuasion and financial facilities to its acquisition.      

This scenario configures a progressive change in habits and expectations towards indoor 
thermal comfort and the means to obtain it. 

Considering the high levels and continuous increase in energy consumption in buildings, 
along with concerns about CO2 emissions, the European Commission decided to publish the 
Energy Performance of Buildings Directive (nº 2002/91/CE). 

The implementation and adoption of thermal comfort criteria based on adaptive models, 
which promote conscious attitudes and the adoption of passive measures and technologies, will 
contribute to the limitation of an unnecessary increase of energy consumption. 

So far there is a limited number of national research studies (Guedes 2000, Nicol 2002) avail-
able in this area, and only concerning office buildings. Therefore there is an ongoing research 
study carried out at LNEC, which aims to develop an adaptive approach oriented to the defini-
tion of indoor thermal comfort requirements applicable to Portuguese buildings. These will con-
sider climate, social and cultural habits, and adequate constructive solutions. Behavioural as-
pects are being given a major attention in this study and will deserve a more detailed 
environmental psychology approach. It will also be important to detect driving factors underly-
ing changing trends in what regards thermal comfort expectations, attitudes and behaviours, 
which can either contribute to or deviate from a sustainable energy efficient everyday life prac-
tice.    

  This paper presents a general overview of first results obtained in two field survey cam-
paigns carried out during the summer of 2006 and winter of 2007. 

2 FIELD SURVEY CAMPAIGNS 
2.1 Description of buildings 
The research programme is focused on the assessment in real use conditions of indoor environ-
ment and occupant’s response in service buildings. These field studies include buildings with 
and without air-conditioning (AC), buildings integrating passive measures/technologies (with 
greater adaptive possibilities) and buildings with automated control systems. Besides conven-
tional service buildings (offices), educational buildings and elderly homes are also included. 
Geographical location has also been considered in order to embrace different Portuguese sum-
mer and winter climatic zones.    

2.2 Field surveys  
On the one hand, field surveys consist on the measurement of indoor environment parameters, 
namely air temperature (Ta), operative temperature (Top), air speed (va) and relative humidity 
(RH), during summer, winter and mid-season. 

Measurements were performed during an hour period, at a height of 0,60 m (ISO 7726 1998) 
and as near as possible to the users. 

 Local outdoor climatic conditions (air temperature, Text, and relative humidity, RHext) 
where based on National Meteorological Institute data. 

On the other hand, simultaneously, users have been requested to fill up a questionnaire spe-
cifically developed for this research program (Matias 2006). 

The thermal index PMV, which predicts the mean value of the votes of a large group of per-
sons exposed to the same environment (ISO 7730 2005), was calculated using the indoor pa-



rameters and the personal factors (metabolic rate and clothing insulation) estimated over the 
questionnaire responses.  

2.3 Questionnaires  
The global structure of the questionnaire, consisting of six groups of questions (Matias 2006), 
enables the acquisition of information about social and participant’s characteristics (age, cloth-
ing and activity level), the identification of individual and technological adaptive opportunities, 
as well as the easiness and degree of satisfaction on implementing them.  

In what regards psychological adaptation a series of questions were presented in order to 
evaluate the participant’s expectations related with surrounding thermal environment. Several 
questions intend to identify relevant aspects of daily life experience and motivations towards the 
use of heating and cooling systems to control the indoor environment. 

Questionnaires also intended to contribute to the characterisation and the evaluation of the in-
fluence of the factors (physical, physiologic and psychological) that determine human thermal 
sensation.  

In that sense subjective opinion scales were defined (Matias 2006, ISO 10551 1995, ISO 
7730 2005, ASHRAE 55 2004, Guedes 2000) which allow the respondents to opine about their 
sensations (neutrality, preference, acceptability) regarding the surrounding thermal environ-
ment. 

Table 1 presents two subjective scales used in the questionnaire, respectively, thermal sensa-
tion evaluation, TSi, and thermal preference, TPi, concerning the thermal environment. 

 
Table 1. Subjective scales  
Thermal sensation (TSi) Thermal preference (TPi) 

- 3 Cold - 3 Much cooler 
- 2 Cool - 2 Cooler 
- 1 Slightly cool - 1 Slightly cooler 
  0 Neither cool nor warm    0 Like it is 

+ 1 Slightly warm + 1 Slightly warmer 
+ 2 Warm + 2 Warmer 
+ 3 Hot + 3 Much warmer 

3 RESULTS 
3.1 Sample of buildings 
During the first field campaign (summer of 2006, July-September) seven office buildings and 
sixteen residential homes for elderly population were surveyed. Educational buildings were not 
included because there were no summer classes going on. 

During winter campaign (November 2006 -February 2007) new surveys have been performed 
in the same buildings and, additionally, six University buildings were also included. 

Surveyed buildings were located in different areas of the country (Guimarães, Coimbra, 
Leiria, Lisbon and Faro).  

Each survey was performed in places allowing the maximum number of respondents (main 
living rooms, classrooms, open spaces). 

3.2 Sample of participants 
Table 2 presents relevant individual characteristics, namely age, estimated metabolic rate, M, 
and clothing insulation, Icl, of participants inquired during the two campaigns, in the three types 
of surveyed buildings. 

Regarding age, as expected, the differences obtained between the users of the three building 
types are significant, allowing an evaluation of the thermal comfort conditions for different age 
groups.  

In each building type the analysis of the clothing insulation data in Table 2 shows small dif-
ferences between both sexes. In the summer campaign the users of all buildings had similar 



mean values (0,59 clo), but in the winter season the mean clothing insulation of the elderly 
home users (1,3 clo) was significantly higher than the others participants.  

Except for the elderly home data in the winter season, the observed mean values are very 
close to the conventional ones adopted by the ASHRAE and ISO standards (summer: 0,5 clo; 
winter; 1,0 clo).  

 
Table 2. Summary of individual parameters 

Building type Gender N Age 
(years) 

Metabolic rate 
M, (met) 

Clothing insulation, Icl, 
(clo) 

     Summer Winter 
Elderly home F 377 (75%) 82 ± 8   0,59 ± 0,1 1,3 ± 0,3  
 M 128 (25%) 77 ± 9  0,60 ± 0,1 1,3 ± 0,3   
 Total 505 (100%) 81 ± 8 1,0 0,59 ± 0,1 1,3 ± 0,3 
Office F 300 (69%) 41 ± 9  0,56 ± 0,1 1,0 ± 0,2 
 M 134 (31%) 37 ± 10  0,63 ± 0,1 1,0 ± 0,2 
 Total 434 (100%) 40 ± 9 1,3 0,59 ± 0,1 1,0 ± 0,2  
Educational F 161 (28%) 22 ± 4  — 1,1 ± 0,2 
 M 315 (72%) 23 ± 5  — 1,0 ± 0,2  
 Total 476 (100%) 23 ± 4 1,2 — 1,1 ± 0,2 

 
Still regarding to the type and quantity of clothes dressed by users of the studied buildings, 

participant’s responses revealed that the most important criteria for the selection of the daily 
clothing is “the weather condition of the day”. 

The second most influential factor for the inquired office workers and students is “the place 
where they’ll stay during the day” (25 %). 

3.3 Field surveys 
Table 3 reports the total sample of performed surveys and fulfilled questionnaires during sum-
mer (July to September 2006) and winter (November 2006 to February 2007) field campaigns. 

The distribution of the studied spaces equipped with heating and air conditioning systems 
(AC) is also presented in the table.  

 
Table 3. Sample building and field surveys distribution  

Building type  Surveys Questionnaires Acclimatized spaces 
 summer winter summer winter cool. and heat.  heating 
Elderly home (16) 34 29 242 278 12 18 
Office (7) 52 52 192 252 7 13 
Educational (6) — 18 — 480 9 7 
Total 185 1444 66 

 
Table 4 indicates the percentage of heating and cooling systems switched on during the ther-

mal surveys performed in each season campaign, considering separately those rooms where the 
air temperature was below or above the reference thermal comfort conditions specified in the 
Portuguese building thermal regulation (summer: 25ºC; winter: 20 ºC).    

 
Table 4. Heating and cooling systems use 

Building type  Cooling system, (%) Heating system, (%) 
 Ta ≤ 25 ºC Ta > 25 ºC Ta < 20 ºC Ta ≥ 20 ºC 
 Summer 
Elderly home 0 50 — 0 
Office 85 82 — 0 
 Winter 
Elderly home 0 — 69 30 
Office 14 — 78 85 
Educational 0 — 50 30 

 
Content analysis of Table 4 points out the following features: 



− In summer season more than 80 % of studied office rooms (with AC) had the cooling system 
switched on during the surveys carried out, whilst in elderly homes, 50 % of rooms were me-
chanically cooled but only when the temperature was above the maximum limit specified for 
the summer season (25 ºC). 

− For the winter period a high percentage (about 80 %) of office rooms were heated no matter 
what the indoor temperature. For the other building types (elderly homes and universities) 
more than 50 % of the rooms were heated when the indoor temperatures were lower than the 
minimum reference value (20 º C). When the indoor temperature was above 20 ºC, the per-
centage of use of the heating system was low (30 %). 

− Another interesting feature in winter’s results is that, about 15 % of offices building were 
cooled even when the indoor temperature was lower than 20ºC. 
Relying on the information that the participants of elderly homes can switch on the cooling 

system if they wish, the different pattern of use of the cooling system in elderly homes, during 
summer surveys, seems to indicate that their users are more tolerant (less exigent) than the re-
spondents of offices buildings.  

In the studied office buildings, for the two season campaigns, there was a significant rate of 
heating and cooling systems use, regardless of indoor conditions. The elevated percentage of 
systems use in the studied office buildings, independently of the indoor conditions, eventually 
denotes unnecessary energy consumption.  

3.4 Attitude towards cooling systems 
In order to evaluate the attitudes and the people’s motivations towards the use of air condition-
ing systems (mainly cooling systems) for indoor thermal environment control, some questions 
have been included in the developed questionnaire (Matias 2006).     

The analysis of the user’s responses to these questions enables the following inferences: 
− In the office and educational buildings, respectively, 22% and 11% of the respondents indi-

cated that their home had air-conditioning (AC) installed. 
− In these two types of building, the main reason for the respondents to “don’t have or don’t 

like cooling systems (AC)” was “the high acquisition cost” (19%, 26%). Whilst for the of-
fices users the second most important reason presented was “AC causes health problems” 
(19%), for the inquired students was “my home is comfortable” (17%). 

− The main factors indicated by the senior citizens that “don’t like cooling systems (AC)” were 
“AC cause health problems” (40%) and “AC creates an artificial environment” (28%). 

− In the three building types the first reason pointed out by those who “have, like to have or 
enjoy AC” was the possibility that this kind of system “allows a constant indoor tempera-
ture” (40 to 50%).  

3.5  General thermal environment 
3.5.1 Thermal sensation and PMV 
Figure 1 represents the distribution of Mean Thermal Sensations (MTS) obtained in the per-
formed surveys (left side), during summer and winter campaigns, for each building type. 

Each MTS represents the mean value of all individual votes (TSi), using the thermal sensa-
tion scale (Table 1), in every survey carried out. 

The right side of Figure 1 shows the distribution of the Predicted Mean Votes (PMV), calcu-
lated for all surveys performed in the two seasons. 

The following conclusions can be drawn from Figure 1 analysis: 
− During summer campaign greater MTS percentages, regardless the type of buildings, fall 

under categories 0, “neither cool nor warm” (offices: 47%; homes: 71%), and 1, “slightly 
warm” (35% and 27%), of the thermal sensation scale (Table 1); 

− PMV values show a similar relative percentage distribution (greater % falling under 0 and 
1); nevertheless the fact that PMV percentage values falling under 0 are lower than corre-
sponding MTS percentage values, and those falling under 1 are greater, indicates that the 
PMV index predicts slightly warmer environments than user’s expressed perception; 



− MTS values obtained during winter campaign in offices and classrooms indicate, as above, 
greater percentages under 0 (ofices: 52%; homes: 44%) and 1 (40% e 50%), values in both 
categories are not very different; on the contrary values obtained in elderly homes show that 
93% of mean thermal sensations fall under neutral category (0, “neither cool nor warm”); 

− During the winter campaign 70% of PMV values fall under category 0 (“neutral”), regard-
less the building type, what, except for the case of elderly homes, does not match user’s ex-
pressed thermal sensation (MTS); contrary to summer results, PMV predicts slightly cooler 
environments than expressed by users. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Mean thermal sensation (MST) and predicted mean votes (PMV) 
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These discrepancies observed between estimated (PMV) and expressed (MTS) thermal sensa-

tions, already pointed out in several other research studies (mainly referring to naturally venti-
lated buildings), justify the interest in developing an adaptive thermal comfort approach in the 
specific Portuguese context.  

3.5.2 Thermal sensation and thermal preference 

Tables 6 (summer campaign) and 7 (winter campaign) present cross-relations between users´ 
thermal sensation (TSi) and thermal preference (TPi) votes, according to subjective scales de-
fined in Table 1. 

In both seasons (Tables 6 and 7) when TSi = 0 (“neither cool nor warm”) users´ main prefer-
ence (summer: 79 %; winter: 76 %) is to keep the thermal environment “like it is” (TPi = 0). 
Nevertheless 20% of the expressed votes indicated that users would rather prefer a “slightly 
cooler” environment (TPi = –1) in summer, and a “slightly warmer” in winter  (TPi = 1). 

This fact allows to assume that external climatic conditions may influence thermal prefer-
ence, once that, although being in a neutral situation (TSi = 0), in summer time users would pre-
fer to feel slightly cold and in winter slightly warm. 

When analysing results (Table 6) regarding respondents that would prefer to keep the thermal 
environment “like it is” (TPi = 0), in summer campaign a large majority of responses (89%) 
classifies it as “neither cool nor warm” (TSi = 0); in winter campaign (Table 7) although 72% 
of votes correspond to TSi = 0,  21% consider that the thermal environment is “slightly warm” 
(TSi = 1). 

This result seems to indicate that users would rather have a neutral environment (Tsi = 0) in 
summer, while in winter the option lies between a neutral and a slightly warm environment 
(TSi=0 or 1). 

Confirming this winter trend (Table 7), 52% of those respondents who voted “slightly warm” 
(TSi=1) expressed the preference to keep the environment “like it is” (TPi=0). 

Values presented in Tables 6 and 7 were calculated based on the whole sample results (all in-
quires), respectively obtained during summer and winter campaigns. Nevertheless general con-



clusions of the analysis performed and presented in 3.5.2 are valid in what regards TSi e TPi, 
independent of type of building (offices, elderly homes and universities) and use of air-
conditioning (AC). 
 
Table 6. Cross-Tabulation of thermal sensation (TSi) vs. preference thermal (TPi) votes in summer season 
    TPi 
    -3 -2 -1  0 +1 
TSi -1 % TSi 3,1%   3,1% 37,5% 56,3% 
    % TPi 25,0%   0,7% 5,1% 78,3% 
   0 % TSi   0,4% 19,0% 78,7% 1,9% 
    % TPi   4,2% 33,6% 88,5% 21,7% 
  +1 % TSi   7,3% 77,1% 15,6%   
    % TPi   29,2% 49,7% 6,4%   
  +2 % TSi 3,1% 31,3% 65,6%     
    % TPi 25,0% 41,7% 14,1%     
  +3 % TSi 18,2% 54,5% 27,3%     
    % TPi 50,0% 25,0% 2,0%     

 
Table 7. Cross-Tabulation of thermal sensation (TSi) vs. preference thermal (TPi) votes in winter season 
   TPi 
    -2 -1 0 +1 +2 
TSi -3 % TSi         100,0% 
    % TPi         4,5% 
  -2 % TSi       40,0% 60,0% 
    % TPi       1,7% 27,3% 
  -1 % TSi     4,0% 87,0% 9,0% 
    % TPi    0,7% 36,9% 40,9% 
   0 % TSi   2,8% 75,9% 21,0% 0,3% 
    % TPi   11,3% 72,4% 51,3% 9,1% 
  +1 % TSi 0,4% 39,3% 51,6% 7,4% 1,2% 
    % TPi 16,7% 68,1% 20,8% 7,6% 13,6% 
  +2 % TSi 4,2% 38,0% 47,9% 8,5% 1,4% 
    % TPi 50,0% 19,1% 5,6% 2,5% 4,5% 

3.5.3 Thermal sensation and indoor temperature 
Figure 2 shows the percentage distribution of Mean Thermal Sensation (MTS) obtained in 
summer and winter campaigns, in office and elderly home buildings.  
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Figure 2. Percentage distribution of MTS below or above the reference temperature (25ºC and 20ºC) 
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Presented MTS values correspond to two ranges of indoor operative temperature (Top): be-
low or above the reference thermal comfort conditions specified in the Portuguese building 
thermal regulation (summer: 25ºC; winter: 20 ºC). 

A preliminary conclusion that can be taken from Figure 2 is that, beyond the reference limits 
defined in the national regulations, still a significant percentage of mean thermal sensation 
(MTS) ranged between –1 (“slightly cool”) and 1 (“slightly warm”). 

It should be noted that measured indoor operative temperatures ranged between 16 and 25 ºC 
in winter, and 22 and 31 ºC in summer. 

4  CONCLUSIONS 

A general overview and first results of two field campaigns carried out, under an ongoing re-
search study about indoor thermal comfort, have been presented and analysed. 

Some relevant objective and subjective aspects are emerging from the present analysis. The 
measurements performed and the questionnaire that has been elaborated and applied on the field 
surveys is providing useful information about such aspects. 

Detected attitudes towards the use of air conditioning systems, thermal sensations and prefer-
ences expressed by the respondents indicate the existence of deviations from the results ob-
tained by the conventional analytical method, justifying the proceeding of research work ori-
ented to an adaptive approach.     

A more detailed analysis and new surveys are required in order to support the development of 
an adaptive approach oriented to the definition of indoor thermal comfort requirements applica-
ble to Portuguese buildings. 
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Convert with deskPDF.lnk 1   INTROUCTION 

The connection between the use of a building either as a workplace or as a dwelling and the 
appearance, in certain cases, of discomfort and symptoms that may be the very definition of an 
illness is a fact that can no longer be disputed. The main culprit is contamination of various 
kinds within the building, and this contamination is usually referred to as "poor quality of 
indoor air". The adverse effects due to poor air quality in closed spaces affect a considerable 
number of people since more people spend up to 90% of their time indoors (Klepeis, WC et al. 
2001; Wu, RJ et al. 2005; Hui, L.T.Wong et al. 2006)  For example, Robinson and Nelson 
(1995) reported that, on average, US individuals spent 88% of their day inside buildings, and 
7% in a vehicle. Only 5% of participants’ time was actually spent outside. Public concern about 
adverse effects of indoor air has increased in recent decades, starting from the 1970’s in which 
residence and commercial building users reported health problems  associated with their 
buildings (Kreiss 1989). Eye, upper respiratory tract irritation, fatigue headache and breathing 
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difficulties are among the common reported complaints in that point of time. While current 
research on indoor air quality mainly focuses on residences and offices, few studies are 
concerned with the indoor environment of school buildings, however recently, an increase 
reporting on this issue has been found particularly in commercial buildings and schools.  

Children in particular, spend more time in school than any other indoor environment apart 
from home. Taking this into account, it becomes evident that the study of the indoor air quality 
and the CO2 concentration levels in a classroom should be a priority. The more reason for this is 
that children have greater susceptibility to some environmental pollutants compared to adults. 
They breathe higher volumes of air relative to their body weights and their tissues and organs 
are actively growing (Melikov, U.Kruger et al. 1997; Faustman, S.M et al. 2000). The factors 
affecting indoor air quality in schools are generally the same as for other buildings, but some are 
particularly relevant. There is considerable variation in the design of school buildings 
throughout the UK, according to their location, size and age. The materials used in their 
construction and furnishings vary, as do the rate and type of ventilation. These variations mean 
that the relative importance of factors affecting indoor air quality varies from school to school; 
nonetheless it is useful to identify some factors. It is seen that an adverse environmental effects 
on the learning and performance of students in schools could have both immediate and lifelong 
consequences, for the students as well as for the society. However in this research as a 
preliminary study, the focus will be in the higher educational classrooms. 

Many researches have carried out questionnaires on occupants’ perception of IAQ in a 
structured and validated manner. However this information alone would not be sufficient to 
identify either the root cause of any dissatisfaction or exposure to pollutants that are not 
perceived prior to causing harm. Therefore over the last few years several schools studies have 
been made (Lazzerini, D et al. 1991a; Lazzerini, D et al. 1991a; Seppanen, Fisk et al. 1999; 
M.Kolokotroni, Ge et al. 2002; Fromme, T et al. 2005; Wu, RJ et al. 2005). It is shown that 
good ventilation controls and air quality influences the well being of school occupants 
especially the school children. Therefore many similar studies have been made throughout the 
world. 

In effect, studies examining children’s exposure have shown that the largest percentage of 
exposure was received at home and in the school (Wu, RJ et al. 2005) . Several studies have 
examined indoor air quality in schools and have found significantly high CO2 concentration 
levels. 

2   PROBLEM STATEMENT 

It is well documented that the IAQ in schools is both inadequate and frequently much worst than 
in office buildings. The most common defects in schools include insufficient outside air 
supplied to occupied spaces especially in schools with natural ventilation systems.  

Most schools are not air conditioned, relying instead on natural ventilation, which aids the 
dispersion of pollutants that originate within the building, at least in warmer weather when 
windows are open. In cooler weather, when windows are likely to be closed most of the time, 
ventilation rates in schools that rely on natural means is likely to be lower. Where there are 
significant outdoor sources of air pollutants, such as in schools located near major roads, a 
higher ventilation rates are likely to diminish air quality by allowing a greater influx of airborne 
pollutants from outdoors. 

If the air in a room is pollutant, more soot and ozone will be inhaled by the students. The 
distribution of air within rooms and among rooms is inextricably linked to indoor air quality. 
Airflow within a room affects the emission rate at which contaminants emit into the air from 
sources within the room. These airborne contaminants are transported within the room and 
among rooms primarily by the room airflow. The amount of air introduced into the room, the 
ventilation rates, the quality of that air, and the way the air is diffused, into the room are 
important factors determining the outcome conditions. A lack of ventilation air can lead to an 
inadequate levels of air required for respiration and an adverse impact on IAQ. In particular, 
internally generated pollutants can build up. Although there are many of common pollutant in 
the air, CO2 concentration and odour intensity were found to be the dominant pollutants when 
considering outdoor air supply rates (Clements-Croome, Awbi et al. 2006). Studies in UK 



schools have indicated levels of CO2 in excess of 4000 ppm and ventilation rates of less 0.5 l/s 
per person(Coley and Beisteiner 2003) . Zhang (2007) affirmed that classrooms environments 
with a mechanical ventilation system reduce carbon dioxide levels and relative humidity. It also 
increases the air exchange rate meaning an increased rate of supply of fresh air for the rooms’ 
occupants. Figure 1 shows that the CO2 concentration level in one of the measured classrooms 
has been reduced significantly by using the additional mechanical ventilation system. Under 
normal conditions relying solely on natural ventilation without any openings, the CO2 

concentration increases, when the pupils enter the classroom as shown by the peaks in the 
graph. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: CO2 concentration level in a classroom under different conditions. 
 
 
 Another study carried out in Poland shows that throughout the whole period in which the 

classroom was used, CO2 concentration exceeded 1000 ppm (Sowa 2002). These results show 
that there is an urged requirement to research more on the CO2 concentration and how it is being 
dispersed and distributed in the air. Better data are needed on the statistical distribution of CO2 
concentrations. Such information would provide a starting point for optimizing indoor air 
quality in these buildings, leading to improved health and children learning performance. 

Increasing the fresh air ventilation rate is often an effective way to improve indoor air quality, 
however it is not easy to mix the air in a room by just having a natural ventilation system. Thus 
air distribution within rooms and among rooms is important in attaining desirable indoor air 
quality. With growing concern in the past decade over complaints attributed to IAQ, 
environmental parameters have been suggested and adopted for IAQ assessment of a space by 
many researchers. However, until today, although research in IAQ has established a lot of new 
information, it has still not been possible to agree on one international standard. The most 
internationally used standard for IAQ and ventilation is ASHRAE Standard 62.1(2004). 
Countries including the UK, Canada, Japan, Korea, Singapore, Sweden and the USA have 
conducted IAQ studies for a long time that aim to set standards and guidelines (Humfrey, 
Shuker et al. 1996; Hoskins 2003). As a number of studies showed that measurements and the 
analysis of indoor CO2 concentration would be useful for understanding IAQ and ventilation   
the choice of CO2 for demonstrating the variations of the IAQ measurements could be a 
representative pollutant for general IAQ monitoring and measurements guidelines (Committee 
of European Normalization; Hui, Wong et al. 2006; Mui, L.T.Wong et al. 2006; Mui, L.T.Wong 
et al. 2006). Recently, a study in an office building was investigated and concluded that when 
the number of sampling points required for IAQ measurement was reduced to 50%, the 

A graph showing the difference in Carbon Dioxide levels in class
A under normal condition and with mechanical ventilation
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probability of obtaining the sample-spatial average concentration at the same confidence level 
would be decreased by 10% (Hui, L.T.Wong et al. 2006). 

 

3  PREVIOUS STUDIES 

The indoor carbon dioxide concentration depends on the number of occupants (number of pupils 
in classroom), ventilation rate and room volume. CO2 concentrations are often used for 
specifying outdoor air supply rates per occupant. Indoor CO2 concentrations above about 1000 
ppm are generally regarded as indicative of ventilation rates that are unacceptable with respect 
to body odours. Many researches were carried out looking into measurement and monitoring the 
CO2 concentration levels in naturally ventilated classrooms. However, it is seen that monitoring 
were made in different ways accordingly to the researcher’s choice of sampling.  

One of the monitoring researches done was in a number of naturally ventilated, state-owned 
primary schools that measure the CO2 levels.  Internal measurements of CO2 were made every 
five minutes for 8 hrs. The equipment was wall mounted (or placed on a bookshelf) at a height 
of about 1.8m. The result of the experiments show CO2 concentration which are far beyond the 
guideline value of 1000ppm (the average concentration during the occupied period was 1957 
ppm) and that in some classrooms the level exceeded the range of the detector (4000 ppm). 
(Coley and Beisteiner 2003). 

Another research carried out in Michigan has attempted to place samplers in representative 
locations that were secure from tampering, at least 0.6 m above the floor and below the ceiling 
and at least 0.5 m away from bookshelves and other potentially stagnant areas. Results also 
show that CO2 concentration often exceeded 1000 ppm and sometimes 3000 ppm. 

As far as possible, sensible locations was chosen for the equipment in those locations near 
doors and windows or over heaters were avoided (Godwin and Batterman 2007). 

In the city of Athens, 10 secondary public schools were selected to study the pollution level. 
All measurements were performed in occupied classrooms during lesson hours (8.15 – 14.15). 
Sampling equipment was placed at 1.5 m above the ground level at indoor locations in the 
middle of the classrooms. The concentrations of indoor CO2 was found to exceed the ASHRAE 
comfort value due to crowded classrooms and inadequate ventilation (Grimsrud, B.Bridges et al. 
2006). The same height of measurement set-up was used in another research carried out in 
schools located in Minnesota, US which is at approximately the level of human breathing zone 
(Valavanidis and Vatista 2006).   

On the whole it was found that without specifying the height and specific representative 
sampling location, most of researchers have the same opinion in placing the measurement set-up 
at a central location in the classroom (Dijken, Bronswijk et al. 2006). 

Consequently, multiple locations should be used to characterize IAQ parameters in 
classrooms. While care was taken in monitoring site placement, some measurement may not be 
representative, e.g., the highest CO2 concentrations might have resulted from persons breathing 
on the instruments. 

4   RESEARCH AIM 

In the past, anxiety over criticism attributed to IAQ lead to environmental parameters being 
recommended and adopted for IAQ assessment and measurements. In many National and 
International standards and protocols, the measurements of key parameters to undertake IAQ 
assessment were listed.  

By taking the confirmed assessment uncertainties into account, the new assessment of CO2 
measurements would be seen to be a useful tool for policymakers, building owners and 
professional to identify the IAQ problems in schools and to make decisions on resources for 
efficient mitigation actions as well as IAQ improvements. However the current research does 
not cover the study of occupant’s perceptions of IAQ and the recording and assessments of 
complaints about IAQ. The focus of this research is on the measurements methods which will be 
in the context of a particular design and purpose for an investigation and monitoring guidelines 
of IAQ assessment. The purpose would be to determine whether IAQ parameters fall within 



acceptable limits. Issues such as technical difficulties, interpretations of data, numbers of 
sampling methods with various sampling points and heights will all be explored. The sampling 
points and locations in a natural ventilated space would contribute to the method of interpreting 
the results due to spatial variations in CO2 concentrations. 
 
The objectives of this research are: 

• To examine the national and international standards and guidelines on CO2 measurements 
and protocols in buildings. 
• To investigate the variations of CO2 concentration level through space as well as with time 
in classrooms. 
• To developed a CO2 measurement methods and guidelines for a better understanding of        
indoor air quality monitoring with particular application to classrooms and high occupancy        
density buildings. 

5. RESEACH FRAMEWORK 

This research consist of various studies, the first is to evaluate the UK’s and other countries’ 
IAQ measurements protocol and guidelines by means of desk study and expert evaluation of the 
guidelines in daily practice. Then, a worldwide literature study will be carried out to gather the 
newest scientific insights and examples of foreign guidelines. The exhalation rate is then 
determined and parallel to that, suitable sampling locations will be identified. With extensive 
field testing in preparation, the experimental work is also evaluated using computer simulations. 
The measurement protocols and guideline will be finalized based on these field studies and 
simulations.  

5.1  Preliminary Studies 

A number of classrooms will be used to determine the variation of CO2 concentration in the 
space during the measurement periods. All measurements are taken when the room is occupied. 
As mentioned (Melikov, U.Kruger et al. 1997) the occupied zone in classrooms can be difficult 
to define, as many different kinds of activity can take place within the space. Therefore CO2 
concentration levels are determined in accordance with the activity throughout the whole period 
in order to identify the variations in time. On the other hand, measurements are taken in a small 
naturally ventilated room to study the exhalation rate of CO2 and determine its distribution in 
the air. Vertical and horizontal CO2 distributions are important characteristics in monitoring the 
classroom. As stated earlier, different researchers have different preferences on the sampling 
points selections. Therefore to validate and investigate the variations in CO2 concentration, 
measurement is performed generally at four different heights above floor level: 0.6m, 1.5m, 
1.8m and 0.6 below the ceiling. These heights were selected on the basis of previous studies. On 
the other hand, a supplement of 4 different sampling points will be placed at the front, right, left 
and in the middle of the classrooms. Furthermore, the locations for the sampling equipment are 
chosen to be unobtrusive; at least 50 cm from any wall, and located at the surrounding of a 
seated person with multiple height measurements. Care is taken to assure that sampling would 
not be influenced by fans or ventilation systems. At each location, it is recommended that 
sampling is to be performed in duplicate over a 3–4 h period and measurements will be 
conduced over two consecutive days. For this study, the measurement will be placed in a 
number of classrooms in the University of Reading.  

6   CONCLUSION 

Assessment methods that rely on monitoring some representative pollutants have been proposed 
at different spatial locations in the room. However, specific measuring protocols of CO2 
concentration that apply to naturally ventilated schools or educational institution buildings have 
yet to be developed. Sampling should be conducted on the basis of a monitoring plan and a clear 



strategy. This is mainly because the CO2 being dispersed and distributed in the air is not 
constant at all times. In this study, indoor CO2 concentration is selected as an indicator of the 
IAQ to investigate the measurement methods and probable errors in different sampling 
preferences with regards to the sampling points’ locations and distribution. The rationale for this 
selection will hopefully lead to developing guidelines for  practical evaluations of IAQ 
measurements.  

7.  FUTURE RECOMMENDATIONS 

    Although this is only a preliminary research there will be more to cover in future to develop a 
CO2 measurement methods and guidelines for a better understanding of IAQ monitoring with 
particular application to classrooms and high occupancy density buildings. Future research 
framework would cover the following.  

7.1   Building measurement for ventilation assessment 

To avoid the influence of the surroundings (streets, other building etc.) the building selected 
should be far away from crowded and noisy city centre but in an open area in suburbs. Primary 
schools have been chosen for study in this thesis because the high occupancy density has the 
effect of magnifying the variability of environmental conditions. Classrooms are selected 
randomly from each school. The CO2 are monitored in real time and are used to estimate the 
effective ventilation rate as a function of time and occupancy. An estimation of the air change 
rate should be obtained and simultaneously measurements of both indoor and outdoor CO2 
levels are required at regular intervals over a time period of concern. Additional data 
requirements include the volume of the rooms and an accurate time-based count of the people 
present in the tested area. 

7.2 Computer Simulation 

CFD simulations will be carried out to map the distribution of CO2 in the room which is 
subjected to CO2 measurement.  The CO2 species will be treated as passive contaminant and 
then as active contaminant with a different density to the air to provide a comparison. 
In CFD simulations, preparing input information and analyzing the outputs are the most crucial 
parts in addition to the model itself. To provide enhanced functions, VORTEX© CFD code will 
be used as well as other commercial codes. CFD models are suited for giving detailed results 
but are very sensitive to boundary conditions, like the building geometry, and require a high 
level of comuting power. However, CFD techniques are more and more applied to an entire 
building or even to a complete built up area. It is a challenge for current CFD models to 
simulate natural ventilation. Given the increasing interest in natural ventilation, attention should 
be directed towards modeling and especially to the specification of the boundary conditions 
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1. CONTEXT 
 

The urban development is characterized by wide mutations: extension and dilution of cities, spa-
tial segregation, new mobility, acceleration of time, acceleration and multiplication of environ-
mental impacts (space, resources or energy, noise, landscape…), strong interweaving of prob-
lems and solutions.   

The urban decision simultaneously is renewed by the eruption of sustainable development 
and notably the strong presence of two of its components: environment and governance. 

New environmental themes such as the impact on the health, the greenhouse effect and the 
urban sprawl, play nowadays a basic role. The issues are widenning. The responses are more 
complex, from the modification of the urban structure to progress of the technology. One tries to 
compare "the non-comparable" while implementing non commensurable criteria or which can 
get into conflict. Governance calls for a multi actors’ decision, where the public, as eco-citizen 
plays a central role.  The decision-maker is no more an identified person but an informal group, 
with divergences of opinions between actors. One passes from an optimization strategy to a 
strategy of “reasonable compromise” between non homogenous constraints: a new culture of 
thinking. These two aspects are reaching a strong request by the decision-makers for an evalua-
tion tool or for assistance to the decision with both, usage simplicity and scientific relevance. 
This request of a simplified diagnosis tool requires a compromise between a necessarily simpli-
fied modeling of the reality allowing the tool to stay operational, and a relative exhaustiveness 
of the various and numerous relevant dimensions. At last, the decision becomes a multi scale 
process, both for space and time.  The geographic scale of the phenomena can cover very vast 
territories.  The temporal scale can vary from short to long term, the "trans-generational scale". 
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ABSTRACT: This works aims at defining a multi criteria decision making method for the 
evaluation of sustainable urban projects. This integrated approach starts by investigating and de-
scribing the system of sustainable oriented goals of each decision makers working on an urban 
project. By modeling the final objectives in the form of tree structure, one obtains the reference 
frame which will make it possible to evaluate a sustainable performance for each decision mak-
er. Then we will use a specific algebra to merge the tree structure of each actor of the decision 
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represent each objective. Each criterion is provided with standard values to define various dis-
tances to the objective. Lastly, by incorporating the criteria on any level of the tree structure, 
and by using the Electre-Tri aggregation method, it is proposed an evaluation of each objective. 
A computer tool baptized Impact is embedding these various techniques. 

 
 



In this context, a family of tools is considered as a reference, the systems of environmental 
indicators. Our work is part of this movement. This approach is marked by a strong multidimen-
sional and applied character: the methodology can be extrapolated to various thematic fields 
aiming at the construction of wide systems of indicators (UNO, 1992).  

The most important limit of the current systems seems to be linked to their construction me-
thod: these systems are based on a bottom-up approach, from the available data. Their feasibility 
is therefore important, but on the other hand, not any aggregation is available. Our work is dif-
ferent from these referential approaches which are not able for example to compare environ-
mental impacts of two projects on a given territory.  It is essential for us to move off from this 
classical exercise of collection/ concatenation of varied indicators, and to propose real assis-
tance tools for the environmental evaluation of urban projects, within an innovating morpholog-
ic and structural framework for the elaboration and the implementation of these systems of indi-
cators (Maurin, 2004).   

 
 
2. METHODOLOGY 
 

In our work, following the example of the SagaCités project (Adolphe, 2002), we have com-
bined a top-down descending and bottom-up climbing approaches. In a first stage, we privilege 
the descending approach, by using the decision-makers‘goals aiming at the structuring of the 
system of indicators, and by using a formal reconstruction of the systems for the selection of the 
indicators. We define our indicators, not from the available data, but from the objectives of the 
decision-makers, while using an original approach, the approach by values, developed by Kee-
ney (Keeney,1992) allowing to define the basic objectives that a group of decision-makers is 
aimaing at. We combine this descending approach with an bottom-up approach, by taking into 
account, not only the feasibility of the system, but again the results of a consultation process 
driven with various actors of the domain.  The interest of the system is in fact based on the defi-
nition of a series of definite criteria (quality and packaging of the data, scientific relevance…), 
but also informational (potential of communication…).  At last, we take into account the prefe-
rences of the decision-makers while using a multicriteria assistance method, the Electre-tri me-
thod.   

The proceeding is therefore as follows:  1) structuring of the preoccupations of the decision-
makers, 2) structuring and selection of the indicators, 3) local aggregation, 4) suggestion of a 
system of indicators in a evaluation aided tool. 

The first step of this proceeding aims at structuring the preoccupations of the decision-
makers. Our goal is not here to put forward the one or the better decisions to be taken, in com-
parison with the preferences of the decision-maker, but to evaluate an environmental position in 
comparison with the objectives of the decision-maker. To do so, we have used the approach by 
values of Keeney that we hybridize by declining the final objectives reflecting the system of 
values of the decision-makers. The hierarchies of objectives are thus obtained by investigating a 
panel of thematic experts. Next, we merge the structures of objectives to obtain a generic struc-
ture of objectives (Rousval,2005). 

The following step aims at the construction of the indicators. It combines two concurrent ap-
proaches: the structuring of the system, and the selection of the indicators.  The structuring of 
the system is based on the association of an indicator to one or several final objectives in the 
hierarchy of previously defined objectives. The selection of the indicators and of the resultant 
system is based on a body of formal and informational criteria such as the appropriateness to the 
objective, the scientific coherence, the space end time, etc… 

At last, we aggregate the system of indicators, within a theme, by combining in a synthetic 
indicator, or by geographic or temporal aggregation, or between various themes.  For this last 
stage, a partial aggregation method is used, the Electre-Tri method.   

 
 
 
 
 
 



3. STRUCTURATION OF THE DECISION MAKERS ‘PREOCCUPATIONS 
 

The evaluation is a process that aims at quantifying and/or qualifying a system, thanks to all 
necessary information for building criteria allowing to reach the objectives concerning this 
system and pertinent in the framework of a wider but previously identified activity (Rousval, 
2005). 

Our work is based on the paradigm of the evaluation aid rather than the one of the assistance 
to the decision.  In fact the decision aims at the comparison between projects, while the evalua-
tion aims a degree of proximity to the objectives.  We look therefore to put forward the better 
decisions to compare with the preferences of the decision-maker or to evaluate an environmen-
tal position in comparison with the objectives of the decision-maker. This way to envision the 
evaluation takes place in the "evaluation management" model of thought.  It is an rationaliza-
tion approach by the objectives that takes into account the “final-means” distinction to structure 
the objectives. This innovating approach has been developed around the PhD’s thesis of Ben-
jamin Rousval (Rousval, 2005). 

The "Value Focused thinking" or approaches by values, proposed by Keeney does not focus 
the action on the possible decisions, but on the basic objectives reflecting the values of the de-
cision-makers. The evaluation consists in an assessment, with criteria, of the degree of proximi-
ty of projects in comparison with a norm (Abernot, 1996). When the object represents an essen-
tial reason for the decision-maker concerning the decision-making position, it is a final 
objective, as opposed to the means objective, that does not represent an end by itself for the de-
cision-maker, but a means to reach a final objective. A strategic objective is a final objective 
that has the characteristic to be invariant during the time. A final objective can be decomposed. 
A means objective can be linked to various means objectives (Fig. 1).  It is therefore possible to 
construct a structure (or hierarchy) of objectives for each decision-maker. To build the most 
exhaustive possible body of objectives, it is necessary to interview samples of representative 
individuals of each of the populations susceptible to use the tool (political persons in charge, 
economical actors, social actors) (Fig.  2). One can merge the structures of obtained objectives 
to obtain a generic structure of objectives (Fig.  3).   

 
 

     
Figure 1 Relation between final and means objectives (Rousval, 2005) 

 
 



 
Figure 2 Application of the Value focused approach to our project (Rousval, 2005) 

 
 

We are characterizing  the environmental objectives with a set of dimensions, to allow a better 
hierarchy, of environmental objectives, by grouping or separating these, according to the dimen-
sions that have kept such as space scale, time scale, scientific discipline, affected target (natural 
or human environment)…  

One will be able to keep several dimensions and to classify them by order of importance, for 
example, the spatial and the environment scale. According to the choice of the dimensions and 
of their order, one obtains therefore different tree structures. One of the big interest of this struc-
turing work is to make explicit the proximities or the distances between each of the objectives.  

This approach by values offers a number of advantages.  It allows an interdisciplinary ap-
proach. It allows the definition of a hierarchy of objectives that structures the construction of 
the system of indicators. It allows "the union" of several hierarchies, in a generic structure, 
while using a specific algebra. One can thus structure the design of the system of common in-
dicator for a population of decision-makers. It allows balancing objectives by propagating the 
weight in the hierarchy.  It may be used to question and structure the problems of other popu-
lations than scientific experts. It may be hybridized while allowing the evaluation using means 
objectives.  At last it is easily applicable to wide contexts, as the one of the sustainable devel-
opment, or to other disciplinary fields. This tree structure may be used:   

- to eliminate the redundancies by aggregating the knots, connecting the indicator to the 
body of concerned criteria, or by aggregating the arches when the criteria are linked by 
similar links to the same indicator,  
- to aggregate elementary indicators in complex indicators corresponding to the union of 
several indicators, 
- to eliminate the indicators for which there is no available data. 
- to spot the link between an indicator and an objective, and to deduce which parameter 
may allow a validation of the indicator.  
This hierarchy of objectives is obtained from a set of interviews with the decision-makers. 

The interview unfolds itself into two stages.  The first stage aims at defining a first body of ob-
jectives. One lets the interviewee speaks while making non-directives revivals.  Taking some 
notes allow, then, to do a first census of objectives that appears in the speech of the intervie-
wee. One distinguishes among the answers, the final and means objectives. The second stage 



aims at exploring the structure of objectives of the interviewee from the quoted elements in the 
first phase.  Thus, one can relate a means objectives quoted to an end objective while asking 
the question "Why this objective?". From a final objective, one can construct his superior hie-
rarchy (bottom-up) while asking "Why this objective?". To explore in depth the tree of the fi-
nal objectives (top-down), one will ask "for what this objective is it important?", or "which fa-
cets of this objective are important?". 
 

 
To master the environment  
 At the planetary scale 
   To preserve an environment in favor of human life 
   To limit the greenhouse effect  
   To limit the climatic change 
   To protect the ozone layer  
  To preserve the natural resources  
   To limit the extinction of natural types  
   To limit the extinction of natural environments  
   To limit the consumption of energy 
   To limit maritime pollution  
  To limit the production of persistent losses  
 At the local scale  
  Concerning natural environments  
   To limit impoverishment of landscapes  
   To limit the mineralization  
  Concerning human environments  
   Concerning public health  
    To limit the effects of the pollution of the air: 
     Of the peaks of pollution  
     Of mean pollution  
     To limit the effects of the accidents  
    To limit the effects of the noise on health  
   Concerning the life quality  
    To limit discomfort : 
     Due to noises  
     Due to smokes  
     Due to the odors  
    To improve the landscape  
   To improve cultural inheritage 
   To improve neighborhoods  
   To preserve the habitats from dust… 

Figure 3 – Reduced and filtered hierarchy of objectives (Rousval, 2005) 
 
 
 
4.  CONSTRUCTION OF THE SYSTEM OF INDICATORS 
 
In this stage, we combine the “value focused approach” for structuring the system of indica-
tors from the hierarchy of objectives, with a definite reconstruction for the selection of the in-
dicators.  In this framework, we attempt to associate an indicator to one or several final objec-
tives.  When there are several indicators, one is trying to combine or to aggregate the different 
indicators into an indicator for each objective. For the construction of the systems of environ-
mental indicators, we propose at last two sets of criteria, the first one for the selection of ele-
mentary indicators, the second for structuring of the system of indicators. 
 

To choose an indicator characteristic of every objective, a body of definite and informational 
criteria is defined: type of data, magnitude of the indicator, law of transformation of the im-
pact associated, packaging of the data, measurability, relevance, precision, time scale, space 
scale…  

To build up the system of indicators, the following criteria are defined: homogeneity, ex-
haustivity, non-redundancy, coverage of the different space and time scales… 

 
 
 



5. CHOICE OF AN AGGREGATION METHOD, ELECTRE-TRI.  
 

In the context of the sustainable development and participative democracy, there is no more 
need today to argue in favor of this stage of aggregation. However, one can say that this ag-
gregation makes it possible:-  to simplify (to reduce complexity, or simply to reduce the great 
number of data in a small number of useful information for the evaluation); to quantify (to 
model, simulate, build a comprehension of the phenomena, consequences, stakes); and to 
communicate (help the decision makers to make their own opinion within the framework of a 
negotiation, an equitable exchange, a critical proceeding.  

The disaggregated evaluation of the impacts does not make it possible to determine the 
most “sustainable” project. Finally the renewal of the political scale of the decision allows 
proceeding from a strategy of monothematic optimization, to a reasonable compromise be-
tween non homogeneous criteria.  

 
Aggregation appears at various levels. In all the cases, it is a matter of integrating specific 

and more or less heterogeneous information in a coherent body, exceeding a simple concatena-
tion. Three levels are possible: 

1) the combination of simple indicators into more synthetic indicators within a given 
set of themes, by using a mathematical formulation, to bring back for example the indica-
tors on common scales of space and time with an aim of a total evaluation,  

2) the concentration in a given theme on a mean indicator by tracking the interrelation-
ships between elementary indicators, with the risk to occult some aspects,  

3) on a higher level, aggregation between sets of themes is possible by the establish-
ment of models which  lead to condensed information. We must be conscious however 
about the very political aspect of these models (with the integration for example between 
the field of the air and that of safety?). 

Let’s concentrate on this last aggregation of different themes. The transitive methods of ag-
gregation based on the search of a single criterion of synthesis are enough relevant to incorpo-
rate indicators corresponding to the same criterion and to even incorporate criteria within the 
same family of criteria because information can still be regarded as relatively homogeneous up 
to this level of aggregation (Goger, 2004). In practice, the most widespread methods use a sin-
gle criterion of synthesis. But that is very limited (total compensation, not of taking into ac-
count of the uncertainty and the inaccuracy of the data…).  

Contrary to these normative methods set up as absolutes, and independent to the nature of 
the concerned systems, the multicriteria evaluation proposes “to build up methods and more 
adapted algorithms (with heterogeneity) of reality” (Roy, Bouyssou, 1993).  The methodology 
of multicriteria aggregation known as partial aggregation does not rely on a mathematical log-
ic, but on its own logic based on intransitivity and the indifference of the preference, and on 
ability to manage incomparableness. It offers relative and partial evaluations of actions be-
cause the approach result from the comparison of the alternatives per pair and not indepen-
dently and totally. The methods of partial aggregation are especially relevant when informa-
tion is heterogeneous and covers a more general dimension. 
ELECTRE methods, for ELimination And Choice Corresponding to Reality (Roy & Bouys-
sou, 1993), are based on the comparison per pairs. Thus, one compares for example two urban 
projects to lead to one of the three following conclusions:  1) one is better than the other 
(without specifying of how much); 2) the two projects are incomparable; 3) the two projects 
are indifferent.  
The multicriteria evaluation contributes to an exhaustive and synthetic census of information, 
while clarifying the results produced by the collections of indicators specific to each family of 
themes. The multicriteria evaluation is composed thus of two essential and indistinguishable 
aspects : the structuring model of information on the one hand and, the relative weighting of 
these criteria on the other (Goger, 2004).  
One of the advantages of Electre methods is the non total compensation of multicriteria aggre-
gation. Indeed, one never tried to carry out a transformation of scale allowing bringing it back 
to a single criterion, when criteria are corresponding to heterogeneous values. The weights al-
lotted to each criterion are completely independent of the scale of the criterion. 



The presence of veto threshold is an additional means to control the danger of the compensa-
tion by sanctioning too important variations on criteria whose aspects can be more sensitive. 

For all these reasons, we have decided to use of Electre Tri method in our context of assis-
tance to the evaluation. A major asset of the sorting approach used in this particular method is 
that one does not evaluate the situations compared to other situations, but compared to classes, 
which can reflect expectations of the decision maker concerning his own objectives.  
 
 

6. DEVELOPMENT OF A PROTOTYPE ON COMPUTER PROGRAM, IMPACT.  
 
A prototype of computer program, baptized Impact, has been developed in the Access envi-
ronment. 
It allows three modes ranging from the most permissive to the most restrictive:  

1) an open mode, for a “local and personalized follow-up”, which makes it possible to have a 
following-up tool so that the user is able to clarify its personal opinion concerning the sustai-
nability of urban projects, 
2) an half-open mode, for a “participative democracy at the level of the city”, which makes it 
possible to apprehend the environmental situation when designing or following-up a sustain-
able urban policy,  
3) a steady mode, for a “total environmental indicator”, which allows to build up a total indi-
cator related to urban sustainability who is aiming at qualifying the environmental situation 
of a city, an area or a country in order to compare various cities, areas or countries, in order 
to communicate 

Of course, the evaluators will not be the same ones if one wishes to build up a total indica-
tor or a local and personalized follow-up. It is the same for the role of the experts which will 
not be represented by the same people according to the context. For example, within the con-
text of a participative democracy, it is useful to leave more freedom to the users. In this case, 
only the processes of “definition of the structure of objectives”, “definition of the criteria” and 
“definition of the categories” will not be available: they will be part of a preliminary setting. 
In addition to the processes of “definition of the assessed system” of “seizure of the perfor-
mances” and “consultation of the results”, the users will be able thus “to select and balance the 
objectives” in the hierarchy. The users will thus have a relative freedom to vary the reference 
frame of the evaluation, without having the knowledge of experts nor to be familiarized too 
much with multicriteria modeling.  

On the level of each decomposable objective of the tree structure, the user can visualize the 
whole of the under-objectives which are directly attached to him. He can then choose to re-
move one of these under-objectives. The user can also choose to add to a decomposable objec-
tive as many sub-objectives as he wants. A pre-necessity of this process is to have previously 
carried out the “definition of the structure of objectives” leading to the generic tree. The tool 
thus offers then a list of candidate items for more general objectives. While positioning on one 
objective, the user sees then a list of relevant sub-objectives. 

It is then necessary to take into account the relative importance of the various objectives 
concerning the sustainability of urban projects. This weighting is used to allow possible multi-
criteria aggregation. For that, the tool makes it possible to give to each node of the tree, the 
weighting for each sub-objective. At the same time as the value of these weights, the user must 
be able to give the value of the parameter λ of the majority necessary (necessary to Electre), 
parameter necessary for an aggregation at this level of the hierarchy.  
For each criterion, it must be possible to define the values of the indifference, preference, and 
veto thresholds. This way of defining the thresholds makes it possible to treat at the same time 
the case of the fixed thresholds (even value of the threshold for all the limit profiles) and of the 
variable thresholds (value of the threshold which can depend on the limiting profile). A screen 
capture of Impact is presented in Figure 4. 



 
 

 
 

 
 
 
 
 
 
 
 

Figure 4: Screen of the Impact tool, presenting part of the hierarchy of objectives related to the limi-
tation of the greenhouse effect 

 
 
7. CONCLUSION 
 

Based on a critical second reading of the existing systems of indicators, our work proposes a 
methodological framework for the assistance to an evaluation of sustainable urban projects: 1) 
a method of choice of the indicators, based on an innovating morphological and structural pro-
ceeding; 2) a method for structuring the system of indicators based on defining hierarchies of 
the objectives of the decision makers, using the “value focused approach”, and allowing to 
merge them in a generic structure; 3)the use of multicriteria decision-making methods to im-
plement this system of indicators in a decisional context.   

This work has mainly been developed within the framework of an interdisciplinary project 
baptized PIE, for Prospective and Environmental Impact, collaboration between the GRECAU 
of the ENSAT, the LTE of the INRETS (Institut National de Recherche et d’Etude des Trans-
ports et de leur Sécurité), and the LAMSADE (Adolphe, 2006). 
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1 INTRODUCTION 

Several instruments and standards have been introduced in the last decades to assess environ-
mental management performance and efficiency of products and companies, such as life cycle 
assessment (LCA), eco-labels, environmental management systems (EMS) and environmental 
certificates and register (ISO 14001 and EMAS standards). 

Global Reporting Initiative (GRI) has been working on a common framework for environ-
mental, social and economic voluntary reports. It has published guidelines to promote compara-
bility of sustainability reports and to support benchmarking (GRI, 2002, GRI, 2006). The World 
Business Council for Sustainable Development has also published a list of selected indicators, 
focusing on eco-efficiency (WBCSD, 2000).  

Existing standards are much more management-directed than environment-directed. The re-
sult is that, although there is abundant literature on environmental performance, it is far from 
standardized and little of it is actually applied on day-to-day management (Melo, 2002). 

Many countries have regulations imposing environment-related information on specific cate-
gories of products, such as energy consumption in appliances and vehicles. Technical notices 
will have more or less detailed data, but usually the label on the product only bears qualitative 
information. Typically, labels and technical notices provide little information on environmental 
effects caused by manufacture, use or disposal of the product. Most eco-labels do not provide 
quantitative environmental information at all – either the logo is there, or it is not – which 
makes it difficult to distinguish between two labelled products. 

More precise information about environmental effects related to a product can be obtained 
through LCA which is commonly used for product and process design and for eco-labeling. 
However, this method is very expensive because it is data-intensive and time-consuming, thus 
limiting its use; another limitation is that broader issues such as impact acceptability are not 
usually taken into account (Curran, 1996; Das, 2005). 

Application of the EcoBlock method to eco-design – electric hand 
dryers versus paper towels  

J. Joanaz de Melo, L. Macedo & A. Galvão 
New University of Lisbon, Caparica, Portugal 

ABSTRACT: The EcoBlock method is an environmental performance tool that allows the com-
parison of products, projects or organizations. It is based on seven indicators: water extraction, 
resource extraction, land use, greenhouse gases (GHG), other air pollution, water pollution, and 
waste. A simplified life cycle analysis approach is adopted. The indicators may be aggregated 
into a single index, inspired in the Ecological Footprint concept. In this case study we compare 
the environmental performance of two hand-drying alternatives – paper towels or electric dry-
ers. Both techniques present similar results. The pattern of use was found to be a variable of key 
importance in the comparison: lesser use of towels per drying would tip the balance in favour of 
the towels, more efficient dryers or lower impact energy sources would tip the balance in favour 
of the dryers. Electricity consumption proved to be the largest pressure generator in both alter-
natives. 



In short, no method currently in use allows an easy comparison of environmental perform-
ance of different products and organizations, nor an easy link between company performance 
and product labelling.  

This paper introduces a method for environmental performance evaluation throughout the 
supply-demand chain – the EcoBlock method. 

2 THE ECOBLOCK METHOD 
2.1 General principles 
The EcoBlock method aims to answer the following brief: to assess the environmental influence 
of a company or a product with a quantified and life-cycle oriented approach, following a clear 
and standardized method in a cost-effective way. 

EcoBlock indicators were defined under the following general principles: 
− Focus on environmental pressure; 
− Small number of indicators covering a wide range of environmental issues; 
− Correlation with relevant environmental effects, although not pretending to evaluate envi-

ronmental impacts as such; 
− Expression in easily recognizable physical units; 
− Ability to describe environmental performance both at product level (goods or services) and 

at organization level (company or institution); 
− Applicability to a wide range of activities and products; 
− Data easily gathered from common organization-level EMS or from public record; 
− Additive, that is, the sum of indicator values for two separate activities should be equal to the 

indicator value computed for both activities managed together. 
These features are essential to define a method that can be widely applied, standardized and – 

very important – that allows the transfer of comparable environmental performance information 
along the supply-demand chain. 

The method should be able to support a number of practical applications: 
− Standardize environmental labelling of products (goods or services); 
− Simplify LCA, because comparable environmental information comes attached – as an 

“EcoBlock label” – to the products acquired to manufacture the product under study (this will 
not be as accurate as full LCA, but will be enough for many applications); 

− Benchmarking or environmental reporting; 
− Implement environmental performance control of suppliers; 
− Compare different design solutions for new projects. 

2.2 The EcoBlock indicators 
The literature shows three main types of indicators to assess environment-related performance: 
management efficiency, environmental impact and environmental pressure. The EcoBlock 
method adopts pressure indicators because they are environmentally significant and relatively 
easy to measure and standardize, although they integrate less local or impact information.  

The selected indicators are water abstraction, resource extraction, land use, greenhouse gases, 
polluting emission to water and to air and waste committed to long-term storage. Data to com-
pute EcoBlock indicators can be easily obtained from typical EMS records, such as water and 
energy use, waste sampling, raw materials listings. 

Each indicator is computed from directly measured variables, weighted by an equivalence 
factor (feq) that conveys the environmental significance of each variable. The equivalence fac-
tors are always based on objective criteria, preferably technical or legal standards when avail-
able, and reject subjectivity. 

EcoBlock indicators are given by the following general equation:  
  I = Σ Qi . feq i 
Where: I is the indicator expressed in equivalent units (e.g. greenhouse gas emissions in kg 

CO2 eq); Qi is the measure of a physical quantity of variable i (e.g. emission of a greenhouse gas 
i); and feq i is an adimensional equivalence factor for variable i (e.g. the warming potential fac-



tor for gas i). All equivalence factors are based on objective criteria, as far as possible based on 
comparable effects (Macedo, 2005). 

Table 1 presents the criteria for equivalence factors for each indicator. 
 

Table 1. EcoBlock indicators and estimation criteria _______________________________________________________________________________________________________ 
EcoBlock indicator Typical unit Criteria for equivalence factors _______________________________________________________________________________________________________ 
Water abstraction m3 Regional water resources intensity of use 
Resource extraction (except water) kg Resources availability and renewability 
Land use ha.year Ecological and social value of territory; role in the water cy-

cle; good or bad agricultural practices 
Greenhouse gas emissions (GHG) kg Global warming potential 
Other polluting emissions to air kg Equivalent hazardousness (based on EPER) 
Polluting emissions to water kg Equivalent hazardousness (based on EPER) 
Waste committed to storage kg Disposal conditions and hazardousness _______________________________________________________________________________________________________ 

 
It should be noted that the EcoBlock set does not include energy consumption as such. This is 

of course an important indicator, widely used in management performance. However, energy-
related environmental impact is widely variable as a function of energy source and, in current 
energy systems, it is highly correlated to GHG emissions; it can also easily be expressed as 
EcoBlock indicators. Therefore we use energy as a proxy to compute the EcoBlock indicators as 
appropriate.  

The EcoBlock method is highly compatible with GRI and WBCSD guidelines. The three sys-
tems use environmental performance indicators, especially pressure indicators, and all of them 
need identical data, allowing companies to reach the objectives of several methodologies with 
almost the same data. The EcoBlock method has the advantage of simplifying data presentation 
and comparison because of the reduced number of indicators. 

2.3 EcoBlock Index 
When dealing with eco-design or supplier environmental performance, the seven-indicator 
EcoBlock vector is not enough: a single index may be called for. It should be noted that this in-
dex will not be as consistent as the seven individual indicators. 

To express the EcoBlock global index, we have chosen the “global area” under the Ecologi-
cal Footprint (EF) concept, because it is rather intuitive and well known, and compatible with 
the EcoBlock logic of standardizing information. 

The major differences between the EcoBlock and EF methods are: (i) the EF has a top-down 
approach, directed at countries and life-styles, while the EcoBlock is aimed at products and or-
ganisations; (ii) the EF does not account for variables that are essential in product and organisa-
tion environmental performance, such as pollution, water abstraction or mineral resource extrac-
tion (Venetoulis, 2004, WWF, 2004). These differences represent as many difficulties when 
converting EcoBlock indicators into “global area”. 

Here we propose a tentative approach to this difficult issue: The “resource” EcoBlock indica-
tors – water abstraction, resource extraction and area – will be converted into global area by as-
suming that the land available for biological production serves simultaneously those three func-
tions; The GHG indicator is directly converted with the world average of carbon capture 
assumed in the EF method; The water and air pollution indicators are converted using the con-
cept of the virtual global area theoretically needed to absorb such pollution, in the same way 
that it is applied in the GHG indicator. We are aware that part of the pollution is actually ab-
sorbed or rendered innocuous by real land, already accounted for. For simplicity, we have com-
pared GHG and other pollution according to the report limits of EPER – the European Pollutant 
Emissions Register. The long-term waste storage is converted by relating it to an estimation of 
land influenced by such storage. 

In this exercise, we have used the conversion coefficients indicated in Table 2. 
 



Table 2. Conversion coefficients to compute the EcoBlock index _______________________________________________________________________________________________________ 
 Water Resources Land use GHG Oth.air pollut. Water pollut. Solid waste 
 (glob m2/m3) (glob m2/kg) (glob m2/m2) (glob m2/kgCO2) (glob m2/gNO2) (glob m2/gCOT) (glob m2/kg) _______________________________________________________________________________________________________ 
 4.5 5.5 0.16 3.0 3.0 2.8 0.1 _______________________________________________________________________________________________________ 

 
Because mineral extraction and most of the pollution are not accounted for in the EF, when 

we convert all EcoBlock indicators into “global area”, the final result will usually be higher than 
using the classical EF method. This is, indeed, an intended feature of the EcoBlock global in-
dex, although research is underway to establish a more robust relationship. 

2.4  Case-studies 
The EcoBlock method has been extensively tested in Portugal, with several types of case-
studies. A national survey was conducted among the construction business in Portugal, covering 
the whole life cycle of materials and buildings. Results from this survey have been reported be-
fore (Melo, 2002). 

3 CASE STUDY: ELECTRIC HAND DRYERS VERSUS PAPER TOWELS 
3.1 Scope and general criteria 
The aim of this case study was to compare the environmental performance of electric dryers and 
paper towels in the sanitary facilities of shopping centers. Data were provided by the shopping 
center operator, Sonae Sierra, and from available literature. 

Several shopping centers were analyzed, although one of them, located in Lisbon, was se-
lected as the main case study due to overall consistency of available data and because it uses 
both paper towels and electric dryers. Data on visitors to shopping centers were available. It was 
assumed that one out of three visitors will use the W.C. and hence will wash and dry his/her 
hands. 

Environmental performance data, relevant for the life cycle assessment of both technologies 
(electric dryers and papers towels) were gathered from Portuguese national statistics, reports 
and literature. The results are deemed to be representative for Portugal. The analysis and aggre-
gation of environmental information followed the EcoBlock method as described above. 

3.2 Electricity generation 
Environmental pressure from electricity production and distribution was computed from the fol-
lowing sources and criteria: official national data on atmospheric pollution from thermal power 
plants and oil refineries (APA, 2007); official electricity production and distribution data, in-
cluding amount of fuels consumed (DGEG, 2007); pollutant emissions from coal extraction 
from Australia (one of the major coal exporters to Portugal); atmospheric emissions from the 
maritime transport of coal and oil; water consumption in power plants (INAG, 2004); water 
evaporated from reservoirs used for electricity generation and land occupied by reservoirs 
(INAG, 2007); waste generated by power plants. 
Power plant construction, general maintenance and non-consumptive uses of water were not in-
cluded in the analysis. 

The results are shown in Table 3. 
 

Table 3. Environmental pressures from electricity as acquired from the public electrical grid in continen-
tal Portugal (EcoBlock indicators) _______________________________________________________________________________________________________ 
 Water Resources Land use GHG Oth.air pollut. Water pollut. Solid waste 
 (dm3/kWh) (g/kWh) (dm2/kWh) (g CO2/kWh) (g NO2/kWh) (g COT/kWh) (g/kWh) _______________________________________________________________________________________________________ 
 14.5 196 7.10 589 7.11 0.0282 0.760 _______________________________________________________________________________________________________ 



3.3 Electric dryers 
Only the electric dryer model in use in the shopping centers selected was analyzed. An estima-
tion of composition of the apparatus and environmental implications of its manufacturing was 
performed, based on technical specifications and available literature on materials extraction and 
production. Major materials are steel, copper, aluminum and plastics. An average of five years 
life time for a dryer was assumed, based on maintenance registers. 

Electricity consumption of the dryer was assumed as nominally declared by the manufacturer, 
per cycle of operation. “Phantom consumption” at idle time due to the electrical wiring was not 
measured or considered. 

3.4 Paper towels 
The paper towels were traced back to paper and pulp manufacturing and raw material origin, 
both wood and recycled paper. Environmental management data from industry and forestry op-
erations were used (Renova 2005, CELPA 2005, Portucel Soporcel 2005, Baluarte 2004, APA 
2007). The following environmental pressures were thus computed: water consumption, emis-
sions of GHG, other atmospheric pollution, water pollution, wastes, fuel consumption and elec-
tricity consumption on the industrial plants; primary extraction of woods, mostly eucalyptus, in 
terms of land use and biomass extraction. Packaging, transport and waste disposal of the towels 
were included in the analysis, as was maritime transport of imported raw materials; percentages 
of wood pulp and recycled paper pulp are real. 

The steel towel case manufacturing was also considered. 
Energy consumption of forestry operations, raw material transportation within Portugal, in-

dustrial plant construction and maintenance, were not considered. 
Based on a limited inquiry to users, it was assumed that, on average, each user consumes two 

towels per usage. 

4 RESULTS OF CASE STUDY 
4.1 Comparing electric dryers and paper towels 
The environmental pressures of electric dryers and papers towels were aggregated throughout 
the life cycle according to the seven EcoBlock indicators and expressed per use (that is, per 
dryer cycle or per two towels). The results are presented in Tables 4 and 5. 

 
Table 4. Environmental pressures per use of electric dryer or water towels (EcoBlock indicators) _______________________________________________________________________________________________________ 
 Water Resources Land use GHG Oth.air pollut. Water pollut. Waste 
 (dm3/use) (g/use) (dm2.year/use) (g CO2/use) (g NO2/use) (g COT/use) (g/use) _______________________________________________________________________________________________________ 
Towels 0.696 3.86 0.497 14.3 0.106 0.0499 0.594 
Dryers 0.308 4.19 0.151 12.6 0.151 0.00060 0.0161 _______________________________________________________________________________________________________ 

 
Table 5. Environmental pressures per use of electric dryer or water towels (EcoBlock index, all values 
expressed as “global dm2.year/use”) ________________________________________________________________________________________________________ 
 Water Resources Land use GHG Air pollut. Water pollut. Waste TOTAL ________________________________________________________________________________________________________ 
Towels 0.31 2.1 0.08 4.3 31.8 14.0 0.01 53 
Dryers 0.14 2.3 0.02 3.8 45.3 0.17 0.00 52 ________________________________________________________________________________________________________ 
Results indicate that, for a typical usage, the environmental pressure of electric dryers and paper 
towels is very similar — a difference of less than 2%. 

In both cases the largest contributor to the “ecological footprint” is acidic and other air pollu-
tion; followed in the case of the towels by water pollution; GHG and material resources also 
play an important role. 



4.2 Comparing phases of life cycle 
The method allows for a simple comparison between the pressures caused by different phases of 
the life cycle. Results are shown in Tables 6 and 7. 

 
Table 6. Relative weight of different phases of life cycle of paper towels. _______________________________________________________________________________________________________ 
Life cycle phase Contribution _______________________________________________________________________________________________________ 
Box manufacture 0.0% 
Paper recycling 0.4% 
Eucalyptus production 1.7% 
Pulp production: local pressure 31.9% 
Pulp production: electricity acquisition 5.7% 
Paper production: local pressure 9.8% 
Paper production: electricity acquisition 48.7% 
Disposal (landfill) 1.9% _______________________________________________________________________________________________________ 
 
Table 7. Relative weight of different phases of life cycle of electric dryers _______________________________________________________________________________________________________ 
Life cycle phase Contribution _______________________________________________________________________________________________________ 
Dryer manufacture 0.1% 
Electricity consumption in use 99.9% 
Maintenance 0.0% _______________________________________________________________________________________________________ 
 

Results show that the main contributor to environmental pressures is electricity production, 
followed by air and water pollution on site for pulp and paper manufacture. 

4.3 Sensitivity analysis to user’s practice 
Because there was no information available on actual user’s practice, we have performed a sen-
sitivity analysis to different uses of towels and dryers. We also considered the possibility of us-
ing dryers with half the drying time, because the dryers tested were of fixed drying time, and 
apparently many users do not use the full drying period. Results are shown in Table 8. Note that 
our previous assumption was that the average user would spend one dryer cycle or two towels.  

 
Table 8. Sensitivity analysis to user’s practice and equipment efficiency _________________________________________________________________________ 
No. of towels per use 1  2 3 4 
EcoBlock index (global dm2.year/use) 26 53 79 105 _________________________________________________________________________ 
No. of dryer cycles per use 0.5 1 1.5 2 
EcoBlock index (global dm2.year/use) 26 52 78 103 _________________________________________________________________________ 
 

Results show that the environmental performance is highly dependent on both the equipments 
efficiency and the user’s practice. A comparison between actual consumption of dryers with or 
without sensors would be interesting. A “softer” electricity source, such as solar energy, would 
greatly decrease the environmental pressure, especially of the electric dryer. 

4.4 Sensitivity analysis to conversion coefficients 
As referred above, the conversion coefficients used to compute a global index from the seven 
indicators are tentative. To test the robustness of the coefficients assumed in this exercise, a sen-
sitivity analysis was performed by doubling and halving in turn each coefficient. 

The results show an oscillation between –15% and +21% as referred to central values. This, 
although not irrelevant, is clearly inferior to both the margin of error of base data and to the sen-
sitivity of results to user’s practice. We consider therefore that this issue, although it merits un-
doubtedly further research, is not a limitation to the conclusions of the present case study. 



5 CONCLUSION 

EcoBlock indicators have the advantage of being clearly defined, easily measurable and verifi-
able. 

The major innovation and advantage of EcoBlock method relies on two aspects: (i) the con-
cept of environmental performance transfer over the productive chain, relating complementary 
data at organization and product level; and (ii) an objective method of data aggregation that al-
lows standardization and diminishes the total number of indicators while encompassing a large 
range of environmental issues. Sensitivity analysis in this and other case studies suggests a good 
robustness and reliability of the method. 

The application of the method becomes more reliable as data availability increases, both at 
organization level (with e.g. environmental management systems) and with official statistics. 
Because the EcoBlock method relies heavily on standard organization and public information, 
rather than specific inventories, its usability may be expected to improve as such sources of in-
formation become more available and standard. 

On the case study at hand, a number of interesting conclusions may be drawn. 
First, in the current state of technology and practice, paper towels and electric dryers have 

very similar environmental effects. 
Second, the single largest contributor to the environmental pressure is electricity production. 

This is obvious in the case of electric dryers but is also true in the case of paper towels. 
Third, the factors that most affect the performance of one technique or the other are the actual 

practices of the user and the energy source. Hence, a cleaner source of electricity such as solar 
energy would go a long way towards the reduction of environmental pressures. 
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ABSTRACT: Building Information Modelling (BIM) is a new approach for being able to 
describe and display the information required for design, construction and operation of 
buildings. More extended use of BIMS, with the development of Information Delivery Manuals 
(IDMs) for environmental assessments, energy calculations and LCC, ensuring more 
automatically data flow between different data bases, calculation tools and Building Information 
Models (BIM), will simplify the use of LCC in design. More extended use of LCC, and storing 
the results for future use may also improve the Facility Management. Several projects have dealt 
with cost information flow, as information exchange between the BIM and LCC-tool and 
improving cost data bases, simplifying the data access as well as storage possibilities to ease and 
extend the use of LCCA. This paper will present the current stage of the different project aiming 
at increased use of LCCA by use of BIM and IDMs.

1 INTRODUCTION 

Building and construction projects may benefit by use of Life Cycle Cost Assessment at early 
stage of the design process, the results contributing to decision support taking both investment 
and operation costs into account. Qualitative good results demand good input data to the 
calculations, even at stages where few decisions are taken. 

Building Information Modelling is a new approach for being able to describe and display the 
information required for the design, construction and operation of constructed facilities. It is 
able to bring together the different threads of information used in construction into a single 
operating environment thus reducing, and often eliminating, the need for the many different 
types of paper document currently in use.  

Realistic LCCA, as a good basis for decision making, requires easy accessible data in all 
phases from brief to construction, where statistic information, key numbers and experience data 
is valuable information. A well defined classification system for the categorisation of costs and 
other input data is important for a successful use of LCCA. Increased use of LCCA at several 
stages in the decision process also requires increased data exchange and storage possibilities. 
Extended use of LCCA may improve the decision process towards more economic as well as 
environmental and energy efficient buildings. 

More extended use of Building Information Models (BIM), with the development of 
Information Delivery manuals (IDMs) for environmental assessments, energy calculations and 
LCC, ensuring more automatically data flow between different data bases, calculation tools and 
Building Information Models (BIM), will simplify the use of LCC in design. More extended use 
of LCC, and storing the results for future input to Facility Management may also improve the 
Facility Management. 

Easy access to comparable data gives the building owners’ possibilities to benchmark their 
buildings, with emphasis on energy use and operation cost. This will lead to more focus on 
operation of buildings, as well as improvement of energy efficiency. 



Several projects have worked with improves cost information flow, as information exchange 
between the BIM and LCC-tool and improving cost data bases, both key number bases and cost 
data bases related to building parts, and further information flow from FM-information into cost 
data bases. Key numbers may be found from statistical treatment of collected data. For instances 
energy use/energy costs pr m2, cleaning costs pr m2, or cost used for management or 
maintenance for different building categories (function and age). Key numbers may be used for 
benchmarking, as all users may compare their actual data with the collected data, and hence 
know how their use and management of the building is compare to others. 

2 BUILDING INFORMATION MODELING 
2.1 IFC, BIM, and buildingSmart 
The development, maintenance, implementation and dissemination of Industry Foundation 
Classes, IFC and IFC enabled products is part of the buildingSMART initiative of the 
International Alliance for Interoperability, IAI, and its affiliated organizations and companies. 
“buildingSMART is integrated project working and value-based life cycle management using 
Building Information Modeling and IFCs”  

The purpose of IFC as part of the buildingSMART initiative is "enabling interoperability 
between AEC/FM software applications". It is embedded in a broader scope of achieving 
beneficial change in industry, using Building Information Modeling (BIM) and IFCs as the 
trigger to smarter ways of working. IFCs target both the software development community and 
the practitioners in the AEC/FM industry.  

• Developing software that benefits from the international, single and interoperable 
schema of construction elements, specifications and structures is the task of software 
companies. Software developers have to understand the detailed structure, content, 
and processing of IFC.  

• Applying interoperable and IFC compliant software within construction processes 
requires users that are knowledgeable about their processes, the exchange 
requirements within each process, and its relevance to the technical, commercial and 
legal side of the operation. Practitioners have to understand how to map general 
concepts or parts of the IFC to the detailed exchange requirements within their 
projects and how to assess and use IFC compliant software. 

IFC and use of BIM will have great potential for cost reduction and utilize effects in the value 
chain at least in these areas: 

• Focus on the customers and end-users requirements within the building process and 
life cycle phases. 

• Re-engineering of the building process with new opportunities for new and existing 
actors. 

• A comprehensive and common international knowledge model database with 
standardized ICT tools, objects and communication rules and available best practices 
examples. 

• Cost reduction and better project economy in the supply chain, between the suppliers 
and the contractors. 

• Improved possibilities for early stage analysis about: best practice design, 
construction cost, energy consumptions, environmental impacts and lifecycle cost. 

2.2 Planning and construction process 
Planning and design of buildings and constructions are phases in a process with many actors and 
an intensive process of sharing and/or repeating information. Figure 1 shows the information 
flows between the different actors in a construction process, both a traditional process and by 
use of Building Information Models. 
 
 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1 Information flow between actors in a traditional project and by use of Building Information 
Model 
 

When all actors have access to the same information, and the possibility to transfer 
information from the model to the different calculation and analysis tools, all decision making 
can be based on up to date analysis of the interesting aspects. More analysis may be done in an 
early phase of the project, while it is still possible to make changes. Analysis may also be done 
on different alternatives. 

Life cycle costs analysis or assessment may throughout all stages be done by use of 
information in the BIM, information from different cost databases, and with application that is 
ifc compatible ensuring a seamless data transfer. Results from the analysis are then fed back to 
the BIM for use in other analysis, decision making or for later use in facility management in the 
operation phase. 

3 LIFE CYCLE COSTING ASSESSMENT 
3.1 Life cycle costing used in decision making 
Life cycle costing assessment should benefit that the perspective of decisions is moved from 
investment costs to the total costs for the whole life cycle of the building or constructed work. 
Life cycle costing should not be used with the intention of decreasing the costs, but for ensuring 
the lowest cost over the life cycle when still fulfilling the performance requirements (functional 
and technical requirements). The assessment should also be used to show the estimated yearly 
costs before investments are done. 

Using LCC as part of decision making requires good accessibility to reliable input data to the 
analysis at all stages of the planning and design process, starting with generic information 
(statistic, key numbers) to more and more specific information. Reliable statistic and generic 
information can be produced by collecting actual costs from management of buildings, using 
specified and standardized cost classification. The Norwegian Standard NS3454 Life cycle costs 
for building and civil engineering work – Principles and classification (NS, 1997) does, as also 
similar German and Austrian standards, give a cost classification system. The Norwegian 
database owned by Network for benchmarking yearly collect actual costs from their members’ 
buildings, then providing a database with costs to be used for benchmarking and input to LCC 
calculations.  Table 1 shows the main categories in a proposition to a new common Nordic 
standard. 
 
Table 1 Cost classification for Life Cycle Costs in proposition to new Nordic standard 
No. Main Item Definition Sub-categories 
1 Capital All investments towards 

completion including 
11 Project costs 
19 Remaining costs 



decommissioning by the end use 
of the facilities 

2 Administration Activities for administration, 
required payments and insurance 
costs 

21 Taxes and fees 
22 External costs 
23 Administration and management 
24 Insurance 
29 Various 

3 Operation Include daily, weekly and 
monthly activities that are 
repetitive within a one year period 
for building and technical 
installation systems that shall 
satisfy given functional demands 
and requirements 

31 Operation and inspection executed 
by own employees 
32 Operation and inspection executed 
by external companies 
37 Outdoor operation and inspection 
executed by own employees 
38 Outdoor operation and inspection 
executed by external companies 
39 Various 

4 Maintenance Include all activities and efforts 
put forward in a period of more 
than one year. For example, 
planned maintenance, 
replacement and emergency 
repairs, so that the building and 
technical systems satisfies the 
original level of quality and 
functional requirements. 

41 Periodical maintenance of exterior 
of the building 
42 Periodical maintenance of internal 
of the building 
43 Replacement of exterior 
44 Replacement of interior 
45 Emergency repair work for exterior 
46 Emergency interior repair 
49 Outdoor 

5 Developing Includes activities as a result from 
change in demand from core 
activities, the authorities, total 
refurbishment, or all activities to 
raise the construction standards in 
relation to the original level 

51 Development and upgrading of 
exterior of the building 
52 Development and upgrading of 
internal of the building 
59 Development and upgrading 
outdoor 

6 Consumption Consumption includes resources 
in terms of energy, water, and 
waste handling 

61 Energy 
62 Water and Drainage 
63 Waste Handling 
69 Various 

7 Cleaning All activities inside and outside 
for satisfactorily meeting cleaning 
demands 

71 Daily/Periodic 
72 Main cleaning 
73 Special cleaning 
74 Window cleaning 
75 Façade cleaning 
79 Outdoor cleaning 

8 Service All non-building related activities 
in support of the core activity 

81 Security and safety 
82 Reception/switchboard 
83 Mail 
84 IT service 
85 Moving 
86 Catering 
87 Accessories/copying 
88 Administrative support 
89 Furniture and inventories 

 
Life cycle costing can be presented as Net Present Values or Net Present costs, while other 

options are available, as Annual Cost or Annual Equivalent Value, or Payback. Definition of 
cost categories and calculation rules are given for example in ISO/DIS 15686-5 “Buildings and 
constructed assets – Service life planning. Part 5 – Life cycle costing” (ISO, 2006). 

3.2 LCC in different project stages 
The standard exchange requirements published in IDM are identified against project stages 
defined within the Generic Process Protocol (GPP) (Michail Kagioglou et al, 2000). These are 



identified below with their stage number as used in the exchange requirements documents, 
description and definition from the GPP. Stage 10 (disposal) is a modification to the standard 
GPP list to handle the final stage of a project lifecycle. These are shown in Table 2

 
Table 2 Project stages defined in Generic Process Protocol 
Stage Description Definition 
Pre-project stages  
0 Portfolio requirements  Establish the need for a project to satisfy the clients business 

requirement 
1 Conception of need  Identify potential solutions to the need and plan for feasibility  
2 Outline feasibility  Examine the feasibility of options presented in phase 1 and decide 

which of these should be considered for substantive feasibility  
3 Substantive feasibility  Gain financial approval  
Pre-Construction stages  
4 Outline conceptual 

design  
Identify major design elements based on the options presented  

5 Full conceptual design  Conceptual design and all deliverables ready for detailed planning 
approval  

6 Coordinated design 
(and procurement) 

Fix all major design elements to allow the project to proceed.  
Gain full financial approval for the project 

Construction stages  
7 Production Information  Finalise all major deliverables and proceed to construction.  
8 Construction Produce a product that satisfies all client requirements.  

Handover the building as planned. 
Post-construction stages  
9 Operation and 

maintenance  
Operate and maintain the product effectively and efficiently.  

10 Disposal Decommission, dismantle and dispose of the components of the 
project and the project itself according to environmental and 
health/safety rules 

3.3 Geometric and spatial structure 
A spatial project structure might define as many levels of decomposition as necessary for the 
building project. The costs might be added to any element. Elements within the geometric and 
spatial project structure are: 

• site as IfcSite  
• building as IfcBuilding  
• storey as IfcBuildingStorey  
• space as IfcSpace 
• building elements as IfcBuildingElement 
• components as IfcBuildingElementComponent 
• products as IfcProducts 

The structure from site, building, elements, components, and products is further used as cost 
levels. 

3.4 Performance requirements 
Before doing the life cycle cost assessment it is important to have the performance requirements 
for the facilities to study. The BIM makes it possible to start the process by having a 
performance requirement model, which later will be used as part of the checking systems, 
analyzing which requirements that are fulfilled. The performance requirement model will then 
be further developed and improved throughout the planning stage. The alternatives compared 
should always fulfill the performance requirements. 



3.5 Intangible costs – extra value 
Intangible costs is usually not included in LCC, but if possible, value might be given and used 
as an additional part of the decision process. There might also be given values to extra functions 
or performances, for instance based on experience, but these values should also only be used as 
an additional part of the decision process. 

3.6 Examples of LCC in different stages 
LCC in pre-project stages is used for studying the consequences of the performance 
requirements, before any decisions are made. In the early stage of a project, LCC forecasting 
may use ‘benchmark costs’ based on historical costs of previous projects. As design evolves and 
more detailed information becomes available, benchmarks should be substituted with first 
principle project-specific estimated costs. Often (but not always) life cycle costing will include a 
single lump sum which represents all the acquisition costs (e.g. the purchase cost) and may also 
take account of residual value/disposal costs. The analysis in pre-project stages are aiming at 
assign different alternatives, where continuing as to day may be one option.  

One example is increasing school capacity, where the alternatives may be as follows: 
• Continuing as today – some pupils sent to other schools 
• Extension of existing school, with or without refurbishment of existing building 
• New school in addition to existing school – different location 
• New school with higher capacity instead of existing building 

 
Comparing the different alternatives it is important to include differences in costs for running 

the core business (school), not only the building related costs. This may be included in category 
8 costs. Table 3 shows examples of sources for information at this stage, number of m2 may be 
statistic information based on number of pupils. At this stage the comparison is on main 
alternatives, not design, construction, or installations. The main cost differences may be in 
category 8, the decision at this stage might not be building related, but taking into account the 
differences in costs for the core business. Almost all costs are statistic or historic information, 
updated for extra m2. All costs as on building or site level. 

 
Table 3 Cost categories and sources for information 
Cat. Alt 0 Alt 1a – 1b, 2, 3, and 4 
1 No investments Generic information – investment costs pr m2 for new buildings and 

refurbishment 
2 Existing costs Existing costs – corrected for number of m2 or key number for costs 

per m2 or per pupil 
3 Existing costs – higher 

costs in future? 
Key number for school buildings, per m2, for building from same 
time period – and new buildings 

4 Existing costs – higher 
costs in future? 

Key number for school buildings, per m2, for building from same 
time period and main materials – and new buildings 

5 No costs Upgrading of existing building – key numbers for upgrading 
buildings from the same period 

6 Existing costs Existing costs and key numbers, energy use as in regulations 
7 Existing costs Key number for school buildings, per m2, for building from same 

time period and main materials – and new buildings 
8 Existing costs 

Transport costs pupils to 
other schools 
Costs for pupils at other 
schools 

Existing costs 
Changes in use of staff compared to Alt 0, need for more teachers, 
need for more administrative staff if 2 schools etc. 

 
The calculated life cycle costs are used for choosing alternative – more than one if more 

detailed comparison is necessary to decide – and to get financial approval. If the costs for all 
alternatives are too high, this is also the stage for redefining the requirements. 

As alternatives it is possible to add extra requirements to the alternatives, for instance a 
swimming pool. Results from alternatives with or without swimming pool should then not be 



directly compared, but results used for deciding whether the value of the gain swimming pool 
exceeds the costs.  

3.7 Life cycle costing in conceptual and design stage 
With a database for facility management costs from existing buildings, where building 
information as age, main construction systems and materials, types of ventilation etc are given, 
statistic cost information can be tagged with those technical and functional descriptions.  

When comparing different designs and technical installations, where the performance 
requirements always are fulfilled, many calculations still can be based on statistic information. 
Cost information might still be used as input on building levels, adding some specific 
information on system or building part level. Examples of relevant input costs, sources and level 
where they are to be used are shown in Table 4. 

 
Table 4 Examples of relevant costs and level to be used in LCC in design stage 
Cost category Site/building Room Element Component Product 

(usually 
not 
selected 
at this 
stage) 

Capital Investments 
aggregated 
from 
element. 
Demolition 
costs 

 X 
Cost data bases 

(X) 
Cost data 
bases 

Cost data 
bases 

Administration X 
Key numbers 

    

Operation X 
Key numbers 

    

Maintenance Key 
numbers, 
“corrected” 
for statistic 
information 
fro certain 
systems and 
installations 

 X 
Statistic 
information/experience 

(X)  

Developing X     
Consumption X 

Regulations 
or energy 
calculations 
for different 
designs 

(X) 
Separate 
calculation for 
certain 
rooms/functions? 

   

Cleaning X – 
aggregated 
from room, 
key numbers 

(X) 
Key numbers or 
experience for 
different levels 
of cleanliness 

   

Service X     
 
Information about elements, areas, numbers, etc will at this stage be extracted from the design 

model(s). As the table shows, statistic information on building level, where tagged information 
is used, will be sufficient for LCC at early stage, comparing different main alternatives. The 
LCC calculations will then also give for instance total and annual cost for the whole building 
life cycle. 



Further in the design stage, as more and more information can be linked to elements, 
components and products, mainly investments and maintenance. 

4 CONCLUSION 

Using BIMs, from performance requirement models to design models, and different ifc 
compatible cost data bases, LCC calculations will be more useable as input data will be 
available and can be automatically transferred between the model, databases and applications. 
LCC can be done at every stage, and hence be a part of the decision making process early in the 
design process. 
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1 INTRODUCTION 

Currently there is a rising problem of demographic aging in the Netherlands. The demographic 
ageing is a consequence of aging of the post-war generation. These are the so-called baby-
boomers that were born between 1945 and 1955. At this moment 1 million people are 75 years 
and older. In 2050, according to the expectations, this number will increase up to 2.2 million 
(CBS, 2003). This demographic ageing has, among other things, a significant impact on a 
healthcare system. Since people are in general becoming older there is a higher chance that the 
elderly illnesses will increase as well. In the coming years there is a rapidly increasing demand 
for houses for the elderly and nursing homes (Bouwcollege, 2003). Next to such increasing de-
mand there is at the same time a concern regarding environmental impact. There are many ways 
in which a construction industry can reduce the impact of buildings on the environment. One of 
the possible ways is to reduce the amount of building waste by demolishing less buildings. Even 
when a building has reached the end of a functional lifetime it does not mean that a building 
cannot be efficiently upgraded to meet new requirements or change a function and therefore 
adapt for another use. In the Netherlands such issues play an important role and this paper deals 
with finding the most suitable scenario for a building in terms of future use so that an optimum 
can be achieved between demand and environmental impacts.  

2 RESEARCH BACKGROUND 

In 2005 the Netherlands Board for Healthcare Institutions, further in the text will be reffered to 
as Bouwcollege, conducted a monitoring research. This study provided the most recent over-
view of the technical and functional quality of the existing buildings in the sector ‘Houses for 
the elderly and Nursing homes’ (Bouwcollege, 2005).  
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ABSTRACT: One building is more flexible in terms of use than the other and to determine how 
much a building ‘X’ is more flexible than a building ‘Y’ is a rather complex task. This research 
focuses on houses for the elderly in terms of future use, since the requirements have changed 
and many of the existing buildings do not meet new requirements. To asses a transformation of 
a building one needs to take many aspects into account such as: spatial transformation, technical 
transformation and their various sub-aspects. There are also different future use scenarios, de-
fined by Netherlands Board for Healthcare Institutions, and one scenario is more suitable for a 
building than another. Firstly, in order to deal with this complex topic there is a need for a sys-
tematic approach where all relevant aspects determining a transformation value of a building 
will be defined. Thereafter, fuzzy-neural tree structure is used as a suitable method for knowl-
edge representation and knowledge modeling.  
 



The main goal of the monitoring study was to establish untill which extend the existing build-
ings met user requirements in terms of functionality and use and at the same time to determine 
what the technical quality of the existing buildings was. The results were classified into three 
colors wherein each color represented an advice and indicated a possible future action. These 
colors were: 

- green (a building satisfied the requirements or only minor improvements were needed) 
- orange (a building needed to be upgraded and more improvements were necessary) 
- red (a building did not satisfy the requirements and a question was whether these buildings 

had any future). 
Figure 1 gives an example of the monitoring scores for three buildings, where two buildings 

obtained a red score and one had a green score. Later in the paper these results are combined 
with the results obtained by a knowledge model (for reference see figure 5). 

 
 

Figure 1: Representation of the monitoring results for three buildings (Nauta, 2007) 
 

 
One of the conclusions from the monitoring study was that a majority of buildings (63%, 

meaning 652 buildings) had one or more lacks which should be taken care of  within the coming 
years. These buildings had a green score. In total 36% of the institutions (349 buildings) had an 
orange and red score. Especially these buildings were problematic, since it seamed that for some 
of them the demolition was the only possible solution. Such decision would result in a large 
scale capital demolition, decrease of available places for the elderly and would as well have a 
high negative impact on the environment. Therefore it was necessary to research other possibili-
ties such as changing functions but still remaining within the healthcare domain in order to meet 
the growing demand for places in nursing homes or houses for the elderly. So the next step was 
to investigate whether the buildings that had a red score could be upgraded to another (health-
care)function. In that respect it was necessary do define possible future use scenario’s. Since 
most locations of the existing houses for the elderly had mostly a central location most of these 
healthcare institutions wanted to keep these locations in the future as well. Having all these is-
sues in mind, Bouwcollege proposed four possible future scenarios where the existing houses 
for the elderly would be converted to:  

1. nursing home (group of 6 to maximum 10 persons in a group, min. 15m2 per bedroom) 
2. nursing home (individual units, minimum 18m2); 
3. new apartments for elderly, according to new requirements (45 m2) 
4. apartments-for-all (separating living and care, apartments minimum 60m2). 
 
In order to make an end to an endless discussion about how flexible a particular building is in 

terms of future use, it was necessary to develop a tool that would provide an answer regarding 
the transformation capacity of the existing houses for the elderly. For this purpose, a systemati-
zation of all aspects determining transformation value of the buildings was necessary and there-
after suitable techniques are required for knowledge representation and modeling. Further in the 



texts, research methodology will be explained followed by knowledge modeling, with the main 
focus on knowledge modeling part. 

3 RESEARCH METHODOLOGY 

In the monitoring study Bouwcollege already obtained a lot of information regarding the build-
ings such as their typology, construction method/materials used, dimensions etc. What was still 
missing was the systematization of aspects that determine a transformation potential of build-
ings. Based on a PhD thesis of E. Durmisevic (2006a), graduation thesis of Schunselaar (2006), 
and in constant feedback from the Bouwcollege, E. Durmisevic systematized aspects related to 
the transformation capacity (table 2). These aspects were first of all divided into two main 
groups and thereafter further subdivided in other categories. A list of all nineteen aspects deter-
mining the transformation value is given in table 1: 

 
Table 1: Aspects determining transformation capacity of a building  

 
TRANSFORMATION VALUE (TV) 

 
 

SPATIAL TRANSFORMATION (ST) 
 

TECHNICAL TRANSFORMATION (TT) 
 

 
POSITIONING (PO) 
 

 
DIMENSIONING (DI) 

 
DISASSEMBLY (DIS) 

 
CAPACITY (CA) 

Minimal dimensions 
on a building level 

Hallway width/position 
of load bearing construc-
tion 

Main installation net-
work  

Capacity of the instal-
lation ducts 

Load bearing con-
struction: floor-to-
ceiling height/floor 
thickness 

Hallway width/position 
of installations 

Distribution network Capacity of the load 
bearing construction 
in relation to new 
(wall) openings 

Load bearing con-
struction: depth/grid 
system 

Positioning of the verti-
cal installations 

Separation of separation 
walls 

Capacity of the load 
bearing construction 
in relation to hallway 
width 

Load bearing con-
struction: dimension-
ing/ventilation system 

Direction of the vertical 
installation ducts 

 Future expansion of 
the building 

Hallway width Clustering of vertical 
elements 

 Capacity of the eleva-
tors/stairways 

Façade openings: di-
mension/room depth 

   

 
In first instance to be able to generalize to certain extend, the buildings were subdivided into 

four major types, being: 
- single corridor 
- double corridor 
- core/central corridor 
- gallery  
 
For each of these typologies and each scenario a minimum spatial requirements were deter-

mined both on a building level as well as on a unit level. Thereafter, based on extensive spatial 
analysis, having in mind four different future scenarios and related requirements, various spatial 
and technical solutions were graded on a scale between 0 and 1. An example of a grading is 
shown on the example of sanitary area (figure 2). 



Figure 2: A grading of spatial solutions in terms of functionality 

After grading is finalized for all aspects, the next step was to prioritize the relative impor-
tance of these aspects per scenario which was a starting point for knowledge modeling. 

4 KNOWLEDGE MODELING 

The systematization and the grading scheme are only a starting point for knowledge modeling. 
At this stage only information is provided, which cannot be used in a meaningful way, since at 
the level of systematization and grading there are no rules to apply that information. In other 
words, the interrelationship between the aspects is not yet modeled, which makes the informa-
tion at hand difficult to interpret and apply in a knowledge form. Main purpose of this work was 
to model the knowledge which would be able to represent and capture expert’s knowledge on 
the subject of transformation value. With such a model it would be possible for Bouwcollege to 
reuse the knowledge and apply it for evaluation of all houses for the elderly (more than 1000 
buildings).  

In general, knowledge can be characterized either as explicit or tacit. Explicit knowledge can 
be easily represented and applied due to its precise an unambiguous nature. It is mostly repre-
sented in building standards, regulations and guidelines. On the other hand, tacit knowledge, 
first introduced by Polanyi (1958), is much more difficult to represent, capture and reuse since it 
is generally fuzzy, ambiguous and imprecise. It is therefore rather difficult to express tacit 
knowledge since it is embedded in personal experience which involves subtle aspects such as 
personal beliefs, views and value system. It is a knowledge of experts regarding specific do-
main. Modeling tacit knowledge is a time consuming activity and knowledge models can be ei-
ther data or expert driven. In first case, data driven knowledge models rely on large amount of 
data where some data mining techniques are applied for knowledge discovery and elicitation. 
Expert driven knowledge relies on one person’s/group of experts knowledge on a particular sub-
ject (Durmisevic and Durmisevic, 2006). This paper deals with the later one, expert driven 
knowledge modeling, including both explicit and tacit knowledge.  

Having systematized all aspects that are related to transformation capacity it was necessary to 
establish the relevant importance of all aspects. This was done using Analytical Hierarchy Proc-
ess (Saaty and Alexander, 1981; Saaty and Vargas, 1982). The AHP method is a technique to 
compute the priority vector, ranking the relative importance of factors being compared. In the 
AHP computations expert knowledge plays the essential role. With AHP the model weights are 
determined. Based on these weights the structure of the knowledge model is established in a 
form of fuzzy-neural tree structure. 

A fuzzy-neural tree is composed of terminal nodes, and weights of connection links between 
two nodes. Each terminal node is labelled with an element from the terminal set 
T={x1,x2,…,xn} where xi is the i-th component of the external input vector x. The input x is 
connected to a node via a radial basis function and provide an output for this node which is 
given by 

 



 
where φ (.) is the basis function, cj is the centre of the basis function; wj is the weight con-
necting the output of the basis function to the a terminal node in the form of an external in-
put. cj determined as a component of a priority vector and equal to wj. Among several ra-
dial-basis functions, the Gaussian function 

 

is of particular interest and used in this research due to its relevance to fuzzy-logic. 
Above, σ  is the width of the basis function and it is used to measure the uncertainty asso-
ciated with the node inputs designated as external input vector x. For the model there can be 
as many basis functions as needed. The centres of the basis functions are the same as the 
terminal node inputs. Therefore for these input the radial basis function output is 1 and this 
is multiplied by the associated weight.  

Neural networks can represent a broad class of feed-forward networks with or without lay-
ered structure. The tree structure involved in this work is a layered one and it allows for easy 
exchange of substructures by standard sub-tree variation operators without affecting the build-
ing blocks. Input from any sublevel to any upper level is possible. Connection between the 
nodes at the same level is also allowed. However, feedback from any upper level to sublevel is 
not allowed. By means of this basic configuration, the levels are clearly defined in a structure of 
any complexity (Ciftcioglu and Sariyildiz, 2006). Figure 3 shows a configuration of the fuzzy-
neural tree involved in this research. 
 

 
 
 
 
 
 
 
Last line of 
 
 
 
 
 
 
 
 
 

Figure 3: A schematic representation of the knowledge model 
 

Figure 3: A schematic representation of a fuzzy-neural tree knowledge model 
 
The lowest level has 19 nodes. The immediate upper level has 4 nodes, which is followed by 

a layer with two nodes. Finally, at the highest level there is one node which provides a final 
transformation value. The lowest level is a particular level since all the nodes have only a single 
input in this isolated configuration. The aspects listed in table 1 are the inputs of the knowledge 
model, in figure 3 represented as X1 to Xn. The weights W1 to Wn represent the factors of rela-
tive importance that were earlier established by the Analytical Hierarchy Process. 
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5 RESULTS 

Since weights per scenario differ, this results into four knowledge models where each model 
corresponds to one of the scenario’s. In other words, the inputs for a particular building remain 
the same for each scenario but the weights changed which resulted in four knowledge models. 
The interpretation of the results is in the following form (table 2): 

 
Table 2: The output values obtained by knowledge models and the related interpretations 

 
output values 

 
interpretation  

 
0.1-0.3 transformation potential is very low; the transformation of the 

building is not realistic due to a deficit of spatial and techni-
cal capacity; 

0.3-0.5 transformation of a building is moderate with a high level of 
difficulty; 

0.5-0.7 a building has a transformation potential with a small level of 
difficulty; 

0.7-0.9 a building has a very high transformation potential (very few 
adaptations are necessary/ none or very low difficulty level); 

 
 
The knowledge model software has been tested successfully on several case studies and is 

currently used by Bouwcollege to evaluate the remaining buildings. The main advantage of hav-
ing such knowledge models is time efficiency in comparison with comprehensive studies and 
months of elaboration needed only for one building to come to a conclusion regarding transfor-
mation potential. Figure 4 show the results obtained by knowledge models for Om en Bij, indi-
cating that a first scenario (transforming into a nursing home, 6-10 persons per group) would be 
the best fitting option for this building.  

 

   

Figure 4: Transformation value for four scenarios (left) and more specific results (right - for explanation 
of abbreviations see table 1) 

 
 
 
 
 
 
 
 

 



 
Figure 5: The monitoring results combined with the results from knowledge models (Nauta, 2007) 
 

Comparing the results of the monitoring study and knowledge model (figure 5) indicates that 
a building Om en Bij, which had a low score in the monitoring, due to its technical and spatial 
organization could be transformed into a nursing home according to new use requirements. The 
results obtained by knowledge models show that a building has a transformation potential with a 
small level of difficulty.   

6 CONCLUSIONS 

The fuzzy-neural tree structures is especially suitable for tacit knowledge modeling.  Firstly, 
considering the linguistic nature of the architectural data, fuzzy logic techniques are invoked. 
Secondly, knowledge is represented in a form of neural tree where the processing nodes are cru-
cial for model functioning. In contrast to data driven knowledge models this is an expert driven 
knowledge model, which mainly captures the tacit expert’s knowledge on this particular subject. 
Such a model is supposed to be generic and robust enough for buildings evaluations in the do-
main of concern. The methodology explained in this paper shows a way to tacit knowledge 
modeling. 
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1 INTODUCTION

Energy consumption in buildings accounts for almost 40% of the total energy produced in 
Europe. Despite innovations and the development of more energy-efficient appliances and 
building systems, energy demand continues to rise due to the fact that there are more buildings 
being constructed and higher comfort levels are required by occupants. As highlighted by Os-
bourn (1997, pp.4), today “a modern building is expected to be a life-support machine”. In this 
context, the efficient use of solar radiation becomes a fundamental issue in the design of sus-
tainable and low-energy buildings.

The energy impact of solar radiation in buildings is well investigated in the literature. Light-
ing management with artificial lighting dimming as a function of daylighting can result in light-
ing energy savings from 20% to 70%, depending on several factors such as the building design, 
positioning and local climate conditions. Overall building energy consumption can be reduced 
by10% to 30% if daylighting is used strategically. One of the main problems with achieving 
this goal is that the heat from the solar radiation needs to be extracted before it enters the build-
ing, so that additional savings can result from reducing air conditioning loads. In hot climates 
solar heat gain can account for over 50% of the total building envelope cooling load (Krarti et 
al 2005, Bodart & Herde 2002, Perez-Lombard et al. 2007).

In a modern economic perspective one can think of sunlight as a free service provided by na-
ture. Even on a cloudy day the available light intensity outside a building envelope is enough to 
illuminate almost every indoor task. But to use the whole potential of solar radiation for build-
ing services applications one has to consider the separation of the solar spectrum into its basic 
components, visible light (VIS), infrared (IR) and ultraviolet (UV). If done properly, this ap-
proach can result in several benefits. For example, visible light can be used for natural illumina-
tion while the IR part of the spectrum can be redirected for other applications.

This paper analyses the possibilities and benefits of splitting the solar spectrum for natural 
illumination and heating water applications in buildings. A design concept for a solar spectrum 
splitting device and a low-cost solar collector are presented. Lighting efficiency and water heat-
ing efficiency are estimated.

Splitting and managing the solar spectrum for energy efficiency 
and daylighting

A.V.Pelegrini, D.Harrison, J.Shackleton
School of Engineering and Design, Brunel University, London, United Kingdom

ABSTRACT: This paper analyses the possibilities and benefits of splitting the solar spectrum 
for natural illumination and heating water applications in buildings. A design concept for a so-
lar spectrum splitting device is presented. It considers the use of a dichroic cold-mirror to sepa-
rate the infrared from the visible light. The device is attached to a low-cost solar collector that 
can be integrated into a building façade or roof. An experiment to test the efficiency of the sys-
tem is carried out. As a result, “cool” visible light carrying almost no heat can be transported by 
fiber-optic cables to increase natural illumination in core areas of buildings, while the infrared 
is used to heat water. Lighting efficiency and water heating efficiency are estimated.  



2 SOLAR RADIATION AND DAYLIGHTING IN BUILDINGS
2.1 Solar radiation and building services
The solar irradiance on a perpendicular plane outside the Earth atmosphere is calculated as 1353 
W/m2. This value is known as the solar constant. On the top of the atmosphere around 48% of so-
lar radiation is in the visible range (380nm to 780nm), 6.4% is ultraviolet irradiance (<380nm), 
and 45.6% is infrared radiation (above 780nm). In power terms this corresponds to 660 W/m2 re-
lated to the visible range, 92.6 W/m2 to ultraviolet, and 614.4 W/m2 corresponds to infrared ir-
radiance. On the planet surface the intensity of solar irradiance will vary greatly due to losses in 
the atmosphere (Eicker 2003, pp.16).

The major goal of solar radiation management inside a building is to use sunlight to its full-
est, separating the spectrum (visible light, ultra-violet and infrared), controlling and directing it 
according to different building systems needs. Table 1 presents some possible applications for 
the solar spectrum components in building services applications. Note that the solar compo-
nents “to avoid” for each application is also highlighted. 

Table 1. Applications for solar radiation in building services.   
Application Part solar spectrum needed Part solar spectrum to avoid
Natural illumination Visible light (VIS) IR
Space heating Infrared (IR) --
Hot water IR --

VIS IR
IR --
Full spectrum --

Air purification Ultraviolet (UV) --
Water purification Ultraviolet (+IR) --
Natural ventilation (stack-effect) IR --

Photovoltaic (PV) - (generate electricity)
Thermophotovoltaic (TPV) -  (generate electricity)
Organic Photovoltaic (OPV) – (generate electricity)

2.2 Benefits of daylighting
When thinking about solar radiation one automatically thinks about natural lighting. Daylight-
ing is the complete design process and application of natural light to its fullest inside buildings 
(Karlen & Benya 2004, p.31). If it is done properly it can create interesting dynamic interiors, 
support human health and activities, improve work and learning performance, reduce environ-
mental impact, and reduce energy demand. If done improperly, it causes discomfort glare and 
demands excessive energy to extract the generated heat (Leslie 2002, p.381, Fontoynont 2002).  

Beyond the impact on energy saving and costs reduction, researchers have also found that 
natural light can provide a healthier indoor environment. Recent research shows that lighting 
has a more profound implication on human health and well-being that was once suspected (Ber-
son 2003, Webb 2006). Pauley (2004) argues that natural light is the best to balance the cir-
cadian clock and also that indoor lighting should employ lights with wavelengths shifted toward 
the yellow and orange wavelengths. Olders (2003) report on the positive impact of daylighting 
on the treatment of depression and seasonal affect disorders (SAD).   

2.3 Solar spectrum splitting technologies and materials
Imenes & Mills (2004) present a very comprehensive review of the literature on spectral beam 
splitting technologies for solar concentrating systems. Although the main focus of their review 
highlights the applications for photovoltaic and thermophotovoltaic energy conversion, most of 
the principles can also be applied to daylighting systems. The authors classify current beam 
splitting methods in the following categories: (1) transmissive and reflective methods; (2) re-
fractive and absorptive filtering methods; (3) luminescent filtering methods; (4) holographic fil-
tering methods.

Dichroic materials, cold mirrors and hot mirrors can also be applied to separate the solar 
spectrum. Dichroic materials are manufactured on a glass or plastic base on which alternate lay-
ers of transparent materials are laid. The amount and values of the wavelength transmitted or 
reflected depend on the thickness and refractive index of each layer. It reflects visible light and 



transmits the IR, being also referred as a “cold mirror”. Changing the order of the layers reflects
the IR and transmits the visible light. In this configuration it is referred as a “hot mirror”. Mag-
nesium fluoride/zinc sulphide and tantala/silica oxides are some examples of dichroic layers. 
(Elmualim et al. 1999, pp.255). Dye et al (2003) report a full-spectrum solar concentrator sys-
tem that also applies a dichroic cold mirror to separate the infrared from this visible light. In 
this system the IR is directed towards a thermophotovoltaic (TPV) cell array to generate elec-
tricity, while the visible light is used for natural illumination or photobioreactors.    

3 SYSTEM DESIGN AND PROTOTYPING
3.1 Optical system configuration and dichroic cold mirror device
To separate the infrared from the visible light we used a dichroic cold mirror made of borosili-
cate (LEBG) float glass, 50x50mm and 3mm thickness. Operating at an angle of 45 degrees it 
reflects over 90% of visible light (425-650nm) while around 85% of the infrared (800-1200nm) 
is transmitted through.

The cold mirror was mounted at an angle of 45 degrees inside a device specially designed 
for it. The device is attached to the solar collector. Figure 1 illustrates how the system is ex-
pected to work. A flux of collimated sunlight, concentrated by the solar collector, is directed 
towards the cold mirror. Visible light (VIS) is reflected down while the infrared (IR) passes 
through. Collimation is a fundamental requirement for the efficient separation of the solar spec-
trum using a dichroic cold mirror. This means that incoming rays must be parallel so that 
sunlight intensity is maximized. If most of the incoming light flux is not collimated the infrared 
and visible light will not be separated. 

A photometer (light meter) is connected to the visible light exit, measuring the light level (il-
luminance, lx) output of the system. The projected area of the cold mirror (50x50mm, posi-
tioned at 45 degrees) over the visible light exit is 50x36mm. The same projected area covers the 
infrared exit. It is important to note that the cold mirror projected area of 50x36mm will de used 
later on in this paper to calculate the lighting efficiency of the system (luminous intensity and 
illuminance).   

At the infrared exit an aluminum container with 500ml of water is kept isolated inside a lar-
ger container. The internal and external walls of the larger container are covered with thermal 
insulation. An infrared reflective coating covering the internal walls of the container helps to 
keep the infrared trapped inside. The aluminum container is painted in black. A small window 
on the side of the larger container can be opened to take measurements of the water temperature 
using an infrared thermometer (Fig.1).        

Cold mirror

Water container

IR

VIS

Full 
spectrum

Light meter

Infrared meter

Thermal insulation

Figure 1. Schematic representation of the device used to separate the
infrared (IR) and the visible light (VIS).



3.2 Design and mock-up prototyping of the solar collector
Our intention for this experiment was to develop a low-cost passive (non-tracking) solar collec-
tor, rather than a high cost system tracking system. CAD software was applied to design the 
system and preliminary virtual simulations were done using OptiCAD, an optic-design special-
ist software. Using ray-tracing analysis tools it was possible to optimize the system and define 
the best acceptance angle for solar incidence. 

The final solar collector mock-up was optimized for the experiment location (London, UK: 
51 38’ N; 07’ W) and has an acceptance angle of 50 degrees. Positioned at an angle of 45 de-
grees and facing south it achieves its highest efficiency range from 12:00h to 13:30h. It has a 
frontal area of 440x200mm which represents around 1/11 square meter. In other words, an array 
of eleven solar collectors (440x200mm) occupies an area of one square meter.     

A fundamental requirement for the system was to maximize the reflectivity of the visible 
light and the infrared inside the solar collector. This is an essential issue in a system that in-
tends to use both visible light and infrared. For this reason it was important to choose reflective 
materials, coatings and optical components that worked well for both visible light and infrared. 
We used Mylar to cover the internal surfaces of the solar collector. This material reflects both 
visible light and infrared with an efficiency of 90-95%. Figure 2 shows perspectives and side 
views of CAD drawings of the proposed solar collector.    

   

(a) (b) (c) 
Figure 2. CAD drawings of the solar collector. Perspective views (a) and (b). Side view (c). 

4 EXPERIMENTS AND RESULTS

4.1 Experiment set-up
Two experiments were realized in London (51 38’ N; 07’ W), both in late April 2007. The 
mock-up prototype of the designed solar collector was installed indoors, above a double-glazing 
window facing south. The area of the collector received direct sunlight from around 10:30 in 
the morning to 16:30 in the afternoon. In the first experiment the collector was positioned at an 
angle of 30 degrees in relation with the ground floor. For the second experiment the angle was 
increased to 45 degrees so that the frontal area of the collector was facing the sun during a 
longer period. Table 2 presents a summary of the conditions for each experiment.     
  

Table 2. Solar collector set-up, weather conditions and sky illuminance for experiments 1 and 2. 
Experiment Solar collector set-up Weather conditions Hours

Orientation Positioning Min.
Experiment 1 South 30 degrees Variable, sun spells 70000 1000 3 hours
(25.04.2007) Partial cloud, rain

Experiment 2 South 45 degrees Bright sunny, >100000 30000 5 hours
(30.04.2007) No clouds

Sky Illuminance (lx)
Max.



4.2 Data gathering and results
Measurements of visible light output and temperature variation in the 500ml water container
were taken every 10 minutes. Visible light was measured using two photometers (Extech Light 
Meter EA31 and Extech Light Meter EA33). An infrared thermometer (Extech 42529) was 
used to measure variations in the water temperature. 

Figure 3 and Figure 4 plots the results from the first experiment. Figure 5 and Figure 6 plots 
the results from the second experiment. Two major variables were responsible for the great dif-
ferences between the results. One is the positioning angle of the solar collector (30 degrees in 
the first experiment and 45 degrees in the second). The other variable was the weather condi-
tions. Cloudy weather with few sunny spells was predominant during the first day of experi-
ment, while a sunny day with blue sky and no clouds was a gift for the second experiment.  

The light level output of the system is presented as “system lux” in Figure 3, for experiment 
1, and Figure 5, for experiment 2. The “sky lux” term refers to the light level values of the sky 
illuminance, measured by positioning the photometer in a horizontal position under direct 
sunlight. 

Temperature variations of the 500ml water container are presented in Figure 4, for experi-
ment 1, and Figure 6, for experiment 2. The temperature of the water container that receives in-
frared radiation from the solar collector is noted in the legend of Figure 4 and Figure 6 as 
“Temp.C1”, marked with a square in the graph. “Temp.C1” is the water container presented 
firstly in Figure 1. “Temp.C2” and “Temp.C3” refers to two other 500ml water containers that 
were used as reference. The container “Temp.C2” was positioned under direct sunlight, while 
the container “Temp.C3” was kept in the shade at room temperature. The three water containers 
start with the same temperature, 21 degrees Celsius, in both experiments.      
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Figure 3. Light level data collected from the first experiment.  

1100 1110 1120 1130 1140 1150 1200 1210 1220 1230 1240 1250 1300 1310 1320 1330 1340 1350 1400

0

2.5

5

7.5

10

12.5

15

17.5

20

22.5

25

Temp.C1
Temp.C2
Temp.C3

Time (hour)

T
em

pe
ra

tu
re

 (
C

)

Figure 4. Temperature data collected from the first experiment. 
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Figure 5. Light level data collected from the second experiment. 
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Figure 6. Temperature data collected from the second experiment.

4.3 Estimating lighting efficiency

Lighting efficiency is analyzed here in terms of the luminous output of the system considering 
the data collected from the two experiments. Calculations result from an estimation of the per-
formance of a system with the same configuration but with a frontal area of one square meter.

Table 3 and Table 4 present the estimated performance for a system with a frontal area of 
one square meter. Data is extracted from Figure 3 and Figure 5 and rearranged in time periods
of 30 minutes. This procedure helps to estimate the average performance of the system at dif-
ferent periods of time and under different weather conditions. The columns under the term 
“system efficiency” present the average value of the luminous flux (in lumens). To calculate the 
transmission efficiency we estimate that all lumens output is concentrated directly into a bundle 
of acrylic (PMMA) fiber optical cables (core diameter of 1mm, attenuation 0.21 dB/m). Light 
transmission efficiency through the fiber optical cables are estimated to be 75% after 5m, 40% 
after 10m, and only 10% after 20m. Values are approximated.

Considering the values presented in Table 4 we calculate that, at its peak efficiency (from 
12:30 to 13:00), the system is capable to illuminate an area of 10m² with an illuminance level of 
112lx (after 5m), 60lx (after 10m) and 15lx (after 20m).            

      
Table 3. Luminous flux out put and estimation of the transmission efficiency for experiment 1.
Time System efficiency

(Exit output) After 5m (75%) After 10m (40%) After 20m (10%)

1100 – 1130 114 85.5 45.6 11.4
1130 – 1200 268 201 107.2 26.8
1200 – 1230 332 249 133 33.2
1230 – 1300 163 122.3 65.2 16.3
1300 – 1330 159 119.3 63.6 15.9
1330 – 1400 123 92.2 49.2 12.3

Light transmission efficiency for 1mm PM MA fiber optical cable

Lumens Lumens Lumens Lumens



Table 4. Luminous flux output and estimation of the light transmission efficiency for experiment 2.
Time System efficiency

(Exit output) After 5m (75%) After 10m (40%) After 20m (10%)

1100 – 1130 156 117 62.4 15.6
1130 – 1200 206 154.5 82.4 20.6
1200 – 1230 887 665.3 354.8 88.7
1230 – 1300 1502 1126.5 601 150.2
1300 – 1330 804 603 321.6 80.4
1330 – 1400 278 208.5 111.2 27.8
1400 – 1430 127 95.3 50.8 12.7
1430 – 1500 83 62.2 33.2 8.3
1500 – 1530 57 42.8 22.8 5.7
1530 – 1600 20 15 8 2

Light transmission efficiency for 1mm PM MA fiber optical cable

Lumens Lumens Lumens Lumens

4.4 Estimating water heating efficiency    
The system water heating efficiency was measured considering the difference between the tem-
perature of the water in the container that received direct infrared from the system (Temp.C1, 
from Figures 4 and 6), and the temperature of the reference water container that was kept iso-
lated at room temperature (Temp.C3, from Figures 4 and 6). Table 5 shows the average and the 
peak temperature differences measured in the experiments.    

Although only a small change in temperature was measured, it is important to note that the 
system sustained the temperature difference for more than two hours in the first experiment 
(that lasted only 3 hours) and for four and a half hours in the second experiment (that lasted 5 
hours). 

We estimate that a 1m² array of solar collectors (with the same configuration as the one de-
scribed in this paper, and under the same weather conditions) would be able to sustain an in-
crease of up to 3 degrees Celsius in 5 litre of water during at least one and half hours. To in-
crease 3 degree Celsius in the temperature of 50 litre of water would require a solar collector 
array with an area of 10m².         

Table 5. Water heating efficiency for experiments 1 and 2.
Time Experiment 1 Experiment 2

Temperature difference (Celsius) Temperature difference (Celsius)
Average Peak Average Peak

1100 – 1130 - - - 1 (at 11:30)
1130 – 1200 1 1 (at 11:50) 1 -
1200 – 1230 1 - 1 -
1230 – 1300 1 2 (at 12:40) 1 -
1300 – 1330 1 - 1 2 (at 13:30)
1330 – 1400 1 - 2 -
1400 – 1430 - - 2 3 (at 14:30)
1430 – 1500 - - 3 -
1500 – 1530 - - 3 -
1530 – 1600 - - 3 -

5 DISCUSSION AND CONCLUSION

Solar radiation can result in a more positive contribution to buildings systems and services if 
visible light and infrared are separated. The system presented in this paper is capable to deliver 
up to 1120lm through 5m of fiber optical cables. Although this is considered a low luminous 
flux, it is still able to illuminate an area of 10m² with 112lx (after 5m). We estimate that an ar-
ray of solar collectors with 3m² to 5m² will be able to deliver up to 560lx of natural light (with 



no infrared) to an area of 10m² located 5m deep into the building. This is enough for almost all 
tasks realized in educational and office buildings, for example (CIBSE, 2002).             

The strategy for the solar collector was to design a low-cost passive (non-tracking) system 
that could be easily integrated into a buildings façade or roof top. Our intention for this experi-
ment was to develop a low-cost (and low-efficiency) system, rather than a high efficiency-high 
cost system. The solar collector acceptance angle can be optimized for different site locations 
considering the positioning of the building on the Earth surface (longitude and latitude). It also 
can be optimized according to the façade where it is positioned (facing south, west, east or 
north).   

Some small improvements in the system could increase its performance significantly. Using 
a better cold mirror (with infrared transmission of up to 2500nm) it may be possible to increase 
the water temperature. We expect to at least double the efficiency of the system while keeping
costs low.
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1. CONSTRUCTION TECHNIQUES FOR THE FAÇADES OF RESIDENTIAL BUILDINGS 
 
Façades of residential buildings in Spain have been built usually out of brick.  The most com-
monly used construction technique (from inner to outer) has consisted of: plaster siding, a 7.5 
cm partition wall, an air chamber with neither ventilation nor drainage, thermal insulation of 
variable thickness and an exterior wall made of brick, either 11.5 or 14 cm, with or without ex-
terior cladding.  Carefully implemented, this construction technique complies fairly well with 
the Technical Building Code’s current  basic requirements for façades: (1) safety in the event of 
fire, thermal and acoustical insulation, resistance and stability against wind loads, and imperme-
ability (waterproofness). 
 
The appearance and fast growth of the construction model known as “rain screen” (2), or “venti-
lated façade,” has come about because of an inability to insulate properly the edge of the 
framework, generating thermal bridges; compatibility problems resulting from the wide dimen-
sional tolerances of the concrete structures; and above all, the architects’ desire to experiment 
with new products and materials in the building of façades. This new construction technique 
(technique 1) consists (from inner to outer) of:  one or two sheets of plasterboard attached to 
flashings, an 11.5 or 14 cm brick wall, thermal insulation of variable thickness, a ventilated and 
drained chamber, and a cladding system of rigid plates with specific fastenings.  The cladding 
system is usually attached to the wall and to the edges of the framework.   
 
At present, various cladding systems have been developed and optimised for this type of façade; 
in particular, asbestos cement, thermo-hardened resin or porcelainised stoneware plates.  This 
construction technique complies well with some of the demands imposed upon the façade:  
thermal and acoustical insulation and impermeability; but a thorough analysis is required with 
regard to the problem of safety in the event of fire, because of the risk of a fire spreading 
through the chamber to the entire façade (3).    
 
One cannot disregard wind activity either; suction and/or pressures, usually weak, that may act 
on the plates as a result of the compartmentalization of the air chamber, or on the inner masonry 
wall (4).  Despite these inconveniences, this type of construction technique is gaining ground on 
façades for residential, administrative, hospital, and school buildings.    
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the energy and CO2 produced in the obtaining and manufacture of the materials that compose it. 



Lately, a further step has been taken.  In some projects, mainly in hotels and dwellings, the brick 
wall has been substituted by a sandwich made of steel plate sections that act as resistant ele-
ments, acoustical and thermal insulation, one or more sheets of pla sterboard as cladding for the 
inner side, and a special asbestos cement plate as cladding for the side that is exposed to the 
elements.  Sometimes the asbestos cement side is clad with complementary thermal insulation to 
minimise the thermal bridges caused by steel plate vertical girders or by the edges of the frame-
work.  This construction technique (technique 2) is complemented, similarly to the prior tech-
nique, with a system of exterior cladding made of rigid plates with specific fastenings.   The 
tremendous popularity of this technique is a result both of the elimination of humid conditions 
in the façade's building stage, and of the search for more industrialised building processes that 
generate less waste during construction, waste that is lighter and not as thick as that generated 
by previously described techniques.  
 
Nonetheless, the substitution of one type of façade construction technique for another cannot be 
automatic, inasmuch as the brick wall unquestionably helps to achieve technical benefits that 
could not otherwise be easily accomplished.   We refer in particular to acoustical insulation, im-
permeability to wind, safety in the event of fire, and even resistance and stability of the cladding 
system.  
 
First and foremost, the façade must be solid and durable; must  create comfort, primarily ther-
mal, acoustical and with reference to light, in inner spaces; must be wate rproof; must be safe in 
case of fire; and must be energy efficient.   
 
This paper analyses various ventilated façade techniques that are being built in Spain at present, 
with similar technical benefits:  construction techniques 1 and 2, with different types of cladding 
systems: (A) porcelainised stoneware plates, (B) thermo-hardened resin plates, and (C) asbestos 
cement plates, comparing different parameters: weight per square meter – energy consumption 
of  materials – CO2 production.   
 
 
2. CONSTRUCTION FEATURES AND TECHNICAL BENEFITS OF THE DIFFERENT 
TYPES OF FAÇADE ANALYSED  
 
2.1 Construction technique 1.  
 
Composition (from inner to outer): two sheets (13 mm) of plasterboard on sections of galva-
nised steel, 14 cm perforated brick wall (1500 k/m³), 1 cm plaster mortar, 50 mm rockwool 
panel (50 k/m³), ventilated and drained air chamber.  
 
Technical features:  
Thermal transmittance: U = 0.59 W/m2 K  
Global index of acoustical insulation: Ra > 46 dBA 
EI > 120’ 
 
2.2 Construction technique 2. 
 
Composition (from inner to outer): two sheets (13 mm) of plasterboard on sections of galva-
nised steel, 50 mm rockwool panel (50 K/m³), 22 mm asbestos cement plate, 30 mm rockwool 
plaster and mortar.  In order to meet the resistance function, this technique incorporates a sub-
structure of 100 x 50 x 1.5 cm tubular piping, at every 1200 mm vertically and 700 mm  hor i-
zontally.  
  
Technical features (5): 
Thermal transmittance: U = 0.62 W/m2 K  
Global index of acoustical insulation: Ra > 46 dBA 
EI > 60’ 
 



2.3 Cladding system A. 
 
Composition: 120 x 60 cm and 12 mm thick porcelainised stoneware plates.   Anodised alumin-
ium sections according to DITE 353 (6). 
 
3.2 Cladding system B. 
 
Composition: 10 mm thick thermo-hardened synthetic resin plates.  Anodised aluminium sec-
tions according to DITE 240 (7). 
 
3.3 Cladding system C. 
 
Composition: 6 mm thick asbestos cement plates. Sections of folded galvanised steel according 
to DITE 403 (8). 
 
 
3. RESULTS OBTAINED 
 
Resulting values as to weight (K/m²), energy utilised (MJ/m²) and CO2  production (K/m2) are 
recorded on the spreadsheet attached to this paper, obtained from ITEC’s DB Table (9), for fa-
çade construction techniques 1 and 2, as well as for the three types of exterior cladding (A, B 
and C).  
 
 
4. CONCLUSIONS  
 
4.1 Concerning construction techniques 1 and 2. 
 
• Construction technique 2 is lighter than technique 1 (0.584 KN/m² against 2.51 KN/m2).  In 
buildings with a large number of stories, this feature allows a reduction in the amount of mate-
rial needed for construction of the structure and foundation, which is a positive result because of 
a reduction in the level of CO2  emitted during manufacture of these materials, as well as in the 
energy consumed in said processes.   
 
• Construction technique 2 requires more energy per square meter than technique 1 for its 
manufacture (1032.40 MJ/m² against 694.65 Mj/m²).   Moreover, construction technique 2 pro-
duces larger quantities of CO2 in the manufacture of its materials than construction technique 1, 
(88.23 Kg CO2 /m² against 54.93 Kg CO2 /m²). One could evaluate for a particular building the 
influence on the final result of the reduction in materials for structure and foundation because of 
the lighter weight of construction technique 2.    Another conclusion derived is that  construc-
tion technique 2 should have a smaller thermal transmittance value so as to compensate during 
its useful life for the excess energy and CO2 production that it has as opposed to construction 
technique 1.  This conclusion, arising as it does from the sustainability approach, agrees with the 
thermal comfort approach, inasmuch as construction techniques with little thermal inertia, as is 
the case with construction technique 2, require more thermal insulation to compensate for their 
quick thermal response to outside weather changes.  
 
 
4.2 Concerning the exterior cladding of plates.  
 
• All three claddings present a similar surface weight (weight of cladding A = 0.274 KN/m²; 
weight of cladding B = 0.179 KN/m²; weight of cladding C = 0.199 KN/m²). 
 
• The three claddings present considerable differences as to the energy required to manufac-
ture the various materials of which they are composed (cladding A, of porcelainised stoneware 



plates, 1223.81 Mj/m²; cladding B, of thermo-hardened synthetic resin plates, 702.53 Mj/m²; 
cladding C, of asbestos cement plates, 303.62 Mj/m²). These differences particularly have to do 
with the material used in the manufacture of the metallic sections that comprise the substructure, 
thus, the use of a material requiring less energy would improve the cladding solution.  An im-
portant point, unavailable to us, would be to ascertain the useful life of each cladding, which 
would allow an evaluation of the energy rate consumed for each year of useful life.   The mate-
rials that comprise the chosen claddings allow closing of their respective cycles by means of re-
cycling.  
 
• Similarly, the three claddings present considerable differences regarding CO2 emissions 
produced when manufacturing the various materials of which they are composed (cladding A, of 
porcelainised stoneware plates, 166.23 Kg CO2 /m²; cladding B, of hardened synthetic resin 
plates, 84.18 Kg CO2 /m²; cladding C, of asbestos cement plates, 29.02 Kg CO2 /m²). These dif-
ferences particularly have to do with the material used in the manufacture of the metallic sec-
tions that comprise the substructure, thus the use of a material that would emit less CO2 during 
its manufacture would improve the cladding solution.  An important point, unavailable to us, 
would be to ascertain the useful life of each cladding, which would allow an evaluation of the 
rate of CO2 that has been emitted for each year of useful life.   
 
4.3 Concerning the whole of the construction techniques for ventilated façades.  
 
• Different combinations of construction techniques (1 and 2) and exterior claddings pre-
sent big differences with regard to the energy required and CO2 emitted in manufacture of the 
materials: 
 
Construction technique 2 + cladding A: (2556.21 Mj/m2 and 255.16 Kg CO2 /m2) 
 
Construction technique 1 + cladding C: (998.27 Mj/m2 and 83.95 Kg CO2 /m2). 
 
These differences cannot be taken as definitive when selecting materials for the ventilated fa-
çade, but rather as a clear reference; as it has been said earlier, the cladding material’s useful life 
is an important piece of information that depends on the environmental characteristics of the site 
where it is placed.   
 
4.4 Final conclusions.  
 
• Generalised adoption of industrialised construction techniques to build façades will im-
ply larger energy consumption and CO2 emissions that can only be compensated by a decrease 
in the amount of material for structure and foundation because of its lesser weight.  
 
A possibly negative final impact with regard to the environment should be balanced by im-
provement of the thermal insulation for the techniques and with a larger useful life for these.  
 
• Despite the larger energy consumption and CO2 emission, industrialised and light con-
struction techniques for façades permit a better use of the materials that integrate them when 
they are able to close the life cycle through recycling or even through reuse of the materials.  
 
• It is possible that industrialised construction techniques for wood with simple fastenings 
may add a reduction in energy consumption and CO2 emissions during manufacture to the better 
use and recycling of the materials.   



 

Gypsum plasterboard, 13 mm (x2).  20,54 162,26 9,66 

Vertical girder from Galvanized steel  1,88 75,2 7,33 

Wall of thickness closing supported 14 cm, of brick perforated of 29x14x7,5 cm, taken with mortar for industrialized masonry M 5 (5 
N/mm2).  204,82 363,07 28,62 

Mortar continuous stucco of 1 cm (Portland cement with limestone proportion 1:4).  21,15 32,15 3,72 

Insulation rock wool 86 to 95 kg/m3 of 50 mm of thickness, placed with mechanical fixations.  2,79 61,97 5,6 

Construct sys-
tem 1: Wall 
clay brick.                

TOTAL 251,18 694,65 54,93 
          

Gypsum plasterboard, 13 mm (x2).  20,54 162,26 9,66 

Stud of galvanized steel, wide post of 46 mm, placed each 40 cm and channel of 46 mm fixed mechanically.  2,78 111,2 10,84 

Structure galvanized steel profiles  100X50X2 + Horizontal reinforcement crosspiece of  50x50x2 7,54 301,6 29,41 

Insulation rock wool 86 to 95 kg/m3 of 50 mm of thickness, placed with mechanical fixations.  2,79 61,97 5,60 

Cement fibreboard, 12,5 mm  21,88 335,34 27,56 

Insulation rock wool 86 to 95 kg/m3 of 30 mm of thickness, placed with mechanical fixations.  2,92 60,03 5,16 

Construct sys-
tem 2: Light 
weight wall.              

TOTAL 58,45 1032,40 88,23 
          
          
          
          



Aluminum profile  for anchorage to the plate.  0,83 169,90 25,02 
Aluminum Vertical profile 2,59 530,17 78,06 

Aluminum Horizontal profile 1,34 274,30 40,39 
PUR adhesive  0,05 2,23 0,33 

Plates  Stoneware, thickness 12 mm.  22,68 247,21 23,13 

Cladding of 
Stoneware                    

(A) 

TOTAL 27,49 1223,81 166,93 
          

Aluminum profiles for vertical frame thickness to 1.8 mm width profile 40 mm.  1,29 264,06 38,88 
Aluminum Horizontal profile 1,06 216,98 31,95 

Square of galvanized steel regulation.  0,15 5,88 0,57 
Board of thickness 10 mm, reinforced synthetic resins with wood fibers.  15,4 215,6 12,78 

Cladding of Syn-
thetic Composite  

(B) 

TOTAL 17,90 702,53 84,18 
          

Vertical Profiles galvanized steel of 1.5 mm of thickness and length 6m, dimensions 29x50x40.  3,67 146,8 14,31 
Squares of fixation to the galvanized steel support, thickness 2.5 mm, dimensions 48x80x60 mm.  0,07 2,92 0,28 

Composite cement febreboard, espesor  9 mm. 16,2 153,9 14,42 

Cladding of 
Composite Ce-

ment Febre-
board    (C) TOTAL 19,94 303,62 29,02 

          
          

Summary of environemental impact of emissions and energy Mass 
Kg/m2 

Energy     
Mj/m2 

Emissions 
KgCO2/m2 

A Construct system 1: Wall clay brick + Cladding of Stoneware   278,67 1918,46 221,86 
B Construct system 1: Wall clay brick + Cladding of Synthetic Composite  269,08 1397,17 139,12 1 
C Construct system 1: Wall clay brick + Cladding of Composite Cement Febreboard 271,12 998,27 83,95 
A Construct system 2: Light weight wall + Cladding of Stoneware        85,93 2256,21 255,16 
B Construct system 2: Light weight wall + Cladding of Synthetic Composite       76,34 1734,93 172,41 2 
C 

Construct system 2: Light weight wall + Cladding of Composite Cement Febre-
board       78,39 1336,02 117,25 
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1 INTRODUCTION 

Comfort conditions are the important points that help producing a building interior in which 
people feel themselves well and comfortable. There are different kinds of comfort conditions 
like thermal, visual and aesthetic comfort. All of them are important but here in this study, 
thermal comfort will be held and this will be called as comfort conditions only. 

The houses have always been heated and lightened by the sun since ancient times. These 
benefits of the solar rays can be used to supply all of the buildings’ requirements by designing a 
building’s orientation, proportions, and materials to take advantage of the sun’s path. (Johnson, 
1981) This is done with the use of solar control. 

Comfort conditions are affected by heat gain from the solar radiation, heat loss from the win-
dows, heat that people produce themselves, humidity of the space, number of air change in the 
space which is ventilation, etc. As seen, solar control is one of the most important steps of creat-
ing comfort conditions in the buildings while trying to create a sustainable architecture and a 
sustainable future. The aim of solar control is to detail the orientation of the building, its win-
dows and shading elements so that they gain minimum heat in the overheated period (which is 
summer time), and they lose minimum heat in the underheated period (which is winter time). 
Thus, solar control helps to have a sustainable future of buildings and architecture due to the 
fact that with the use of solar control, buildings provide human needs with the minimum energy 
use. And therefore, these buildings would sustain longer due to the fact that people feel com-
fortable in these buildings and they are pleased with their houses. Thus, solar control of the ex-
isting buildings in Izmir is examined in this study. There are many examples of the use of solar 
control in buildings like curtains, jalousies, Venetian blinds, trees, green plants, vertical and/or 
horizontal solar shading elements, glass coating films, etc. They can be grouped into three: the 
ones that are used inside the building skin (interior), the ones that are used outside the building 
skin (exterior) and the ones that are used as/in the building skin.  

Interior solar shading elements: these are used inside the window. They help decreasing the 
heating up of the interior a little by not letting solar rays go deep in the building. But solar rays 
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buildings to create a sustainable architecture and a sustainable future. Comfort conditions de-
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detail the orientation, windows and shading elements of the building so they gain minimum heat 
in the overheated period, and lose minimum heat in the underheated period. By using solar con-
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pose suggestions for providing comfort conditions with less energy use for a sustainable future. 
This will be done by describing comfort conditions, solar control and its use in existing building 
stock in Izmir and a suggestion for a better result will be proposed. 



still have entered the interior and since they cannot leave the interior due to the fact that their 
wavelength changes when they enter the interior and hit a surface. Solar rays may go through 
the glass when they have short wavelength. When they enter the interior and hit a surface, they 
share some of their energy with that surface and thus their energy decreases and their wave-
length becomes long wavelength. And solar rays with long wavelength cannot get through the 
window glass. Therefore they stay inside the building and begin to heating up the interior. 
Therefore interior solar shading elements have a little effect on solar control. 

Solar shading elements that are used as/on the building skin: these are some examples like 
moveable jalousies in the window frames between two glass panes, and some other glass with 
solar control coatings. These have a better effect on solar shading than interior solar shading ele-
ments. 

Exterior solar shading elements: these are used exterior of the building. Some examples are 
Venetian blinds, curtain walls, vertical and/or horizontal shading devices, trees, green plants, 
etc. These have the best solar shading effect than the other two groups due to the fact that they 
stop the solar rays before entering the building and keep them outside. Therefore these have the 
best efficiency and are generally preferred and used mostly in the hot climate zones. 

As seen, there are many ways of use of solar control. If solar control is not used, then air-
conditioning systems are used and they consume so much energy that much CO2 is released to 
the atmosphere while it can be avoided by solar control and thus sustainability could be 
achieved. Due to the fact that Izmir is in a hot-dry climate region, it is necessary to use solar 
control in order to provide comfort conditions in the buildings. For this purpose, many of these 
ways are used in architecture. Most of them are added to the buildings after the construction 
phase due to the fact that solar control has not been thought of during the design phase of the 
buildings. Therefore they are added to the buildings in the using phase as a result of necessity. 
All of these uses are examined in the study. 

 
 

2 EXAMINATION OF CASE STUDIES 

Izmir is a very big city with a population of more than 3 million people. Therefore regions of 
Alsancak and Balcova are taken into consideration in this study in order to compare and show 
the use of solar control in two different regions with nearly the same orientation. 

The first case study is Alsancak. It is near the center of the city and one of the oldest accom-
modation areas of the city. The photographs were taken from the famous seaside region known 
as “Kordon” and the buildings are facing north-west and also the sea. 

 
 

 
 
 
 
 
 
 
 
1a.) and 1b.) 
 
 
 
 
 
 
 
 
 
1c.) and 1d.) 

Figure 1. Solar shading use examples in Alsancak region 



In Figure 1b.), it can be seen that there is a big shadow of the balcony on the facade in the left 
corner of the photograph. This photograph was taken at around 14:00 in the summer. So it is 
obvious that balconies are very efficient shading elements. Also in Figure 1a.), and 1c.), it is 
seen that there are Venetian blinds on the facades of buildings. The top floors of these apartment 
blocks are being used as houses and the ground floors are for commercial uses. When the people 
living in these houses come home in the evening, they have a wonderful view of Izmir bay, but 
they cannot use it until the sunset; because they are facing north-west. Therefore they use Ve-
netian blinds to maintain comfort conditions in their homes. In Figure 1d.), the two big build-
ings at the Cumhuriyet Meydani (Square) are seen. The one on the left is a hotel with curtain 
wall facade. The glass on the facade is a reflective coating therefore it helps providing solar 
control. The other one is the Post Office building and its facade has shading elements on its fa-
cade. 

The second case study is Balcova. It is a long way from the city center but in the city border. 
It was a green area where vegetables were planted about 25-30 years ago. Most of the oldest 
buildings date back to 1980’s. It is examined in two examples. The first one is the housing area 
around Serafettin Izmir Park which is under the well-known Teleferik region. 

 
 
 
 
 
 
 
 
 
 
 

2a.) and 2b.) 
 

 
 
 
 
 
 
 
 
 
 
2c.) and 2d.) 

Figure 2. Solar shading use examples in Balcova region 
 
In Figure 2a.), and Figure 2c.), south-east facades of the buildings are seen. There are Ve-

netian blinds on the windows as well as green plants on the facade to protect the building from 
excess solar energy. 

In Figure 2b.), south-east and north-east facades are seen. There are Venetian blinds on all of 
the windows except the balconies. The big balconies provide shade to the interior. 

In Figure 2d.), south-west and north-west facades are seen and there are Venetian blinds on 
nearly all of the windows on these facades of the buildings. They are not original; they were 
added to the buildings after the construction during the using period. 

 
The second case study area of Balcova is near the Teleferik road near Serafettin Izmir Park 

housing region. This is a housing complex. It was constructed during 1980’s, and solar control 
was not thought of until the using period of the buildings. 

 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
3a.) and 3b.) 

 
 
 
 
 
 
 
 
 
 
 
3c.) and 3d.) 

Figure 3. Solar shading use examples in Balcova region 
 
Figure 3a.) and 3b.) show the south-west facade of this building complex. Their windows 

weren’t protected against excess solar rays at their construction phase. But due to the fact that 
solar rays overheat the interior and disturb people so much that they added Venetian-blinds on 
not only this facade, but also on the south-east and north-east facades as seen in Figure 3d.) and 
3c.) respectively. 

 
3 A PROPOSAL FOR THE SUSTAINABILITY OF EXISTING BUILDINGS IN IZMIR 

As seen in these case studies, there is solar control in most of the houses in Izmir. Here, a new 
method is being proposed for the sustainability of these buildings. What is being proposed here 
is to use photovoltaic (PV) components for the solar control in these buildings instead of exist-
ing Venetian blind covering elements. (Altin, 2005) This will make these buildings produce 
their energy need from excess solar energy that is not desired. This is an advantageous way of 
solar control due to the fact that the buildings’ energy requirements are provided with the un-
wanted solar energy in the overheated period. In addition to this, their mounting systems are 
ready on the windows due to the fact that they can be mounted on the mounting system of the 
existing Venetian blinds.  

The photovoltaic components are the elements that produce electricity from solar radiation 
directly without the need for any other energy resource and without any harmful emissions to 
the environment. They can be used as solid panels or they can be used on flexible coating for 
example to coat a round column… These uses are suitable for external solar shading. PV cells 
can also be used between two glass panes and this use is suitable for the solar shading as/on the 
building skin. They can be used directly on the window glass. But this type has a disadvantage 
which is not being able to remove the solar shading when the solar rays are required in the un-
derheated period (in winter).  

 
 



4 CONCLUSION 

Solar control is necessary in houses in hot-dry climates like in Izmir. It is necessary in the over-
heated period, but not necessary and generally not wanted in the underheated period. Solar con-
trol is being used in many of the houses in Izmir as Venetian blinds. If these blinds are replaced 
with photovoltaic components, this would be a beneficial step due to the fact that required elec-
trical energy would be produced from the undesired solar energy in the overheated period. Be-
sides they can be opened and would not be used during the underheated period thus giving the 
chance to the interior of the building to be heated during this time. Not producing electricity 
does not matter because in the underheated period, the amount of solar radiation is so little that 
the electricity that might be produced would be very little and the fact that it is not being pro-
duced does not change much thing. Therefore, replacing the Venetian blinds on the windows of 
existing building stock in Izmir is proposed in this study for a more sustainable future and a 
more sustainable architecture. 

 
 

REFERENCES: 
 

Altin, M., 2005, Research On The Architectural Use Of Photovoltaic (Pv) Components In Tur-
key From The Viewpoint Of Building Shape, Izmir: Dokuz Eylul University Ph.D. Thesis 

Johnson, T.E., 1981, Solar Architecture: The Direct Gain Approach, USA: McGraw Hill Book 
Company. 

Olgyay, A & Olgyay, V., 1957, Solar Control and Shading Devices, USA: Princeton University 
Press. 

Olgyay, V. & Olgyay, A., 1973, Design with Climate: Bioclimatic Approach to Architectural 
Regionalism, USA: Princeton University Press. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



1 INTRODUCTION 

The optimum use of limited energy sources is one of the most vital issues for the modern coun-
tries. The increase in global warming, energy resource depletion, and local and regional pollu-
tion have detrimental effects on the ecological system since the late 1980s. Buildings have a 
great role in global and local energy consumption of the world and energy savings in buildings 
has gain importance in last decades.   

Energy used during the lifespan of buildings consists of consumed energy in production, 
management and destruction phases (Fig. 1). Production energy may be divided into three parts: 
material manufacturing, transportation and erection energy. Management energy is the energy 
used during occupation and renovation of building. Occupation energy mainly includes the en-
ergy used for heating, ventilation and household electricity. Obsolescence, natural or man-made 
catastrophe and out-of-fashion facilities causes the renovation of building. Destruction energy is 
the energy use for the demolition and removal of debris processes at the end of the lifespan of 
buildings.  

There have been few studies are on the total energy use during the life cycle of buildings. Re-
searches on the energy use for buildings are mainly focused on management phase. In the pre-
sent study, the total energy use of three ordinary reinforced concrete buildings in Izmir during 
their life cycle is investigated and their energy consumptions are calculated for all temporal 
phases separately. Therefore, it is often useful for a designer to have a tool, which will allow a 
building to be assessed at the design stage, so that various design options and strategies can be 
compared with one another based on the performance over their useful lifetime. 
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ABSTRACT: Studies on the total energy use during the life cycle of reinforced concrete build-
ings are desirable, considering the urgent necessity to save energy. Life cycle of buildings in-
cludes different phases which are the manufacture of the building materials, transportation, con-
struction of the building, occupancy, renovation, demolition and removal of the materials from 
debris. However, there have been few studies are on the total energy use during the life cycle of 
buildings. Researches are mainly focused on the energy use for buildings during their period of 
use. In the present study, the total energy use of ordinary reinforced concrete buildings in Izmir 
during their life cycle is investigated and their energy consumptions are calculated for all tem-
poral phases separately. 



 
Figure 1. Life cycle phases of a building 

2 METHOD 

Life cycle of building includes the manufacture of building materials, transportation of building 
materials to construction site, erection of building, occupancy, renovation, demolition and re-
moval phases. Energy demand during the life cycle of the building Qlife cycle (kWh), is the sum of 
the different energy demands during the different phases and calculated as below.  
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Since there is not enough data about the energy gained by reuse, recycling or combustion, the 
value of the left over products are neglected. The procedure used for calculating energy con-
sumption in all these phases is described below. 

2.1 Energy consumption in production phase 

 
Energy is required for manufacturing any construction material. The manufacturing energy re-
quirements of some construction materials are presented in Table 1. The waste of each material 
produced during the erection of the building is also shown in the same table. The waste is ex-
pressed as a waste factor wi. The energy requirement for manufacturing any the building mate-
rial Qmanufacture (kWh) can be calculated as follows (Adalberth, 1997):  

( )∑
=

±=
n

1i
iiiemanufactur M 100w1 mQ                              (2)                            

where n = number of materials, i = the material of concern, mi = amount of the building        
material i (ton), wi = the factor for waste of the building material i produced in erection (%), and 
Mi = energy required for manufacturing the building material i (kWh/ton). 
 
 
Table 1. Energy use for building materials 

Materials Mi (kWh/ton)* wi (%)** 
Reinforced Concrete  560 20 
Plain Concrete 210 10 
Tiles and clinkers 2000 10 
Glass 7230 0 
PVC 24650 5 
Polystyrene 29650 10 
Coatings: Paints and lacquers 7000 5 
Steel 8890 5 
Electric wires, copper 19780 5 
White goods, 1110 kWh/per item - - 

*   Source: Andersen et al., 1993 
**  Source: Larsson, 1983 



Energy is required for moving construction materials from one place to another. Transport 
takes place from the manufacturer to the building site, when the building is being erected or 
renovated. The transportation of raw and semi-manufactured materials is included to the manu-
facturing energy. Various energy uses associated with different kinds of transportation is shown 
in Table 2.  
 
 
Table 2. Energy use for transportation of building materials 

Transportation Tc (kWh/ton km)* 
Long Distance Road (distances > 50 km) 0.28 
Long Distance Road (distances ≤ 50 km) 0.75 

* Tillman et al., 1991 
 
 

The energy use for transporting the building materials Qtransportation,erection (kWh) to and from the 
building site in erection can be calculated as follows (Adalberth, 1997):  
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where n = number of materials; i = the material concerned; mi = amount of the building material 
i (ton); wi = factor for waste of the material i produced during erection of the building (%);      di 
= distance from the manufacturer of material i to the building site (km) and Tc = energy required 
for the conveyance concerned (kWh/ton km). 

Energy is needed for many erection stages of a building such as for instance drying and 
drainage, the heating of sheds and of the building itself, electricity for lighting purposes and for 
machinery, and so on. The energy pertaining to the various processes are given in Table 3.  
 
 
Table 3. Energy consumption for various processes 

Materials Pi * 
Drying of standard concrete on building site 44 kWh/ton 
Drying of concrete element 25 kWh/ton 
Excavation and removal of soil 32 kWh/m3 
Smoothing of soil 3 kWh/ton 
Lighting of construction object 26 kWh/m2 usable floor area 

*   Source: Andersen et al., 1993 
 
 

The energy use for different processes in erection of a building Qerection (kWh) is estimated as 
follows (Adalberth, 1997): 

k

m
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where m = number of processes; j = the type of process; pi = the amount of the process j (ton, 
m3 or m2 usable floor area); and Pj = energy required for the process j (kWh/ton, kWh/m3 or 
kWh/m2 usable floor area). 

2.2 Energy consumption in management phase 
Management includes occupation and renovation phase of a structure. Energy used in occupa-
tion has many components but in the present study only heating and electricity energy are con-
sidered. The heating energy demand of buildings is calculated according to Turkish Standard 
TS825-Thermal Insulation of Buildings (1999). Due to there is no detailed investigation on 
electricity consumption for example buildings, general consumption values are used.  



According to Turkish Republic Prime Ministry State Planning Organization (2003), annual 
electricity consumption is 3000 kWh/person for Izmir region. The energy needed during the oc-
cupation phase, Qoccupation(kWh), is obtained by multiplying the energy use per year, Qoccupation 
(kWh/year), by the life-span of the building concerned, in this case 50 years: 

annual,occupationoccupation Q.50Q =  (5)  

When the energy use during the renovation of a building is calculated, some assumptions re-
garding the life-span of the various construction materials have to be made. Life-spans of some 
materials are given in Table 4. 
 
 
Table 4. The life spans of construction materials 

Life span of building  Life span (annual)* 
Life span of building 
Frame (External walls, internal walls, insulation) 
Parquet flooring 
Water pipes and electric wires 
Ventilating channels 
Facing: wooden paneling 
Windows and doors 
Wardrobes and cupboards 
Roofing tiles and drainpipes 
Plastic carpeting 
Water heater 
White goods 
Painting and wallpapering 

50 
50 
50 
50 
50 
30 
30 
30 
30 
17 
16 
12 
10 

*   Source: SABO, 1992 
 
 

The energy use for producing the building materials during the renovation, Qrenovation (kWh), 
is estimated as follows (Adalberth, 1997): 
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The energy use, Qtransportation,renovation (kWh), for transporting the building in renovation is esti-
mated as follows (Adalberth, 1997): 
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2.3 Energy consumption in destruction phase 

Destruction phase includes demolishing and removing debris from the building site. The energy 
use for demolishing the building Qdemolition, (kWh), is estimated as follows (Adalberth, 1997):  
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where m = number of processes; j = the type of process; pi = the amount of the process j (ton, 
m3 or m2 usable floor area); and Pj = energy required for the process j (kWh/ton, kWh/m3 or 
kWh/m2 usable floor area). 

The energy use, Qtransportation, demolition (kWh), for transporting the building in renovation is cal-
culated as follows: 
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20= the assumed distance from the building site to the waste disposal site (km); and T, = energy 
required for the conveyance concerned (kWh/ton km). 

3 NUMERICAL EXAMPLE 

In the present study, the energy use of three reinforced concrete dwelling buildings during their 
lifespan is investigated. Floor plans of these buildings are shown in Figure 2, Figure 3 and Fig-
ure 4.  

 
Figure 2.  Building Plan 1 

 
 

 
Figure 3. Building Plan 2 



 
Figure 4. Building Plan 3 
 
 

All buildings are in Izmir region. Some characteristic properties of buildings are summarized 
in Table 5.  
 
 
Table 5. Properties of buildings 

 Building 1 Building 2 Building 3 
Floor Area   (m2) 410 450 100 
Number of floors 10 6 5 
Number of apartments 40 24 5 
Number of residents* 144 86 16 
Source of heat District Heating District Heating District Heating 
Heating system Radiators Radiators Radiators 

* The number of residents is estimated according to Turkish Prime Ministry State Planning Organization 
Reports (2003). In the city of Izmir, approximately 3.6 person living in each apartment.  
 
 

The amounts of materials consumed for erection of each building was calculated. The quanti-
ties of the building materials are substituted into Equation 2 in order to determine manufacture 
energy of materials for each building and calculated energies for materials are presented in Fig-
ure 5.  

Only heating and electricity energies are considered in calculating occupation energy of 
buildings. The heating energy demand of buildings was calculated according to Turkish Stan-
dard TS825 (1999). There is no detailed investigation on electricity consumption for buildings. 
For this reason, the approximate energy consumption value published by Turkish Republic 
Prime Ministry State Planning Organization is used. According to this organization report, elec-
tricity consumption is 3000 kWh per person for Izmir region. This value is multiplied by num-
ber of residents and annual electricity consumption of each building is calculated. 
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Building 1 : Qmanifacture= 1066 kWh/m2 for 50 years        Building 2 : Qmanifacture= 1202 kWh/m2 for 50 
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Building 3: Qmanifacture= 1396 kWh/m2 for 50 years 

 
Figure 5. Energy used for manufacture the construction materials for life cycle of buildings 
 
 
 The energy used in production, management and destruction phases are calculated and sum-
marized in Table 6. It is seen from this table that the most energy is consumed in management 
phase for all buildings. Results also show that the total energy consumption of each building is 
162, 157 and 182 kWh/(m2 .year) respectively.  
  
Table 6. Energy use during life cycle of buildings 

 Building 1 Building 2 Building 3 
Phases kWh/m2 % kWh/m2 % kWh/m2 % 
Production       
 Manufacture 1066 13.2 1202 15.4 1071 11.8 
 Transportation 31 0.4 34 0.4 28 0.3 
 Erection 148 1.8 159 2.0 143 1.6 
Management       
 Occupancy, 50 years 6470 80.0 6086 77.8 7098 78.2 
 Renovation 341 4.2 313 4.0 707 7.8 
Destruction       
 Demolition 10 0.1 11 0.1 9 0.1 
 Removal 21 0.3 23 0.3 19 0.2 
Total kWh/(m2.50 years) 8088 100 7827 100 9075 100 
Total kWh/(m2.year) 162  157  182  

 
 
 



4. CONCLUSIONS 

In this paper, the total energy use during the life cycle of the three buildings in Izmir region is 
investigated. The purpose is to gain an insight into total energy use for buildings during its life 
cycle. The energy used for concrete and steel is 85%, 85% and 81% of the buildings and these 
are composing the main part of the manufacturing phase. The results show that management 
phase is the highest energy consumption phase for all buildings. For this reason, using less heat-
ing and electricity energy is very important for minimizing life cycle energy. It is also obtained 
that total energy use of buildings are 162, 157 and 182 kWh/(m2.year) and energy use is increas-
ing when the total useful area of building is decreasing .  
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1 INTRODUCTION 

The main goal of the discussed decision problem is optimal choice of elements of a building. As 
a basic criterion of choice of appropriate materials a rule of equalizing three global coefficients: 
cumulated energy (E), emission of carbon dioxide (C) and construction costs (K) is used. These 
coefficients depend on actual configuration of a building represented by a vector of decision 
variables x. Formally such a problem belongs to a category of multi criteria optimization which 
after introducing weighted goal function F(x) can be described as:  

find optimal configuration x ensuring minimal total cost of a building  
min    F(x) = wE E(x) + wC C(x) + wK K(x) (1) 

taking into account constraints resulting from available construction technologies. 
Weighs in this formula are positive scaling coefficients. Moreover wE and wC also include 

appropriate units recalculating energy and carbon dioxide emission to subsidiary costs. Func-
tions E, C and K are sums of unit costs of individual components. Choice of decision vector 
which characterize actual configuration of the building unequivocally can be troublesome. Natu-
ral solution of this problem are binary variables xi=0 or 1, which mean presence or absence of a 
particular component. Taking this into account function K can be written as a sum of unitary 
costs:  

K(x) = ∑
=

N

i
ii xk

1
.  (2) 

In the same way we define functions of energy and carbon dioxide emission. Restrictive con-
ditions take in this case the following form:  

1=∑
∈Di

ix ,  (3) 

which is equivalent to the choice of exactly one alternative of a class of components (for ex-
ample wooden or aluminium window). Finally mathematical model of decision problem leads to 
binary programming. The major difficulty in such approach is large number of decision vari-

Poly-optimal method of designing environmentally friendly 
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ABSTRACT: The main topic of this paper is the description of a method for choosing the opti-
mal technology for construction of buildings fulfilling the criterion of minimum usage of total 
cumulated energy and minimum emission of carbon dioxide in the whole life cycle of the build-
ing, taking into account constraints regarding costs. Within the framework of this scientific pro-
ject four major tasks were undertaken and performed: estimation of emission of carbon dioxide 
and of values of energy consumption for main technologies and materials by means of LCA, 
elaboration of a poly-optimal method of construction of environmentally friendly buildings and 
creation of a computer program.  



ables. Genetic programming which enable effective search of the set of acceptable solutions can 
be an alternative for direct methods of binary programming.  

2 DESCRIPTION OF THE GENETIC ALGORITHM 

The performance of the genetic algorithm can be shortly described as follows. First the appro-
priate coding system of the permissible solutions in the form of sequences of symbols repre-
sented by binary chains of the prescribed length is introduced. Such an ordered sequence of 
genes is called a chromosome or a representative and in a unique way it represents exactly one 
of the permissible solutions of the problem. In the same time the initial set of the representa-
tives, the so called initial population, as wide as possible is randomly generated. Then in the it-
erative way according to the prescribed rules the subsequent populations (generations) are ob-
tained. It the passage from population of parents to population of descendants three genetic 
operations are performed: (1) cross-breeding in the form of exchange of genes, (2) mutation in 
the form of random disturbance of genes, (3) selection in the form of elimination of weak repre-
sentatives. It should be stressed that though operations are random in their nature they enable to 
improve both the overall status of the population as well as the status of the best representative 
(leader). The so called adaptation function that is directly correlated with the goal function of 
the primary problem, decides if the considered representative is strong or weak. As a result the 
subsequent populations of a genetic algorithm display the convergence to the global optimum of 
the goal function. Due to the popularity of genetic algorithms we omit here further descriptions 
referring to the article bibliography (e.g. Burczyński 2000, Burczyński 1999b, Goldberg 1989, 
Schaefer 1999). Instead we focus on the particular elements that result from the peculiarity of 
the analyzed decision problem.  

In the described optimisation method the key problem is the way in which chromosomes are 
coded enabling full and unique projection of the set of permissible solutions on the set of binary 
chains and choice of appropriate adaptation function. In the presented paper it is assumed that 
each class of components corresponds to single gene with minimal chain length which enables 
to write all possible alternatives for that class. Because n-bits gene enables to write 2n different 
alternatives, it is possible that surplus alternatives will occur which does not have equivalents in 
the set of permissible solutions. For example when class includes 5 alternatives we need to code 
it 3 bits which enables to represent 23=8 different alternatives, three more than needed. These 
surplus alternatives are coded with an aid of penalty function, by giving them very high costs of 
energy and emission. They will be automatically eliminated in the subsequent selection opera-
tions of the genetic algorithm.  

In fact classical genetics algorithms are used to globally maximize function of adaptation. In 
the described problem we search for minimum value of total cost of the whole building. We 
need to perform appropriate transformation. In the presented paper adaptation function is built 
dynamically, independently for each population based on formula:  
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+−
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G
x
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in which Fmax and Fmin denote subsequently maximal and minimal value of goal function in 
the given population and ε is a very small integer number used to avoid division by zero. It is 
worth mentioning that such function is normalized in such sense that the best element of each 
population (leader) corresponding to Fmin will be having adaptation function equal one (G(xmin) 
= 1) and the weakest element corresponding to Fmax will be having adaptation function close to 
zero. Such approach assures good differentiation of elements of population.  

3 PRACTICAL IMPLEMENTATION OF THE OPTIMAL METHOD 

The analysis is based on the tentative architectural and construction project designed in accor-
dance with the currently effective construction law and a detailed cost calculation.  



It is assumed that changes of the material variants of the structure’s elements are possible, 
however the shape of the building, it’s orientation and location on the ground are not subject to 
the optimal method and therefore will not be changed as a result of applying it.  

Basic dimensions in the axis of the partition should remain unchanged, and the usable area as 
well as the cubic capacity of the building may vary slightly due to differences in the wall and 
ceiling thickness between the material variants.  

The life of the building was set to 50 years.  
A starting point of the optimal method is the illustrative scheme of the building, describing all 

the elements of the building’s structure necessary for it’s construction from the moment of ac-
quiring the building permit till the partial completion e.g. for the residential building that would 
be the phase without the floors, external doors and inner finishing (that’s the most common state 
of the apartment handed to the client by the developer).  

The details in the division to the elements of the building’s structure depends on the future 
user of the described here optimal method and has significant influence on it’s precision.  

For each element of the structure (walls, ceilings, roofs etc.) a possibility of choosing mate-
rial variants within one technology is given. In the Figure 1 a part of the illustrative scheme of 
the building is presented. For each branch of the decision tree created by the designer (look at 
graph 1) a set of the following parameters is determined:  
− Ei – cumulated energy of the element of the building’s structure for the „i” material variant,   
− Ci – cumulated carbon dioxide emission of the element of the building’s structure for the „i” 

material variant,  
− Ki – cost of producing an element of the building’s structure for the „i” material variant.  

 
Figure 1. Part of the decision tree  



As a result a set of data is created for the decision problem defined with the dependencies (1), 
(2), (3). The problem defined in this manner may now be solved using the algorithm described 
in point 2.  

Based on general rules describing genetic algorithms (e.g. Burczyński 1999a, Holland 1975, 
Michalewicz 1996, Stadnicki 2006) and the described above idea of coding of binary chains and 
the rule for adaptation function computer code was created. It enables efficient solution of the 
described decision problem. The code was written in Visual Basic for Applications and can be 
used in Excel environment. A practical example is presented in Fig. 1.  

4 EXAMPLE OF THE FUNCTIONING OF A GENETIC ALGORITHM 

The numerical example regards a single family house. For the purpose of the example, it was 
assumed that this is a brick house constructed out of small, ceramic, silicate or aerated concrete 
elements with wooden, PVC or fibreglass glassed-in areas. Elements of the structure include: 
walls and columns, ceiling, roof, basement or ground-level floor. The material variants of the 
elements of the structure are characterized by: thickness of construction layers, thickness and 
type of insulation materials. In order to meet the requirements of the optimization method, a da-
tabase containing information about the elements of the building and the parameters describing 
these elements was created. A part of the database regarding the example given in this paper is 
presented in Table 1. The first column contains the type of constructional element of the build-
ing (class), whilst the next shows the values of corresponding cumulated energy (Ei [MJ/m2 of 
structure element area]), cumulated CO2 emissions (Ci [kg CO2/m2 of structure element area]) 
and the cost of production of an element of the structure using a given technology (Ki 
[PLN/m2]) for various materials variants.  

 
Table 1. Example of a database of the elements of a building– aerated concrete technology  

Element of the structure Ei  Ci  Ki  Ei  Ci  Ki  Ei  Ci  Ki  
  Variant I Variant II Variant III 

External walls 1480 99 286 1739 131 333 558 22 254 
  Variant IV Variant V Variant VI 

External walls 817 54 300 558 22 310 817 54 356 
  Variant I Variant II Variant III 

Internal supporting walls  1371 88 141 1256 78 131 1141 69 112 
  Variant I Variant II Variant III 

Internal partitioning walls 910 50 53 461 38 53 290 70 44 
  Variant I Variant II Variant III 

Ceiling 809 125 359 927 152 419 938 146 363 
  Variant IV     

Ceiling 1089 179 423     
  Variant I Variant II Variant III 

Sloping roof 392 226 221 652 258 226 1044 75 311 
  Variant IV Variant V Variant VI 

Sloping roof 1303 106 316 751 72 290 1859 165 250 
  Variant I Variant II Variant III 

Basement or ground-level 
floor  

876 101 271 1056 128 310 908 105 271 

  Variant IV Variant V Variant VI 
Basement or ground-level 

floor 
1088 132 351 1238 122 325 1418 149 365 

  Variant VII Variant VIII   
Basement or ground-level 

floor 
552 67 294 552 67 334   



  Variant I Variant II Variant III 
Windows and glassed-in 

areas   
1185 98 700 1368 112 950 1318 101 1050 

  Variant IV Variant V Variant VI 
Windows and glassed-in 

areas  
2191 132 400 2374 146 543 2324 135 600 

  Variant VII Variant VIII Variant IX 
Windows and glassed-in 

areas   
1834 131 550 2017 146 746 1967 135 825 

For every element of the structure there is at least one material variant for its execution. For 
example, the following material variants were assumed for the ceiling of the tested building:  
− Variant I - 24 cm ceiling board Ytong P3, 3 500 + Styrofoam + cement-calcium sulphate 

plaster;  
− Variant II - 30 cm ceiling board Ytong P3, 3 500 + Styrofoam + cement-calcium sulphate 

plaster; 
− Variant III - 24 cm ceiling board Ytong P4, 4 600 + Styrofoam + cement-calcium sulphate 

plaster; 
− Variant IV - 30 cm ceiling board Ytong P4, 4 600 + Styrofoam + cement-calcium sulphate 

plaster. 
The database containing the values of parameters (Ei, Ci, Ki) for elements of the structure of a 

specific building, taken from the architectural plan, provides the base information for the com-
puter program.  In the analyzed case the database contained 100 records. On the basis of this da-
tabase, the length of the binary chain was calculated, and the preliminary population was gener-
ated. Next, subsequent populations were generated in accordance with the described genetic 
algorithm until the optimal solution was stabilized. In the various numerical tests that have been 
carried out thus far, convergence was achieved after approximately 70-80 populations. Finally, 
in the presented example, as a result of the work of the genetic algorithm the decision was made 
for the building to be constructed according to aerated concrete technology. The results of the 
analysis for the optimal construction variant are collected in Table 2.  

 
Table 2. Optimal solution - aerated concrete technology   

Element of the structure  E C K Description of the element of 
the structure 

Variant III External walls 
558 558 558 

2-layered wall: 24 cm cellular 
concrete 500, 18 cm Styro-

foam, plaster 
Variant III Internal supporting walls  

1141 1141 1141 
24 cm cellular concrete 600 + 

plaster 
Variant III Internal partitioning walls 

290 290 53 
10 cm plaster-and-card board 

 
Variant I Ceiling 

809 125 359 
24 cm ceiling board Ytong 

P3, 3 500 + Styrofoam + con-
crete-calcium sulphate plaster 

Variant I Sloping roof 
392 226 221 

Tar board 0,004 + pine floor-
boards 0,025 + Styrofoam + 

fibreboard 0,02 
Variant VII Basement or ground-level 

floor 552 67 294 
Pine floorboards 0,025 + 

screed 0,015 + Styrofoam + 
anti-damp insulation concrete 

slab 0,15+sand 0,015 
Variant IV Windows and glassed-in  

areas  1185 98 700 

Wooden frame, low-emission 
pane with argon U=1,1 

 



5 CONCLUSIONS  

Designing of environment-friendly buildings is a complex process that needs combining of ar-
chitectonic and town-planning requirements with the ecological and technological ones as well 
as it necessitates to apply multi-criteria optimization. For the correct solution of problems con-
nected with designing of such a buildings the use of the computer method is necessary. In the 
paper the solution based on the genetic algorithms has been successfully applied. Genetic and 
evolution algorithms have become the universal and widely used tool in the global optimization 
of functions. Usage of the methods that are based on natural selection, cross-breeding and muta-
tion enables an effective search in the domain of the admissible solutions. A feature that distin-
guishes the genetic and evolution algorithms among other methods of optimization is looking 
for the best solution starting from some population of points in the solution space not from the 
single point. This feature decides about high efficiency of these methods what has been also 
proved in the presented work. Additional results of the research are computer database contain-
ing the values of accumulated total energy for the main technologies and structural materials 
used in Poland as well as the database that contains the values of CO2 emission coefficients for 
the main processes and structural materials most often used in Poland.  

The article presents results obtained within a frame of research entitled “Poly-optimal design 
method of environmentally friendly buildings”. This research has been financed from state 
budget for science in years 2005-2006 as a research grant 4 T07E 028 28.  
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1 INTRODUCTION 

According to DGE (2002), office buildings consume about 220kWh/m
2
, almost exclusively in 

the form of electricity (lighting, air conditioning and equipment). Lighting needs amount, in av-
erage, to about 25% of total energy consumption (Ghisi & Tinker 2005) in air conditioned 
buildings, reaching 70% in non-conditioned buildings. 

Natural light is a vast resource in Portugal, in such a way that the annual horizontal illumi-
nance average exceeds 12600lux, while on the vertical plane it surmounts 6200lux. The refer-
ence daily illuminance is 5000lux, which corresponds to the average CIE overcast day (Costa 
2003). Average solar time distribution plots are shown (average months between 1960 and 
1990), as mere examples, for Lisboa and Bragança (Instituto de Metereologia e Geofísica), in 
Figures 1-2. 

Although natural light use in office spaces must consider important factors as glare and con-
trast level control (for comfortable work with screens) (Costa, 2003), there is considerable po-
tential for natural light use in those spaces, with substantial electricity demand reduction. 
 An office lighting system that takes into account natural light distribution can only fully op-
erate if it provides a simple way to, manual or automatically, shut down part of the installed 
lighting circuit and/or reduce the output of certain lamps, depending on the interior light avail-
ability (Choi et al. 2005).

Natural lighting in office buildings – energy saving potential in 
electrical lighting 
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ABSTRACT: In a highly luminous climate like the Portuguese, it follows that, in buildings that 
make large use of electric lighting, like offices, natural light can be used in order to reduce con-
sumption through artificial lighting. However, that does not seem to happen in existent office 
buildings, older or more recently constructed. This article presents the application of an existent 
methodology (which determines iluminance levels in interior spaces) to some Portuguese cities, 
with the intent of measuring the energy savings potential in reducing artificial light use, varying 
the room’s depth and window size. It is concluded that there exists substantial opportunity for 
reducing artificial lighting electrical consumption, for any considered region in Portugal, al-
though a slightly higher reduction potential exists for southern regions. Moreover, this potential 
for electrical power consumption can only be achieved if introduced certain measures that man-
age to control the actual artificial lighting energy as a function of the natural light availability. 



 
Figure 1. Average solar time distribution in Lisboa (Instituto de Metereologia e Geofísica) 

 

Figure 2. Average solar time distribution in Bragança (Instituto de Metereologia e Geofísica) 

2  EXTERIOR ILLUMINANCE 

The exterior illuminance depends on several factors: latitude, time of year, time of day, climatic 
conditions (cloudiness) and measurement angle (captured illuminance is different in the hori-
zontal and vertical planes). Taking the CIE Standard-Sky as reference, the used exterior illumi-
nance levels, in cloudy and sunny days, in both horizontal and vertical planes, are calculated us-
ing the following expressions (Costa 2003): 

Horizontal illuminance in a cloudy day: 

( )
snxh hsenE .21013301, +=  (lux)                   (1) 

where hs is the sun’s altitude, in degrees. 

 Horizontal illuminance in a clear day: 

( )
slxh hsenE 155001100, +=  (lux)                  (2) 

Vertical illuminance in a cloudy day: 

( )
snxv hsenE .8321119, +=  (lux)                   (3) 

Vertical illuminance in a clear day: 

 

(lux)                    (4) 
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where Rm is the average exterior pavement reflectance (considered equal to 0,5) and 

 

            .                          (5) 

 

Provided the solar angles (sun’s altitude) for the Portuguese latitude (which in this study is 
taken as 38º45’ - latitude deviations between northern and southern continental Portuguese lo-
cations are considered to have insignificant impact on the results) - Table 1 – and the solar time 
distribution – Table 2 (in Lisboa) – exterior illuminance values are calculated for the average 
day – Table 3. 

Table 1. Solar angles in Lisboa, latitude = 38º45'N 

Time of 

day, h Jan. Feb. March April May June July August Sep. October November December 

6 0 0 0 8 13 15 13 8 0 0 0 0 

7 0 0 11 19 24 25 24 19 11 0 0 0 

8 8 15 22 30 35 37 35 30 22 15 8 5 

9 16 24 33 40 47 50 47 40 33 24 16 15 

10 24 31 41 51 58 60 58 51 41 31 24 21 

11 29 37 49 59 66 70 66 59 49 37 29 25 

12 30 39 50 61 70 84 70 61 50 39 30 26 

13 29 37 49 59 66 70 66 59 49 37 29 25 

14 24 31 41 51 58 60 58 51 41 31 24 21 

15 16 24 33 40 47 50 47 40 33 24 16 15 

16 8 15 22 30 35 37 35 30 22 15 8 5 

17 0 5 11 19 24 25 24 19 11 5 0 0 

18 0 0 0 8 13 15 13 8 0 0 0 0 

19 0 0 0 0 3 5 3 0 0 0 0 0 

Table 2. Solar time distribution in Lisboa 

 Jan. Feb. March April May June July August Sep. October November December 

Hours 140 150 210 230 290 305 350 340 260 215 160 140 

 

The average day represents a mix between clear and cloudy days, in such a way that it reflects 
the proportion between clear sky and overcast sky hours, over the time period of a month or of 
one year. The solar time distribution sets the referred proportion, and since each region has a 
different solar time distribution, the average day will result in slightly different average illumi-
nance levels. 

3  INTERIOR ILLUMINANCE AND SAVING POTENTIALS 

Interior illuminance obviously depends on the exterior illuminance and can be calculated 
through the designated Daylight Factor, defined as the percentage of exterior light that effec-
tively reaches the interior and is diffused in that space. The Daylight Factor method is detailed 
in standard BS 8206, part II, not being explained further here. This factor also depends on the 
room’s geometry, window size, existing shading devices, working plane height, reflectance of 
interior surfaces and existence of exterior surfaces. 
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Table 3. Exterior illuminance values in the vertical plane, in Lisboa 

Hour of day Jan. Feb. March April May June July Aug. Sep. Oct. Nov. Dec. 

6 0 0 0 3012 4386 4666 4689 3842 485 0 0 0 

7 0 0 3677 4797 5984 6065 6298 5739 3798 472 406 0 

8 2756 3878 5338 6202 7241 7398 7538 7122 5466 4382 2813 2161 

9 4071 5137 6663 7259 8324 8514 8591 8115 6786 5649 4136 3921 

10 5180 5992 7470 8202 9078 9157 9319 8975 7585 6490 5245 4783 

11 5800 6650 8155 8746 9488 9618 9712 9461 8262 7128 5864 5308 

12 5918 6855 8232 8863 9650 9954 9866 9565 8339 7325 5982 5434 

13 5800 6650 8155 8746 9488 9618 9712 9461 8262 7128 5864 5308 

14 5180 5992 7470 8202 9078 9157 9319 8975 7585 6490 5245 4783 

15 4071 5137 6663 7259 8324 8514 8591 8115 6786 5649 4136 3921 

16 2756 3878 5338 6202 7241 7398 7538 7122 5466 4382 2813 2161 

17 395 2127 3677 4797 5984 6065 6298 5739 3798 2530 406 395 

18 0 388 464 3012 4386 4666 4689 3842 485 472 0 0 

19 0 0 0 443 2244 2757 2457 598 485 0 0 0 

20 0 0 0 0 0 520 579 0 0 0 0 0 

Average
1
, 

lux 4193 4789 5492 6125 7207 6938 7013 6905 5256 4842 3901 3818 

Average in 

working 

days
2
, lux 4897 5423 6921 7921 9005 9185 9283 8819 7039 5916 4962 4502 

Annual average, lux 5577          

Annual average in work-

ing days
2
, lux 6990          

1
 – Average of daylight hours 

2
 – Average of daylight working hours, from 9:00h to 18:00h. 

 

The calculation method divides the room area in a rectangular grid, refined as needed. Consid-
ering the parameters referred in the last paragraph, the Daylight Factor in calculated, for each 
point in the grid. For each region, since the exterior average illuminance is always different 
(Table 4), then, with all other parameters constant, interior average illuminance is also different 
for each case (and for each grid point). 
 

Table 4 – Exterior annual average day illuminance in the vertical plane, for four Portuguese cities 

City lux 

Bragança 6811 

Porto 6756 

Lisboa 6990 

Faro 7186 

 
In each grid point, the calculated interior illuminance is compared with the minimum interior il-
luminance level which guarantees good working lighting conditions in an office space. This 
level, dependent on several factors (working detail, perception of colors, schedules, amongst 
others), is explained in BS 8206, part 1 (artificial lighting in buildings) and has been considered 
for this study, in a simplified way, equal to 500lux. Comparing these two illuminance values 
determines if, in each grid point, there is or not enough natural light to satisfy the minimum il-
luminance level. If the result is positive, then, at a certain point, artificial light can be shut off; 
if the result is negative, then artificial light must provide the remaining illuminance quantity to 
reach 500lux. 
 In this way, potential energy savings can be calculated for several window sizes and country 
regions. For a certain room size, the area where the minimum illuminance level is guaranteed 
by natural light alone, then the saving potential is 100%. In the remaining room area, an aver-



aged sum is performed with the relation between interior and minimum illuminance levels. The 
final global potential saving is simply the sum of the partial potential savings, referred to the to-
tal room area. The following expressions reflect the described concepts, having been used to 
reach the presented results in the next chapter. 

 
(%)                           (6) 
 
 

where Pd is the saving potential associated with shutting down the lights, As is the area (in m
2
) 

where this shutting down can occur and Aa is the room’s total area (in m
2
); 

 
 
 
(%)                         (7) 
 

where Pc is the saving potential associated with the use of natural light in areas where it does 
not fulfill the minimum requirements, Ae is the mesh element area, Ii is point i interior illumi-
nance, Ib equals the minimum illuminance level (500lux), Ac is the area in which artificial light 
can be backed up with natural light and n is the number of points which can be counted inside 
area Ac; 

 
 
(%)                       (8) 
 

 
where Pg is the global potential artificial light saving percentage. 

4  RESULTS 

Based on the method described in the previous chapter, global potential savings where calcu-
lated, for different room sizes, window sizes and country regions. Table 5 shows the basic pa-
rametric changes implied in the calculations. 

Other possible variables have been fixed, for simplicity, namely interior surface reflectance 
(80% for opaque surfaces and 15% for the window glass), room’s width (3m), window type 
(clear double glass with a PVC frame), room’s condition (clean) and type of work performed 
(clean). 

 

Table 5. Parametric variations chosen for the global savings potential calculation 

Parameter Variation 

Depth (m) 3 4 5 6 

Window size, Aw (m
2
) 1 2,25 4 6,25 

Region Bragança Porto Lisboa Faro 

 

Partial results are shown for Lisboa (Figs 3-5) and global ones for the considered regions (Figs 
6, 7), for rooms with depths of 3 and 6m. Table 6 depicts all global potential savings results, for 
all regions, window sizes and room depths. 
 It is clear that each of the calculated potential savings decreases as room depth increases or 
window size is shrunk. However, window size has much greater impact on potential savings 
than room depth (Figs 3-5). On the other hand, a complete energy consumption analysis on a 
typical office room does not rest at lighting considerations, also involving thermal aspects, both 
in summer and winter. Considering this, window size optimization will have to minimize global 
energy consumption, taking into account heating, cooling and lighting loads (Ghisi & Tinker 
2005). 
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A slight increase in the global savings potential is also observed, with increasing exterior av-
erage illuminance. This relatively small impact can be explained, however, by the fact that, 
even in overcast days, the exterior illuminance in the vertical plane is about 10 times as great as 
the interior minimum need (500lux). On the other hand, the illuminance values refer to diffuse 
light (sky, exterior and interior reflection components) and not to direct sunlight. The latter is 
not, generally, welcomed in working environments, since it can generate inconvenient glare, re-
duces the necessary contrast in working with computer screens and degrades interior surface 
colors. 

 

Figure 3. Variation in the potential savings induced by light shut off, in Lisboa 

Figure 4. Variation in the potential savings where artificial light can be backed up by natural light, Lisboa 

 Figure 5. Variation of global savings potential, in Lisboa 
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 It is also worth noting that decreasing interior illuminance due to room depth can be partially 
offset with the introduction of reflective light shelves, flat or parabolic, as well as enhancing 
the interior reflectance room properties (Ochoa & Capeluto, 2006).  

5  CONCLUSIONS 

Lack of natural lighting in office buildings is still a reality in Portugal, although its solar light 
availability is large. This generous natural light incidence is traduced by exterior illuminances 
for the average day (working hours, in a mixture of clear and overcast days) that range between 
6750 and 7190lux, for the vertical plane, reaching 12700lux in the horizontal plane (in Faro), 
values that are substantially higher than the standard overcast illuminance, 5000lux. 

This way it is possible, if precautions are taken to avoid glare and lack of contrast, to reduce 
electricity consumption considerably in office lighting, by simply taking into account natural 
lighting in design and operation of lighting systems for offices. 

The calculated global potential savings (for the Portuguese cities Bragança, Porto, Lisboa and 
Faro) range between 26 and 100%, even though it is noticeable that, for window areas greater 
than 4m

2
, in any of the considered cities and for any depth (in this case, up to 6m), the savings 

are always over 65% (Table 6). The saving potentials are, naturally, linked with the exterior il-
luminance during the diurnal working period (or, more rigorously, to the average exterior illu-
minance within the working period, averaged throughout the year), when it is actually possible 
to benefit from natural light, which excludes, obviously, night hours. 

Since it is rather clear the potential for natural light use in designing and use of office spaces, 
it is very important to introduce measures, both in new building construction and retrofits, 
which minimize electricity consumption in lighting, assuring simultaneously minimum interior 
illuminance levels. These measures might simply involve separating lamp circuits (allowing, 
for instance, turning off lamp groups, by sections, according to their distance from the exterior 
windows) or installing more complex lamp flux control, through light sensors and electronic 
ballasts. 

 

Table 6. Global potential savings for the considered regions and parametric variations in window area 
(m

2
) and room depth (m) 

Window area, m2 Bragança Porto Lisboa Faro Room depth, m 

40,84 40,59 41,65 42,54 3 

32,95 32,75 33,61 34,33 4 

27,69 27,51 28,26 28,88 5 
1 

23,83 23,67 24,35 24,92 6 

70,55 70,16 71,83 73,22 3 

59,54 59,18 60,68 61,93 4 

50,79 50,47 51,81 52,92 5 
2,25 

44,30 44,02 45,20 46,19 6 

94,16 93,86 95,09 96,02 3 

84,21 83,82 85,43 86,71 4 

73,39 73,01 74,64 75,99 5 
4 

66,10 65,75 67,26 68,51 6 

100,00 100,00 100,00 100,00 3 

98,24 98,08 98,77 99,31 4 

91,68 91,33 92,78 93,97 5 
6,25 

83,79 83,40 85,01 86,33 6 

 

 

 



Figure 6. Global potential savings for a 3m depth room 

Figure 7. Global potential savings for a 6m depth room 
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1 INTRODUCTION 

ABSTRACT: Energy conservation in buildings, through materials thermal storage, is relatively 
low relying only on sensible heat. There are however other materials, phase change materials 
(PCM), that have been incorporated in buildings as an effective solution both for more efficient 
use of energy and its consumption reduction, allowing the use of free energy in the environ-
ment, by latent heat storage, and so regulating thermal comfort parameters inside buildings. 

This paper presents part of the ADI/2006/V4.1/0035, “GESREV – Development of new inte-
grated system, based in gypsum, for interior plastering of construction systems” research pro-
ject, financed by IDEIA – POCI 2010 Program. The objective to develop based on an existing 
technique, a new finishing gypsum plaster with thermal enhanced properties, namely latent heat 
storage capacity, by incorporating microencapsulated phase change materials. With the experi-
mental work done so far, plaster composition was developed in order to fulfill the mechanical 
properties standard requirements, while thermal performance in Passys test cells is being car-
ried. 
 

In Portugal residential buildings account for 20% of the final energy consumption, 25% of 
which is used for space heating and cooling. Despite over 20% of the buildings have less than 
10 years, around 60% were built before 1990, not fulfilling energy efficiency regulations. 
Therefore much of the above mentioned energy is wasted both due to inefficient thermal insula-
tion and lack of thermal energy storage systems (passive or active). 

Thermal storage through materials is based on two important properties: sensible heat and la-
tent heat, with the later much greater than the first. For instance, comparison between the sensi-
ble heat capacity of concrete (1.0 kJ/kg.ºC) with the latent heat of a phase change material 
(PCM), such as a technical grade paraffin as octadecane (205 kJ/kg with a melting range tem-
perature between 22.5-26 ºC), shows significant difference between both properties. 
 In lightweight constructions, Trombe walls are used for direct solar gains. In typical Portu-
guese buildings high thermal mass masonry is used, making it suitable for passive solar applica-
tions. Nevertheless most buildings still present interior temperatures above comfort limits in 
summer and below in winter. Another problem is the variation on energy net demand, leading to 
differential pricing system for peak and off-peak periods. 
 Interior walls offer large areas for passive heat transfer. As the interior lining is usually made 
with multilayer gypsum plaster, in which the finishing layer is very thin, phase change materials 
can be easily added to the plaster and installed, both in new constructions and during rehabilita-
tion processes with no additional cost, except for the material. Introducing latent heat thermal 
energy storage, contributes to stabilize the internal environment, improving thermal comfort by 
storing either heat or cool and releasing it in periods when the demand is higher, this way mini-
mising energy consumptions. 

 



 

2 PHASE CHANGE MATERIALS (PCM) 

Organic and inorganic compounds are the two most common groups of PCM. Organic PCM are 
divided in paraffins and non-paraffins, while inorganic PCM are divided in salt hydrates and 
metallics. There are also eutectics which are a minimum melting composition of two or more 
components. Some of the materials used as PCM and their properties are shown in Table 1. 

Before selecting the appropriate PCM several characteristics should be considered: range of 
melting and freezing required; high latent heat of transition, thermal conductivity and specific 
heat; density; little or no subcooling during freezing; chemical stability; melting/freezing point 
congruency; low vapour pressure at room temperature; small transition volume change as well 
as renewable vegetable and animal sources of supply. 

Commercial paraffin waxes are cheap, have moderate thermal storage densities (200 kJ/kg or 
150 MJ/m3), present a wide range of melting temperatures, negligible subcooling, no phase seg-
regation and are chemically inert and stable, however they present low thermal conductivities 
(0.2 W/m.ºC). 

Hydrated salts present high volumetric storage density (350 MJ/m3) when compared to paraf-
fins, relatively high thermal conductivity (0.5 W/m.ºC) and moderate costs, however due to 
phase segregation and subcooling their application is limited. Because they melt congruently, 
storage density decreases with thermal cycling. 
 
Table 1. PCM and their properties (Tyagi et al. 2005 and Kelly 2000). 

Compound 
Melting Point 

(ºC) 
Heat of Fusion 

(kJ/kg) 
KF.4H2O 18,5 231 

CaCl2.6H2O 29 190 
Na2SO4.10H2O 32 251 
LiNO3.3H2O 30 296 

Zn(NO3.) 2.6H2O 36,4 147 
 Butyl stereate 19 140 
1-dodecanol 26 200 

45/55 Capric-lauric acid 21 143 
Propyl palmitate 19 186 
1-tetradecanol 38 205 

66,6% CaCl2.6H2O / 33,3% MgCl2.6H2O 25 127 
47% Ca(NO3)2.4H2O / 53% Mg(NO3)2.6H2O 30 136 
60% Na(CH3COO).3H2O / 40% CO(NH2)2 30 200 

 

Energy stored in a PCM product depends on the melt temperature range of the PCM and on 
the latent capacity per unit area of the product. The melting temperature range should be chosen, 
based on the objective of its application, whether is to save energy during cooling or heating. 

Over the years different techniques to integrate PCM into the building materials have been 
studied. These techniques included mainly immersion and encapsulation. 

In the immersion process the porous building material is dipped into the hot melt PCM, 
which is absorbed by capillarity. This is easy to perform but PCM may interact with the struc-
ture, changing the properties of the materials matrix by reacting with it or by leakage. 

Encapsulation of the PCM in tubes, pouches, spheres or panels is an effective way of contain-
ing the material, however, macro-capsules heat transfer rates decrease due to low heat transfer 
coefficients during freezing, preventing the system to fully discharge. More, this method re-
quires protection of the containers from destruction during integration. 

Micro-encapsulation allows easy integration of the PCM into conventional porous materials, 
preventing the interaction of the PCM with the matrix, good stability and larger heat transfer 
surface, affecting however mechanical strength of the elements. 

 



 

For wallboards for example, direct incorporation at the mixing stage is preferred because lit-
tle additional process equipment and labour is required, however, if no contention mechanisms 
are used, leakage may be a problem. Nevertheless, PCM wallboard and conventional wallboard 
characteristics present flexural comparable strengths, around 15% difference in thermal conduc-
tivities depending on the PCM used and its amount and excellent fire resistance. For radiant 
floor applications shape-stabilized PCM plates are most common. 

Major concerns with safety codes and flammability requirements imposed to construction 
materials lead to the development of techniques to prevent fire hazards. Adding fire retardants 
in materials composition is usually an effective measure. Examples include, non-flammable sur-
face materials such aluminium foil or rigid PVC film for plasterboards and brominated hexa-
decane and octadecane combined with antimony oxide for other applications, since it self extin-
guishes. 

 
3 THERMAL STORAGE MATERIALS PERFORMANCE 

The incorporation of PCM in different materials for several applications has been studied. Due 
to widespread application, most of these researches focus on wallboards, concrete blocks and 
shape stabilized PCM plates for radiant under floor heating. 

Peippo et al. (1991) showed that a house with 120 m2 in Madison, Wisconsin (43ºN), could 
save up to 4 GJ a year (or 15% of the annual energy cost). They have also concluded that the 
optimal diurnal heat storage occurs with a melt temperature 1–3 ºC above average room tem-
perature. 

Feldman et al. (1995) studied the performance of gypsum wallboard, for cooling storage at 
night, impregnated by immersion with 22-25%-wt (2 kg/m2) PCM with a melting range of 22-
26 ºC. Wallboard presented good stability with thermal properties remaining unchanged after 
cycling. Researchers concluded that within a temperature interval of 3.5 ºC, the total storage ca-
pacity of the PCM wallboard was 381 kJ/kg, which was 12 times higher than the storage capac-
ity of the wallboard alone. 

Thermal performance of a full-scale outdoor test room with inside lining made of gypsum 
wallboard containing 25%-wt. PCM, with a temperature transition range of 16-21 ºC, was inves-
tigated by Athienitis et al. (1997). Results showed a maximum temperature of 21 ºC registered 
in the wallboard containing PCM against 27 ºC in regular wallboard. Freezing process was ob-
served to last up to 7-11 hours. With a total wallboard area of 20 m2, a 10 MJ increase in heat 
transfer was measured, corresponding to approximately 15% of the total heat load 

The thermal dynamics of gypsum-PCM wallboard not directly illuminated by sunlight were 
studied by Neeper (2000). In this study daily variation of room temperature was between 20 ºC 
and 26ºC with an average around 21.5 ºC. The wallboard was 12.7 mm thick, containing 10% 
and 20% PCM, with a latent heat capacity of 192 kJ/m2 and 427 kJ/m2 respectively. From he’s 
studies Neeper concluded that a design value for wallboard energy storage was in the range of 
300-400 kJ/m2, which is very important data when calculating heating or cooling needs. 

Another wallboard thermal performance study was carried by Kissock et al. (1998). The wall-
board was imbibed with 30-wt% with commercial paraffin PCM (K18). In the simulations con-
ducted, solar radiation, ambient temperature and interior temperatures in the test cells were con-
tinuously monitored for 14 days. Results indicated that peak temperature in the phase change 
test cell were up to 10 ºC less than in the control test cell during sunny days. 

A combined system for space heating and hot water was investigated by Ip (2000). Water 
heated by a solar panel is used to charge the PCM of an under floor panel, through which the 
mat of water tubes circulate. Considering a solar radiation of 9.8 MJ/m2 with a total system effi-
ciency of 25%-50%, applied in a two storey 3 bedroom house with 100 m2, a heating load of 1.6 
MJ/m2 and a collector with 6 m2, Ip estimated energy savings of around 6%-12.5%. 

More recently Schossig et al. (2004) studied the behaviour of PCM gypsum plaster in full-
size lightweight test rooms. Gypsum plasterboard was mounted on wooden slats with 14 cm 
thick polyurethane foam insulation. Two different gypsum plasters were used: a 40 %-wt. PCM 
6 mm thick and a 20 %-wt. PCM 15 mm thick. The PCM melting temperature range was 24-27 
ºC. 

 



 

 

Results of this experiment demonstrated that, for the 6 mm plaster, maximum room tempera-
ture with PCM was reached 1 hour later and was 4 ºC lower. More, during three weeks, the ref-
erence room temperature was above 28 ºC during 50 hours while in the PCM test room was 
only around 5 hours. One important feature of this work was the use of Venetian blinds and 
night ventilation to achieve full discharge of the PCM. 

Gypsum plasters incorporating PCM have also been study and investigate in Minho Univer-
sity, in order to develop a new multilayer plastering system. Commercial gypsum plaster (Mon-
teiro, 2005) has been mixed with 25%-wt. micro-encapsulated PCM with a melting temperature 
around 20 ºC, by direct incorporation and compared with the same conventional plaster. Figures 
1 and 2 present some of the results achieved. 
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Figure 1. Air temperature profiles for the two test rooms in the hottest day (Monteiro, 2005). 
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Figure 2. Air temperature profiles for the two test rooms in the coldest day (Monteiro, 2005). 
 
Results, obtained during winter, indicate a reduction of 29% in the maximum temperature for 

the hottest day, while in the coldest this reduction was of 32%. For the minimum temperature 
increases of 4% and 14% in the hottest and in the coldest day, respectively, were observed. 

These results led to conclude that PCM with a melting range around 20 ºC are suitable for 
thermal performance in winter, when heating loads are higher, effectively regulating interior 
thermal comfort parameters. 

One of the drawbacks of Monteiro’s work, was the non conformity of the gypsum plaster 
with the requirements of the new EN 13279-1 (CEN 2005), namely, in what concerns to me-
chanical properties of the gypsum-PCM mortar. This new European standard (CEN 2005) sets 
at least 1 MPa for flexural strength and 2 MPa for compressive strength. 
 



 

 

4 EXPERIMENTAL WORK 

The first part of the experimental work consisted in the development and evaluation of the gyp-
sum mortars mechanical properties (flexural, compressive and adhesive strengths), while the 
second consists in the comparison between the thermal performances of two rooms plastered 
with and without PCM. The final goal is to predict the amount of energy that can be saved by 
incorporating the PCM, while maintaining comfort parameters in the room. 

Three different compositions (F3, F4 and F5) of finishing layer gypsum plaster, in which 
25%-wt. PCM was directly incorporated at the time of mixture, were evaluated. The amount of 
PCM incorporated was defined, based in the mentioned references and in preliminary mechani-
cal tests (Silva et al. 2006). The PCM, a technical grade hexadecane paraffin wax, microencap-
sulated in a melamine-formaldehyde resin, with an average particle size distribution of 20-30 
µm, presented a melting temperature around 20 ºC and a latent heat of fusion of 140 kJ/kg. 

Flexural and compressive tests were carried in 40 x 40 x 160 mm3 specimens while adhesive 
strengths were tested directly in plastered pilot scale brick walls, according with EN 13279-2 
standard (CEN 2004). 
 
5 RESULTS 

Figures 3 and 4 present the results obtained for mechanical properties testing carried, in order to 
select the appropriate finishing plaster for thermal testing. 

The analysis of the experimental results led to conclude that the incorporation of PCM in the 
mortar reduces significantly the mechanical properties of the final plaster. Nevertheless, through 
the research work carried out the tree different compositions could be established, in order to 
fulfil the requirements of standard EN 13279-1 (CEN 2005). 

It was also concluded that the ideal mixing water content, both for workability and mechani-
cal properties is around 70% for the other three (F3, F4 and F5). The EN 13279-1 doesn’t set 
any requirement standard for adhesion between plaster layers in test walls, this property showed 
good results, both with and without paint, despite the different fracture patterns. 
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Figure 3. Mechanical properties of modified compositions incorporating 25% PCM. 
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Figure 4. Adhesive strengths of modified compositions incorporating 25% PCM. 



 

 

6 CONCLUSIONS 

The incorporation of PCM in buildings is an effective way of improving thermal performance 
by energy storage in construction elements. It can be used for passive solar heating by integrat-
ing mainly the walls, maximizing solar radiation gains, in active heating systems combined with 
solar collectors or electricity through radiant floor and also in cooling systems with night venti-
lation. 

Studies have demonstrated that PCM can contribute to minimize temperature fluctuations in-
side buildings, regulating thermal comfort parameters, while shifting heating or cooling peak 
loads to off peak electricity periods. 

In order to compare the performance in terms of energy consumption and heat fluxes of two 
rooms, one containing a PCM material and the other the conventional material, identical tem-
perature histories must be established. Careful experimental design is required to demonstrate 
quantitative energy savings and to emulate buildings performance; glazing and temperature his-
tory, insulation and ventilation should be similar to the real building. 
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1 INTRODUCTION 

1.1 Irish Residential Building Construction Sector 

 
The residential building market in Ireland has seen unprecedented levels of construction over 

the last ten years. Since 1994 the number of dwellings constructed each year in Ireland has in-
creased by over 300%, with a record number of 80,957 dwellings constructed in 2005, and 
66,470 housing units completed nationally within the first nine months of 2006 (DOEHLG 
2006). With such a buoyant building construction market it is not surprising that in 2005 the 
residential sector accounted for total final energy consumption of 2,874 kilo tonnes of oil 
equivalent (ktoe) of Ireland’s total energy consumption (SEI 2005). Even more, the residential 
sector is the second largest consumer of energy for 2005 after the transport sector and higher 
than the individual energy consumption of the industry, commercial / public services and agri-
culture sectors (SEI 2006). Looking at the energy consumption of the residential sector, over 
half of this energy was due to the level of space heating required in the maritime climate. 

The typical energy use breakdown of a new build dwelling, built to current building energy 
regulation standard in Ireland is: space heating 97 kWh/m2.y; DHW heating 33 kWh/m2.y; 
electricity use for appliances 28 kWh/m2.y amounting to total electricity use 49 kWh/m2.y. The 
total delivered energy is therefore 179kWh/m2.yr. Compared to a low energy building construc-
tion standard, for example the Passive House standard, where the total energy demand for space 
heating is limited to 15 kWh/m2.y. it is in fact a considerable reduction of 84% in space heat-
ing, as shown on Figure 1.  
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ABSTRACT: This paper describes the additional considerations in the practice of building a 
low energy dwelling compared to building a typical dwelling built to current building regula-
tion energy standard in Ireland. It highlights issues, that are specific to a low energy dwelling 
within planning, design, construction and post construction stages, being addressed for their 
achievement. There is a lack of knowledge in the design low energy dwellings; lack of know 
how on site practices required to achieve low levels of air tightness and good quality installa-
tion of building systems. In the post construction phase undertaking a pressurization test and 
achieving low air tightness level is not required in main stream construction, resulting in a lack 
of knowledge, available equipment, and additional costs associated with it. This paper con-
cludes by discussing areas where improvements are necessary to overcome barriers to success-
fully implement the low energy concept within Irish building delivery processes. 

 
 



 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Delivered energy in Irish Housing built to current building regulation standard compared to Pas-

sive House standard.  

* Figure 1 assumed:  50% of DHW in the Passive House is supplied by solar thermal source and the space heating 
source is non electric based.  
 

The term Passive House (Passivhaus in German) refers to the rigorous standard for energy 
use in buildings resulting in buildings that require little energy for space heating. Despite the 
name, the standard is not confined only to houses. Several office buildings, schools, etc. have 
also been constructed to the standard. Although it is mostly applied to new buildings, it has also 
been used for refurbishments. The first Passivhaus buildings were built in Darmstadt, Germany, 
in 1990. Since then, more than 6,000 Passivhaus buildings have been constructed in Europe, 
most of them in Germany and Austria, with others in various countries world wide.  

If one looks at the fuel type mainly used for space heating in Ireland it is oil or increasingly 
natural gas where available, fired boiler with water as heating fluid to high temperature radiator 
panels and hot water cylinder (also supplying DHW). The significance of these figures is high-
lighted by the fact that Ireland’s greenhouse gas emissions were 23.5% greater than 1990 levels 
in 2004 despite a Kyoto Protocol target of +13% between 2008-2012 (EPA 2006). With the EU 
Energy Performance of Buildings Directive, EPBD due for implementation between 2006 and 
2009 the awareness of building energy performance will increase substantially.  

Mandatory building regulations concerning the conservation of fuel and energy in dwellings, 
Technical Guidance Document - Part L (TGD Part L) were first introduced to Ireland in 1991, 
were amended in 1997 and again in 2002 and 2005. The TGD Part L focuses on reducing en-
ergy consumption primarily by reducing required U-values, increasing insulation levels and 
minimizing thermal bridging. However, there is a significant gap in building energy related re-
quirements between TGD Part L and low energy building construction standards, such as Pas-
sive House standard. Not only are Passive House minimum U-values for ground floor, wall, 
roof and windows significantly less than TGD Part L, but Passive House standards go much 
further by setting requirements for air tightness, passive solar gains and heat recovery whereas 
Irish regulations do not. The following section highlights areas where these standards differ.  
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1.2 Current Irish Building Regulation Standard compared to Low Energy (Passive House) 
Building Standard 

The opaque elements of the building fabric in current Irish building regulations require 
maximum thermal transmittance of U ≤ 0.16 W/m2K insulation in roof, U ≤ 0.25W/m2K insu-
lation in floor and U ≤ 0.27W/m2K insulation in external wall. The limit for thermal transmit-
tance through opaque elements of the building fabric in Passive House standard is limited to 
0.15W/m2K. Similarly, for glazing the limits are U ≤ 2.2W/m2K in TGD Part L compares to 
much lower in Passive House standard U ≤ 0.8W/m2K. Infiltration heat losses also show great 
difference in requirements, the Passive House standard aims at reducing unwanted infiltration 
(air-tightness testing required) to maximum n50<0.6 ach. On the other hand, in the TGD Part L 
of Irish Building Regulations no specific air-tightness pressurisation tests are required. Recent 
study has shown an average air permeability of 28 sample dwellings constructed between 1997-
2002, of 11.8m3/hr/m2 @ 50Pa, which is 69% higher than a Good Practice benchmark of 
7.0,3/hr/m2@50Pa (Shanks at al. 2006). 

Ventilation is another aspect where the two building standards greatly differ. The Passive 
House standard specifies controlled ventilation with highly efficient mechanical ventilation sys-
tem with heat recovery (efficiency ≥ 75%), while the Irish regulations recommends values for 
background ventilation and mechanical extract ventilation (mandatory) in kitchen, bathrooms 
and utility rooms. Minimising thermal bridging in the Passive House standard is seen as essen-
tial to achieving a low energy dwelling. The Irish TDG Part L regulations does specify maxi-
mum values of linear thermal transmittance for various building elements junctions. However, 
these limits range between linear heat coefficient (W/mK) 0.06 up to 0.50, which is much 
higher than the 0.01W/mK requirement in the Passive House standard.   

Overall one could conclude that the Passive House standard goes much further than current 
Irish Building Regulations by setting specific requirements in order to minimise heat losses 
through the building envelope, infiltration and ventilation. In addition, the Passive House stan-
dard relies on the use of incidental gains, passive solar gains and use of on-site renewable en-
ergy to meet the resulting energy demand.  

 
 

1.3 Energy Saving Potential from switching to building Low Energy Dwellings 

Recent research undertaken by the UCD ERG on the effect of applying the Passive House 
standard to new built dwellings indicated that potential savings of 34.5 TWh of energy for 
space heating and 251.0 MtCO2 emissions could be achieved if 50% of new build residential 
construction projected for the next 20 years in Ireland was constructed to the Passive House 
standard (Kondratenko et al, 2006). 

Using the calculation model it was found that a typical Irish dwelling, constructed to current 
building regulations standard, consumes 9,722 kWh/year of delivered energy on space heating 
and as a result releases 2,855 kgCO2/year into the atmosphere. The space heating requirements 
for the same size of dwelling built to Passive House standard was found to be only 1,500 
kWh/year of delivered energy which equates to 176 kgCO2/year. The difference in delivered 
energy consumption and carbon dioxide emissions between the two construction types for a 
single dwelling over one year was therefore 8,222 kWh/year and 2,680 kgCO2/year.  

Although in recent years Ireland has tightened up its regulations concerning dwelling energy 
performance, the results presented above indicate that substantially greater savings are achiev-
able in this area. In striving to meet Irelands Kyoto Protocol commitment and in implementing 
the EPBD, an ideal opportunity exists for the application of low energy concepts to the way 
dwellings are designed and constructed in Ireland. 

2 IMPLEMENTING THE LOW-ENERGY CONCEPT  

2.1  Issues to be addressed in delivery of Low Energy dwelling in Ireland 

 



Given the evidence of the benefits of Passive house Standard application the reasons for the 
current lack of penetration of the low energy building concepts in Ireland need to be addressed. 
The following section outlines the process of building a low energy dwelling in Ireland. 
 

2.1.1 Design Phase 
 

Designing a dwelling begins with a housing developer / owner commissioning an architect to 
design a low energy dwelling. The architect prepares design drawings, which are submitted to 
the Planning Authority for Planning Approval. The Planning Authority looks at the Local De-
velopment Plan and if the application is in accordance with its planning requirements, and if no 
appeal to it, Planning Permission for the development is granted. The Architect can start with 
developing Building Drawings. As part of the process of compliance with building regulations, 
since 1st July 2006, DEAP or the Dwellings Energy Assessment Procedure, calculations must be 
prepared. (DEAP was developed by the Irish Government by Sustainable Energy Ireland in re-
sponse to the European Directive on the EPBD. Part L, Conservation of Fuel and Energy, of the 
Building Regulations requires DEAP assessments of the energy performance of design of new 
dwellings, as part of the process of demonstrating compliance.) From 1st January 2007, certified 
DEAP assessments of the energy performance of all new dwellings will also be required as part 
of the implementation of the EPBD in Ireland.  

All of the above does not differ from the process of designing a typical ‘business as usual’ 
dwelling. However, achieving a high standard of energy-efficiency in a building requires more 
effort in planning and design phases, and also in the construction phase compared to standard 
construction. Integrated and high quality design processes assist in achieving the desired out-
come.  

The building envelope of a low energy dwelling is well insulated and air tight. The required 
minimised thermal bridging and building air tightness represent a very high level of design and 
construction.  The air tightness is extremely important not only to achieve low energy consump-
tion but also in respect to moisture convection and condensation. It is important to prevent hu-
mid indoor air penetrating into a highly insulated structure and causing interstitial condensation 
and creating a potential moisture problem. This is particularly important in Maritime climates 
such as Ireland, which has high moisture levels in the air. High quality design and construction 
therefore have a major role. 

 

2.1.2 Construction Phase 
 

    Following the Tender Phase, contractors are appointed to construct the dwelling. The 
Building Control in Ireland has a target of 15% for inspection of new built dwellings. In 2005, 
over 80,000 new dwellings were built in Ireland. In terms of building low energy dwellings the 
on-site practices and know how are very important in achieving the required air tightness, 
proper installation of insulation, windows, ventilation system, etc. Achieving the low energy 
target requires much more rigorous construction process, emphasizing the gap with typical cur-
rent building practices in Ireland.  

The most important phases of the low energy dwelling construction are insulation installation 
and placing the air tightness layer. Thermal insulation must fill a cavity completely, or lay tight 
against supporting or load bearing structures. There should not be any air voids in the insulation 
layer. This requires right dimensions for insulation material and load bearing structures. Insula-
tion should be continuous and thermal bridging is minimised. If a cavity wall construction is 
used then the insulation should fill the full cavity space, where the insulation is installed by 
specialists after the wall structure is built. In Ireland full fill cavity when using bricks as an ex-
ternally cladding in walls is not permitted (!). An air cavity of minimum 40mm or wider is man-
datory. This is to provide sufficient ventilation of the structure. Having such regulation does 
bring the question weather an air tight construction is achievable in this type of construction, 
emphasizing the importance of appropriate selection of construction technology as well as 
quality of on-site practices in achieving low energy construction.   



 

2.1.3   Building Commissioning 
 

When building a dwelling in accordance to the energy requirements of a Passive House 
Standard, an air-tightness test is undertaken to confirm that the specific air tightness require-
ment has been achieved. Infra red camera could be also used for checking the correct placement 
of insulation and avoidance of thermal bridging. At present in Ireland, no air tightness testing is 
required by building energy regulations. Also, the use of infra red camera is not wide spread 
mainly due to cost associated with such tests.   
 

3  BARRIERS TO BUILDING LOW ENERGY DWELLINGS IN IRELAND 

3.1  External Building Envelope 

The thermal envelope of low energy dwelling has the most significant impact on minimising 
its energy requirements. High level of insulation and optimised air tightness minimise heat loss 
through the envelope. The value range for thermal transmittance could be as low as 
0.06W/m2K up to around 0.15W/m2K or somewhat higher in Maritime climate.    

Barriers with respect to insulation of the building envelope in Ireland include building tradi-
tion, availability of components and existing building regulations. The tradition of cavity wall 
construction poses a challenge. To meet the increased insulation requirements attention must be 
paid to good detailing, selection of appropriately dimensioned items (such as wall ties), and im-
provements on site practices.  

Another barrier is achieving thermal bridge-free construction. The linear thermal conductiv-
ity should be significantly reduced in comparison with typical construction practices. Attention 
must be paid to correct detailing and execution thereof, especially around junctions with win-
dow and doorframes, floors, and roofs, foundation walls, etc. There is a lack of know how 
amongst architects and builders in designing and constructing bridge-free junctions. Design 
guidelines, construction details examples and on-site good practice must therefore become 
available.  

As with thermal bridge-free construction and good insulation, there are many different areas 
of construction to be made airtight to reach complete air tightness, dependant on the type of 
construction and elements applied. For example, to achieve air tightness as low as in the Pas-
sive House Standard of n50 value 0.6ac/h, attention to design construction details and to site 
workmanship as well as sourcing appropriate materials, tapes and adhesives is essential. In Ire-
land, barriers in achieving this include a lack of construction skills and workmanship and on 
site quality control. Training material for contractors and improvement in contractor skills is 
much needed.  

Imports have led to a penetration of low energy and well insulated windows and doors in the 
market. Although these components are now available, they are generally more expensive. As 
demand increases, however, it is expected that local availability and the cost will improve in fu-
ture.  
 

3.2 Building Systems 

 
The inclusion of a mechanical ventilation system with heat recovery is not mainstream prac-

tice in Ireland. This system is essential in air tight buildings, to ensure adequate ventilation and 
heat recovery. The current Irish Building Regulations, Technical Guidance Document F (TGD 
Part F) relating to ventilation, requires to naturally ventilate dwellings, with mechanical extract 
from kitchens and bathrooms. Nevertheless, high efficiency whole house mechanical ventilation 
systems have become more available in Ireland recently. Barriers to their integration include 
sizing and sourcing the appropriate ventilation systems and appropriate location and insulation 
of ducts as well as pre commissioning testing.   



    In Low energy dwellings space heating demand is reduced to a point where the traditional 
heating system becomes obsolete. There are different methods in which to produce the remain-
ing heat demand, for example by pre-heating ventilation air, or installing low temperature radia-
tors. To this extent, different technologies might be used. Some examples include: heat pump 
with geothermal heat and solar thermal collectors supplying a small central low temperature 
floor heating system; small biomass boiler and solar thermal collectors supplying low tempera-
ture heating system; district heating (water) and solar thermal collectors supplying heat to ven-
tilation air and one radiator in the bathroom. 

Common practice in Ireland is to use oil fired, or where available, natural gas boiler with wa-
ter as heating fluid for space heating. Increasingly, gas condensing boilers are used with ther-
mostat control and radiator panels. Barriers that have been identified with respect to minimal 
space heating solutions include: solar thermal collectors for space heating and or water heating 
applications are an extra cost without funding support. Heat pumps and low temperature under 
floor heating are becoming more widespread, although they as well are considered expensive 
without funding. Wood pellet burners have become more widespread recently, with systems 
manufactured in Ireland and funding available to install in dwellings.  

    Generally the DHW heating system in low energy dwellings is combined with the source 
for the space heating system. Usual systems include: heat pump on geothermal heat and solar 
thermal collectors and/or gas heater; small biomass boiler and solar thermal collectors. So far in 
Ireland, a low energy dwelling typical system includes a wood pellet boiler with solar collec-
tors, combined with space heating. Although a wide range of solar thermal domestic hot water 
systems are available in Ireland, barrier to widespread application is the availability of training 
and certification schemes for designers and installers. 

 

4 CONCLUSIONS 
 

Most frequently encountered technical barriers in Ireland to building low energy dwellings 
include:  

- Failure of housing developers to adopt new construction techniques  
- Limited knowledge amongst planners, designers, builders and installers 
- Unavailability of components, i.e. triple glazed windows and high efficient doors locally. 

As demand increases it is expected that local availability will improve.  
- Limited on site contractor skills and experience 
- Limited knowledge of issues such as thermal bridges and air-tightness at design detailing 

stage and failure to achieve on site  
- Cavity wall building technology has to be adapted to the low energy concept or 
different building systems adopted 
-  Lack of components such as wall ties and lintels to build traditional wall types to 
higher energy performance levels. 
- Consumer habits - traditionally an expectation of open fireplaces. 
 
Based on the issues raised, approaches to overcome barriers is the provision of practical in-

formation and solutions to building professionals, providing practical and training to installers 
and contractors and dissemination of the low energy concept to the market, potential buyers 
building users. 
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1 INTRODUCTION 

The sustainability of building process requires the control and planning of material and eco-
nomic resources necessary for its life cycle. Design choices should be oriented towards build-
ing’s components and products characterised by  an economically reasonable working life, i.e. 
which requires economically and materially sustainable maintenance activities, considering the 
predicted service life. Then the Building Science is needed to place adequate information at de-
signers’ disposal to work out such choices. 

With this aim different researches and standards have been developed at national and interna-
tional level on durability evaluation. At international level ISO TC 59 SC14 Service Life plan-
ning and CIB W80 RILEM Service life prediction methodologies are developing durability 
evaluation methods to support service life planning. 

The Building Durability Group of Politecnico di Milano has been  developing a research to 
set up methods for building components durability evaluation, applying them to external wall’s 
components. 

Service life prediction for buildings’ design to plan a sustainable 
building maintenance 

B. Daniotti, S. Lupica Spagnolo 
Politecnico di Milano, Milan, Italy 

ABSTRACT: To plan maintenance in a sustainable building process development it’s necessary 
to have a good information about building components and materials durability. The construc-
tion works have to be maintained during their whole service life, an activity for which the main-
tenance manager organisation is responsible: service life’s knowledge becomes a very important 
input data to guide designers, manufacturers and real estate owners in contributing for sustain-
able building processes. 

The report deals specifically with the definition of original tools and methods to evaluate ser-
vice life, describing the activities undertaken by the Research Group on Durability of Building 
Components, at Politecnico di Milano, on the development of an Italian durability research net-
work. The application of these methods allows a real implementation of the Performance Based 
Approach in the construction industry, specifically in design and management stages.In particu-
lar, Politecnico di Milano has developed a method based on the correlation between users’ re-
quirements and measured decays of performance characteristics of building components: the 
Limit Performance Method. 

Service life management systems are, eventually, analysed from the point of view of the in-
formation due to allow designers to manage service life prediction and maintenance planning: 
ICT tools need Reference Service Life Data Bases, as Politecnico di Milano is structuring. 



2 PAPER 

In 2003, with the co-financing of Ministry of Instruction, University and Research, in Italy a 
pluriannual research on "Methodologies of planning and valuating durability of buildings’ com-
ponents for sustainable production processes” started: the proposed research program develops 
methodologies applicable to designing, experiencing the valuation method on one range of 
building components, belonging to the classes of external walls, external casings, continuous 
and discontinuous coverings. 

In this program, six research units of as many Italian university centres are involved: Politec-
nico di Milano, Politecnico di Torino, University of Naples, University of Palermo, University 
of Brescia and University of Catania. 

Thanks to this programme, it has been created a meaningful methodological-experimental 
reference for the developing of a national net of systematic experimentation on building compo-
nents’ durability for sustainable designing managed in technological laboratories (tests of accel-
erated aging in standard conditions) and monitoring of the out-exposed specimens for "re-
scaling" results coming from accelerated tests. 

The chief objective is to develop interoperable modular ICT tools (SW/ Web Services) to 
plan and manage works, responding to the demands and requirements of Designers, Mainte-
nance Planners, Real Estate and Facility Managers and contributing to drive designing choices 
in civil application from a sustainable point of view. 

The tools will focus on service life and maintenance issues, relate to sustainability aspects, 
and will take into account the knowledge acquired on Service Life Prediction Methods to plan 
maintenance and inspection. Such tools will allow economic planning considering Life Cycle 
Costs and sustainability evaluation considering Life Cycle Assessment (LCA).  

Moreover, the purpose is to provide a graduate acquaintance of durability, contributing to the 
international research of CIB and also developing ISO standards in this field through the Italian 
National Agency of Standardization (UNI).  

A particularly meaningful and innovative aim of this research is also to determine the con-
ventional performance limits of each building’s component in order to recognize the reaching of 
the end of service life, providing, moreover, an ingegneristic method as suggested from ISO 
standards for doing it. Thanks to the cooperation among the six Italian research units, service 
life prediction tools will take the input data from a set of the national regionalized information 
sources, a Reference Service Life Database, contemplating also a performance evaluation for 
feedback of service life data from practice, with an agreed European international structure (in 
conformity with ISO 15686 ). 

At the moment, the developed research is focused on the appraisal of building components’ 
durability pursued on a deepening of evaluation methods indicated by ISO 15686, which has 
carried to the emanation in the 2006 of UNI 11156 "Valutazione della durabilità dei componenti 
edilizi". These methods are: 
− the method for valuating building component’s reliability, which can be applied starting 

from a careful examination of component’s design through a functional and technical analysis 
of the design itself. These analysis evaluate the four components of reliability (functional, ex-
ecutive, inherent and critical), following precise procedural indications. The average of the 
four reliabilities’ values calculated is assumed as propensity to reliability of the building 
component’s spontaneous duration.  

− the "Failure Modes and Effects Analysis (FMEA): through a systematic analysis of the 
building organism decomposed in its fundamental components, this method concurs to give 
precious information in perspective of a maintenance programming. Its application produces 
an exhaustive list of all the scenes of degradations that could happen in the various steps of 
building process.  

− the method of evaluation of building components’ durability: it provides values of service 
life in conventional conditions of reference (Reference Service Life), input data to determine 
the Estimated Service Life trough a correction made by the designer of this value which takes 
into account the real context of exposition, of production, of use and of maintenance; this  
method consists, from one side, of aging accelerated testing on building components in labo-
ratory and, from the other side, of studying the external natural aging. The results’ compari-



son provides to obtain the temporal re-scaling factor between the two kind of aging and, 
therefore, to estimate Reference Service Life. 
Among these methods, the factorial method, in particular, gives an easy contextualization of 
Reference Service Life values of building components outside the system and the specific 
context of design. This method is considered one of the main international references within 
ISO for the valuation of building component’s service life in the specific conditions of use. In 
particular, the research suggests for this method some criteria in order to make more objective 
and scientifically validated the values attributed to each single factor. 
Moreover, there is the performance limits method (PLM), which belongs to the family of 
ingegneristic methods and is born from the consideration that the service life prevision must 
necessarily be based on a performance concept; the idea is to directly correlate building com-
ponent’s service life with environmental performances (thermal hygrometrical comfort) of 
the space that the components itself delimits, in order to accomplish a durabilistic analysis on 
the capacity to maintain during its service life the performances for which such components 
has been thought, planned and realized. 
This last method, the performance limits one, consists of the four following fundamental 

moments:  
− definition of performance targets; 
− individuation of requirements and specification of performances that the component must 

supply;  
− translation of performance specifications into technical specifics of functional characteristics 

and individuation of performance thresholds for service life;  
− valuation of service life. 

 

 
The international standards developed by ISO TC 59 SC 14 Service Life Planning (ISO 

15686-1 and ISO 15686-2) introduces a general evaluation methodology divided in two steps: 
• the experimental evaluation of Reference Service Life (RSL); 
• the prediction of Estimated Service Life (ESL)for the design stage.  

Figure 1 - Analyses scheme for building components’ durability evaluation 
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With this aim, the method to predict reference service lives of building components, (i.e. the pe-
riod of time, after installation, during which a building component meets or exceeds perform-
ance requirements in normal conditions of use and maintenance), refinement of a CIB W80 
work, has been divided into the following six main point: 
• definition of user requirements, and of agents influencing building behaviour (aging agents, 

location, etc…), the characterization of building material, etc; 
• preparation: identification of degradation agents, mechanisms and effects, choice of per-

formance characteristics and evaluation techniques, feedback from other studies; 
• pre-testing session in order to check mechanisms and loads and to verify the choice of char-

acteristics and technique; 
• exposure and evaluation phase: short term exposure and long term exposure degradations 

are compared; 
• analysis and data elaboration: if degradations are similar  the performance during time are 

evaluated and the Reference Service Life of the component is calculated. 
 

 
Figure 2 - Methodology the experimental evaluation of Reference Service Life (RSL) 

 
Following this procedure, Politecnico of Milano’s Durability Building Component Group has 

been evaluating Reference Service Life of different components belonging to not bearing exter-
nal walls class trough the comparison between results obtained by accelerated ageing proofs 



made in laboratory with those obtained by natural ageing trough external exposition for the 
technical tiled solution with thermal insulator inside (in order to evaluate the so called “time re-
scaling” factor, which brings to the definition of Reference Service Life, in particular, of the ex-
ternal protecting covering layer). 

It has been studied both the technical solution composed of a double tile masonry with an in-
terposed layer of insulation, with both surfaces sprayed with plaster and the external one with a 
layer of protecting paint (one the most used solution still today, especially for residential build-
ings) and another diffused technical solution belonging to ETICS (External Thermal Insulation 
Composite Systems). 

The results of reference service life evaluations through this procedure can be elaborated to 
obtain Estimated Service Life in design conditions using one of the following three kind of 
methods, which differ as for complexity degree, and as for information quantity needed to apply 
it: 
• Factor method: s a simplified method which allows to calculate Estimated Service Life, by 

correcting Reference Service Life with multiplicative factors (usually between  0.8 e 1.2) 
which take into account the specific conditions where the component is used. The method is 
appreciated because of its simplicity which allows to apply it economically to little dimen-
sions housing; this simplicity is however related with its limits of reliability due to the sub-
jectivity to forecast values for each factor; 

 
AGENTS RELEVANT FACTORS 

A Quality of components Manufacture, storage, transport, materi-
als, protective coatings (factory-applied) 

B Design level Incorporation, sheltering by rest of struc-
ture 

Agent related to the 
inherent quality char-
acteristics 

C Work execution level Site management, level of workmanship, 
climatic conditions during execution of 
the work 

D Indoor environment Aggressiveness of environment, ventila-
tion, condensation 

Environment 

E Outdoor environment Elevation of the building, microenvi-
ronment 
conditions, traffic emissions, weathering 
factors 

F In-use conditions Mechanical impact, category of users, 
wear and 
tear 

Operation conditions 

G Maintenance level Quality and frequency of maintenance, 
accessibility for maintenance 

Figure 3 - Factors used for the factor method 
 

• Statistical methods: in these methods degradation is generally regarded as a stochastic proc-
ess, for each property during each time period, a probability of deterioration is defined 
(models like the Markov chain model are usually used). These methods require fairly so-
phisticated inputs in the form of probabilities, which are not easily estimated, and require 
quite some effort to be put in. Most of them are focused on one single material (almost al-
ways on reinforced concrete) and on one single aging agent (quite often chloride attack).  

• Engineering methods: must have the same degree of complexity of other common design 
task (i.e. structural analysis, thermal analysis, etc.) and they may have probabilistic inputs 
but these inputs must be linked by simple, determinate equations. No examples of engineer-
ing methods could be found in literature. 

In parallel with the experimental activity conducted, Durability Building Components Group 
of Politecnico di Milano has contributed to the developing of methods for the appraisal of build-
ing components’ durability, useful for the prevision of Service Life and of reliability propensity 
during the design step. A particular attention has been focused on the Factorial Method, on the 



Performance Limit Method and on Failure Modes, Effects and Criticality Analysis (FMECA). 
About the Factorial Method, the research group has defined some criteria in order to make as 

more objective and scientifically validated as possible values given to each single factor. In fact, 
ISO 15686 has provided a very simple method for evaluating service life, the factorial method: 
thanks to seven deterministic factors, this method tries to model aleatory phenomena, such as 
climatic agents. That’s the reason why the scientific community has showed the necessity to 
improve the method, through two ways to proceed.   

The first way is based on a probabilistic approach and uses the same equation proposed by 
ISO standard, but treating factors as aleatory variables. The DBCG’s proposal is based on the 
use of triangular distributions of ISO factors, adopting Montecarlo method for solving the equa-
tion. Aleatory variables’ use describes better the complexity of decay and provides both the 
Service Life and an esteem of data’s reliability: it is possible to obtain a evaluation of duration 
with precise probabilistic guarantees.  

Despite this, the factorial method still remains too subjective, because of the subjectivity in 
choosing factors. 

The second way of proceeding suggested by Politecnico di Milano’s research group in order 
to limit choosing factors subjectivity is to adopt guiding grids which drive the designer in as-
signing values to each factor.  

These grids, obviously, can’t avoid the subjectivity in calculating Service Life, but they move 
it in the moment of grid creation: that’ why grids should be built by building sector experienced 
people, such as manufacturers themselves. 

Using the factorial method, Politecnico di Milano is also structuring a service life data collec-
tion of opaque vertical and horizontal enclosures taking into consideration different climatic 
contests; it is a collection of Reference Service Life values for different technical solutions 
among opaque vertical and horizontal enclosures, such as: 
- traditional walls (double boarding of hollow and semi-hollow bricks with heat insulation in-

terposed); 
- externally thermal insulated walls; 
- ceilings; 
- enclosures typical of the Mediterranean contest. 

Initially, the problem to solve is to defined the range of the study established, including iden-
tification or specification of essential data, depending on the aim and ambition of the SLP and 
on the level of existing knowledge of the component.  

Two extreme ranges are as follows:  
a) specific study: this is intended to focus on a rather specific application of the component 

tested in terms of service environment and usage with a specified set of performance require-
ments 

b) general study: this is intended to cover a broad application of the component tested in 
terms of service environment and usage with an unspecified or a loosely specified set of per-
formance requirements. The aim is to establish performance-over-time functions for the per-
formance characteristics chosen in the whole range of applications. 

Beside the methods to evaluate Service Life, Politecnico di Milano has developed a method 
for the evaluation of reliability propensity for the designed building components, then receipted 
by the Italian UNI standard on “The evaluation of building components’ durability”, to allow a 
first estimate of the probability for the component to maintain during time its performance lev-
els, guaranteeing its designed functions. 

The building component’s reliability propensity  is evaluated through the following four as-
pects. 

- functional reliability: balance degree in the distribution of the analytical functions in the 
functional elements of the component estimating through the observation of the functional 
model of the component. It’s an index of the stress to which the component will be subjected in 
its practice phase. 

- executive reliability: degree of foreseeable conformity of the component execution at the in-
tentions of the project. It’s an index of the foreseeable precision in the installation of the com-
ponent. 

- inherent reliability: degree of evenness of dimensional changes between the functional ele-



ments of the component throughout its performance in comparison with the stress context. It’s 
an index of functional integrity of the component in its practice phase. 

- critical reliability: degree of chemical-physical compatibility which characterizes the differ-
ent materials making up the functional elements of a component. It’s an index of structural in-
tegrity of the component. 

3 CONCLUSIONS 

It is not possible to talk about sustainability in building process without considering the impor-
tance of building components’ durability. That’s why the choice of technological low energy 
components can be wrong if their duration is too short. 
The evaluation of service life, according to international ISO and national UNI standards, can be 
made following some different methods porposed. Politecnico di Milano is developing these 
methods, looking in particular an implementation of the Performance Based Approach in the 
construction industry, specifically in the design and management stages. 

Analysing service life management systems form the point of view of the information due to 
allow designers to manage service life prediction and maintenance planning, Politecnico di Mi-
lano is structuring a Reference Service Life Data Bases thanks also to the Italian research dura-
bility network; that’s the input needed by ICT tools to manage service life prediction in order to  
plan a sustainable building maintenance. 
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1 INTRODUCTION 
 
Sustainable Development (SD) was defined for the first time in the last 80s in the Brundtland 
Report (WCED 1987) as the “development that meets the needs of the present without compro-
mising the ability of future generations to meet their own needs”. In the beginnings the strategic 
objectives just focused on environmental protection, while nowadays the field of interest has 
greatly enlarged, including also economic and social concerns. 

Among different human activities, which interact with the three SD dimensions, the construc-
tion sector plays an important role in delivering sustainable development requirements. Review 
of literature shows that the definition of a sustainable construction implies several statements, 
such as the efficient use of raw materials, the minimum use of energy and emissions during ser-
vice life, the life duration and robustness, and a prolonged service life as target (CIB 1999).  

Metal constructions can easily satisfy the above mentioned requirements thanks to different 
features. They are recyclable and have high structural efficiency, design and manufacturing 
flexibility and speed of building. Such advantages provide lower raw material consumption, fa-
cilitate changing requirements avoiding obsolescence, and reduce the construction activities im-
pact on the local environment by reducing emissions and noises. 

Despite all the previous advantages, metal structures present some drawbacks, which are 
mainly related to durability, whose evaluation  is necessary for a suitable maintenance and reha-
bilitation planning during life span.  

Among several factors that affect the life duration of metal structures, the atmospheric corro-
sion is recognized to be one of the major risk which decreases the performance of constructions, 
resulting in huge economic and societal losses.  

In terms of structural effects, the atmospheric corrosion causes the thickness loss of the cross 
section that leads to a smaller resistant area. The loading capacity of the element itself is re-
duced and the safety margin rapidly decreases. 

Durability design of metal structures based on lifetime safety 
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ABSTRACT: Durability design of new and existing structures is a key issue for the sustainable 
development of built-up environment. While the design procedure for reinforced concrete con-
structions was deeply investigated, the durability evaluation of metal structures has still to be 
fully analyzed and codified. The aim of this paper is to provide a first proposal for a general ap-
proach to the durability design of metal structures based on lifetime safety factor method. All 
the phases relevant to the design procedure have been discussed and defined in detail, according 
to a performance based approach. In particular, among the environmental deteriorating mecha-
nisms which affect the durability of metal constructions, the atmospheric corrosion was consid-
ered. On the basis of the selected probabilistic corrosion models, which take into account differ-
ent metal materials, corrosiveness of environment and effectiveness of coatings, the procedure 
for evaluating the design life corresponding to different environmental loads and limit states has 
been defined. 



Besides the effects on coatings, which could modify the exterior appearance of constructions 
reducing their aesthetic and economic value, corrosion represents an additional critical load 
which is able to lead the structures to collapse, specially when it is associated with high stress 
rates and cyclic loads, such as in the cases of stress and fatigue corrosion (Figure 1). 
 

  
Figure 1. Collapse of the Silver Bridge on the Ohio River due to stress and fatigue corrosion (USA, 
1967). 

 
With regard to life duration, even if international standards and codes provide general rec-

ommendations for preventing early ageing of constructions, the durability design of metal struc-
tures has still to be fully defined and codified. In particular, a procedure for the evaluation of 
original and residual service life should be developed for each material under assigned envi-
ronmental loads on the basis of available degradation models.  

This paper represents a first attempt to propose and develop a durability design procedure for 
both new and existing metal structures with the aim of evaluating the residual service life of 
constructions with respect to corrosion degradation.  

2 DURABILITY CRITERIA IN STANDARDS AND CODES 

The main European standards and codes on constructions give only few qualitative and common 
provisions for durability of metal structures, that are mainly concerned with coating corrosion or 
with general recommendations on structural material redundancy. No specific design procedure 
is provided for the evaluation of design life time of constructions under the identified environ-
mental loads. 

A specific definition of durability with respect to the corrosion of metal structures is provided 
in ISO 8044 (1999), stating that durability is the capability of corrosion system, that is the metal 
itself or the coating, to fulfill the serviceability requirements for a specific period of time, when 
adequate maintenance actions are performed. 

In EN 1993-1-1 (2004) only few common principles are stated for durability of metal struc-
tures and in particular for preventing steel buildings from possible causes of corrosion damage. 
The code refers to EN 1990 (2001) for durability in general and gives some recommendations 
such as the opportunity of providing corrosion protection measures by means of surface protec-
tion systems, improving the use of weathering or stainless steel and resorting to structural re-
dundancy. However, in such a case no references are made to models able to estimate the corro-
sion depth as a function of time and of the different factors influencing the degradation rate. 

Even if durability is analyzed in general terms, it should be noted also that in some codes for 
metal structures (DM 2005), an important innovation is being introduced concerning corrosion, 
which is expressly included among the different loads acting on constructions. In these stan-
dards corrosion is classified as a type of entropic load, which comprises deteriorating actions, 
caused by natural degradation mechanism of materials, and environmental loads, which affects 
the structural integrity. 

Some specific references to durability are reported in the international standards with respect 
to life duration of the different coating protective systems. 



EN ISO 12944-1 (1998) sets three durability classes with regard to protective paint system. In 
particular, durability means how long the protective coating is effective before a maintenance 
provisions have to be performed. The standard defines three durability classes: Low (from 2 
years up to 5), Medium (from 5 years up to 15 ) and High (more than 15 years). 

In EN ISO 14713 (1999), the life duration of zinc and aluminium coatings is related both to 
thickness loss and corrosiveness of environment. In particular, specific recommendations are 
given for each corrosivity class with respect to different coating typologies. However, it should 
be noted that in this case the design life of coating thickness is evaluated on the basis of linear 
extrapolation of corrosion rates per year. 
Many other references (EN ISO 9226 1992) can be found in international standards, but a de-
sign procedure has still to be codified for predicting and preventing the potential damage that a 
specific environment could lead to both coatings and structural materials, during the entire ser-
vice life. Taking into account the lack of codified durability design procedures, the application 
of the life time safety factor method to metal structures is discussed in the following. 

3 DURABILITY ANALYSIS BASED ON LIFETIME SAFETY FACTOR METHOD 

The lifetime safety factor method in durability design was first time presented in the RILEM 
Report on concrete structures (Sarja & Vesikari 1996) and then developed within the framework 
of the EU Project LIFECON (Sarja 2004).  

The method is used for the calculation of design life of constructions and it is based on prob-
abilistic degradation models, which consider the decrease of structural resistance caused by dif-
ferent classes of environmental loads. It is so called because of the safety factor applied to the 
average or the characteristic value of design life. The latter is calculated by degradation models, 
taking into account both the statistical values of resistance and loads and it is calibrated on the 
maximum allowable failure probability related to the considered limit states. 

Such design approach belongs to semi-probabilistic methods. In this case, both the resistance 
R and the action effects E are considered as independent random variables. The failure probabil-
ity Pf  is conventionally defined by the reliability index β, which is related to Pf by the equation 
Pf =Φ(β), where Φ is the cumulative distribution function of the standardized normal distribu-
tion. According to semi-probabilistic methods, the design values of the basic variables Xd and Fd 
influencing both R and E are introduced with their characteristic values divided or multiplied by 
partial factors. Such partial safety factors are calibrated in order to satisfy the equation Pf ≤ P* f 
when Ed ≤ Rd , where P* f is the maximum allowable failure probability relevant to the consid-
ered limit state. 

The durability design based on lifetime safety factor method is analogous with the static limit 
state design. In particular, it is related to control the failure probability by considering the ef-
fects on R of the environmental loads acting during the entire life time cycle, while static limit 
state design is devoted to control the structural reliability of constructions under external me-
chanical loading. In durability limit state design the resistance R is considered as a time depend-
ant variable, contrary to static limit state design, where the effects of time are usually neglected 
for R (Figure 2). 

In particular, a deterioration function D can be formulated on the basis of the time dependant 
resistance R according to formula: 

D(t)= R(0)-R(t) (1) 
where: D(t) is the deterioration at time t; R(0), R(t) are respectively the resistance at t=0 and at 
the generic time t of the life cycle. 

Because of the different sources of uncertainties that are involved in the definition of the 
variation of capacity with time, the values in the previous equation are usually taken as mean or 
characteristic values. The load S is usually adopted to be constant with time, and its design 
value is also taken as a mean or characteristic value, multiplied by the relevant safety factors. 
 



  

Figure 2. Representation of the life time safety factor design approach by R, S, t and D, t variables. 
 

The failure event corresponds to time tmax when the capacity R is equal to load S. The differ-
ence R(t)-S represents the reduction with time of the safety margin: 

R(tmax)=S (2) 
On the basis of previous considerations, a durability design procedure organized into differ-

ent steps can be formulated, as specified in the following.  
First, the target service life tg has to be defined for the considered constructions. The target 

service life must be specified as a basis for assessing statistically variable actions and to evalu-
ate the reliability with respect to durability. Target service life is assumed to be the time period 
for which a structure or part of it is to be used for its intended purpose with anticipated mainte-
nance but without major repair being necessary (EN 1990 2001). The numerical reference val-
ues are selected according to common standards, regulations and codes. The standard EN 1990, 
with respect to target service life, defines different indicative values on the basis of the construc-
tion characteristics, typology and use (e.g. 50 years for building structures and other common 
structures, 100 years for monumental building structures, bridges, and others). The reference 
value of the target service life has to be selected according to mechanical design procedure. 

Once the reference period has been stated, it is possible to identify the environmental loads S 
that will likely act onto structure. Each environmental load is analysed and quantified, where 
relevant, in a statistic way. The analysis of the environmental condition has to be performed in 
order to define the project background. With regard to atmospheric corrosion of metal structures 
the identification of both the climatic conditions (such as temperature, rain, condensation of 
moisture, freezing, solar radiation and air pollution), and the geological conditions (such as the 
location of ground water, possible contact with sea water, contamination of the soil by aggres-
sive agents like sulphates and chlorides) has to be provided.  

On the basis of the identification of environmental loads, the degradation factors and mecha-
nisms should be evaluated.  

Once deterioration mechanisms that could act onto structures during the life cycle have been 
identified, corresponding damage curves should be considered as a function of time in the form: 

Dm(t) = α · tn (3) 
where: Dm(t)  is the mean value of degradation; α is a constant coefficient; t time; n degradation 
mode coefficient. 

Substituting tmax in eq. (3), we have: 
Dm(tmax)=Dmax (4) 

where Dmax=R(0)-R(tmax)=R(0)-S represents the maximum allowable value of degradation 
(e.g. the maximum allowable mass loss and/or corrosion depth in the cross section of a beam). 

Durability requirements are fulfilled if the failure event (4) occurs after the design service life 
had expired, with a proper safety margin. That could be expressed according to formula: 



td = tmax/ γt0 >= tg (5) 
where: td is the design service life; tmax is the calculated mean value of the service life corre-
sponding to D(tmax)=Dmax; γt0 is the central lifetime safety factor; tg is the target service life. 

Assuming that degradation is normally distributed and the standard deviation of D is propor-
tional to the mean degradation, the coefficient of variation VD being constant, it can be shown 
that the central lifetime safety factor of the design life depends only on safety reliability index, 
the coefficient of variation of D and the exponent n, according to the formula: 

γt0 = (β·VD +1)1/n (6) 
On the basis of such assumptions, the safety reliability index β depends on both the maximum 

allowable failure probability for the selected limit state and the degradation function. In particu-
lar, it is a function of the mean values and standard deviations of R and S, as follows: 
 
 (7) 
 

In the following sections, all the phases of the durability design procedure for metal struc-
tures are discussed in detail with respect to degradation due to atmospheric corrosion. 

4 ENVIRONMENTAL LOADS: THE ATMOSPHERIC CORROSION 

Corrosion is defined as a deterioration of metal materials that results from a reaction with its en-
vironment (NACE 2002), causing the degradation of both. 

The deterioration is caused by a chemical and/or electrochemical attack of the metal surface. 
Corrosion processes are influenced by several factors, that could be divided in two broad 
classes: the endogenous and the exogenous factors. The first ones are related to the metal itself, 
e.g. the composition of the metal, the chemical and physical homogeneity of the surface. The 
exogenous factors are associated to the atmospheric composition, such as temperature, relative 
humidity and concentration of pollutants (Landolfo & Di Lorenzo & Guerrieri 2005). 

Depending on the physical and chemical features of the environment, the corrosion phenom-
ena could  develop in different forms, and may be uniform or localised.  

The atmospheric corrosion is mainly an electrochemical process that occurs when a thin elec-
trolytic layer is formed on the metal surface; the rate at which the corrosion attack proceeds is 
strictly related to the corrosiveness of the environment. Relative humidity rate, the pollutants 
(sulphur dioxide, sodium chloride, ammonium sulphate, etc..) the airborne particles, dust, the 
weather condition, the wind and the temperature average are the main features that characterize 
the outdoor atmosphere. 

5 CLASSIFICATION OF ENVIRONMENTAL LOADS 

Within a durability design method, the classification of environmental loads is necessary for 
evaluating all the factors which affect the degradation rate during life time of constructions.  

Several classification systems are provided by standards to assess the corrosiveness of envi-
ronment. The codes usually provide the corrosivity of the environment on the basis of the mass 
loss after one-year exposure. It should be noted that these values represent the result of the cor-
rosion attack after one-year and they cannot be extrapolated to estimate the extent of damage in 
a time t of the service life. 

EN ISO 9223 (1992) defines five corrosivity classes C1-C5 on the basis of three key factors: 
the TOW (time of wetness), the deposition rate of chlorides and sulphures dioxide. EN 12500 
(2000) defines the corrosiveness of the environment, according to ISO 9223, by assessing the 
mass loss of standard samples, after 1 year exposure and it establish five corrosivity categories 
from C1, very low corrosivity environment, up to C5, very severe corrosiveness atmosphere.  

EN 12500 recommends to evaluate the corrosiveness of the environment quantitatively on the 
basis of the sample exposure but whether impossible, it could be used to assess qualitatively the 
atmospheric category.  The standard points out that the qualitative classification of the environ-
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ment could mislead designers in selecting protective measures, field test exposure are strongly 
recommended. According to EN 12550 the designer should run field test on standard carbon 
steel, zinc, copper and aluminium samples measuring, after 1 year exposure, the mass loss of the 
samples. The corrosiveness class of the local environment is thus established comparing the 
measured values with the guiding values reported in the following Table: 

 
Table 1. Mass loss (g/m2) for one year field test exposure. EN 12550.  

MASS LOSS g/m2 

Carbon Steel Zinc Copper Aluminium 
Corrosiveness category 

≤ 10 ≤ 0,7 ≤ 0,9 Negligible Very low C1 
10-200 0,7-5 0,9-5 ≤ 0,6 Low C2 

200-400 5-15 5-12 0,6-2 Medium C3 
400-650 15-30 12-25 2-5 High C4 

650-1500 30-60 25-50 5-10 Very high C5 
 
As an alternative to the previous procedure, the corrosiveness of the local environment could be 
assessed qualitatively on the basis on climatic and/or environmental parameters and/or construc-
tion location (EN 12500 2000). The qualitative classification of the atmospheres ranges from 
Rural to Marine industrial types and it is based on a general description of corrosive agents and  
degradation rates. 

6 DEGRADATION MODELS 

Several degradation models can be found in literature which have been defined for metallic 
materials. These models provide the corrosion depth or the mass loss with time for different cor-
rosive environments. In general, they are formulated according to a probabilistic approach be-
cause of the uncertainties which affect degradation rates.  

In order to use such models in the durability design of metal structures, it is necessary to re-
late the classification of the environmental loads to the corresponding corrosion rate. The thick-
ness loss during structural life time can be predicted by means of the considered degradation 
law and on the basis of assigned environmental conditions.  

At this stage of the study, it should be noted that no clear relationship between corrosion 
models and atmosphere classes are provided by the codes.  

In the following, an application of degradation models provided in literature to corrosiveness 
classes defined in standards is reported. In particular, the corrosion models developed by Kline-
smith (2007) are used. Such models were formulated for different materials taking into account 
the effects of four environmental variables, which are time-of-wetness, sulfur dioxide, salinity, 
and temperature. 

The form of the degradation model is the following: 
 
 
 (8) 
 
 
where y=corrosion loss (μm); t=exposure time (years); TOW=time-of-wetness (h/year); 

SO2=sulfur dioxide concentration (μg/m3); Cl is chloride deposition rate (mg/m2 /day); T=air 
temperature (°C); and A, B, C, D, E, F, G, H, J, and T0 =empirical coefficients. 
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Table 2. Coefficients of Eq. (8) calibrated with ISO CORRAG data (Dean & Reiser 2002) for carbon 
steel and zinc materials.  

Equation coefficients 
Material 

A B C D E F G H J T0 

Carbon 
steel 13.4 0.98 3800 0.46 25 0.62 50 0.34 0.016 20 

Zinc 0.16 0.36 3800 0.24 25 0.82 50 0.44 0.05 20 

 
The degradation curves for zinc and carbon steel corresponding to the selected model (Table 

2) are shown in Figure 3. The environmental variables have been considered with values corre-
sponding to the different corrosiveness classes as defined in EN 12500 (2000).  

 

  
a) b) 

Figure 3. Thickness loss as a function of time for zinc (a) and carbon steel (b) for different corrosive-
ness classes, according to selected degradation models.  

7 DURABILITY LIMIT STATES 

In order to complete the development of a durability design procedure based on the partial 
safety factor method, both serviceability and ultimate limit states related to basic requirements 
need to be defined, such as functionality in use and structural safety. In particular, the definition 
of the maximum allowable degradation value for each material and limit state and of the rele-
vant reliability index β is necessary for the calculation of design life td and of relevant safety 
factor γt0. 

Durability limit states could be the same of the ones used for mechanical design, but some 
specific limit states should be defined for durability (Sarja 2004).  

Serviceability and ultimate limit states in durability design can be referred to the thickness 
loss of coating and structural material respectively. In particular, serviceability limit states are 
related to changes in functionality or aesthetics and they are based on maintainability, economy 
and environmental impacts. As a consequence, such limit states can be ascribed to the attain-
ment of partial or total loss of coating thickness. On the contrary, ultimate limit states are related 
to the thickness loss of structural material which compromises the mechanical safety of con-
structions.  

With regard to serviceability limit states (SLS) relevant to zinc coating corrosion, it is sug-
gested to use the definition provided by British Steel Construction Institute research (Popo-Ola 
& Biddle & Lawson 2000) on durability of galvanized cold formed steel section used in hous-
ing. In this case, different limit states have been defined depending on the possibility of a build-
ing component to be inspected. In particular, if the use conditions do not allow regular inspec-
tions, such as in case of wall frames and wall ties, the limit state is reached when 50% of the 
weight of zinc has been lost, otherwise for roof trusses and internal floors the limit state is de-
fined as the 80% of the weight of zinc loss.  



As far as ultimate limit states (ULS) are concerned, it is proposed to carry out a durability de-
sign which is separated from the mechanical one. In particular, the safety of constructions at the 
end of their life-time should be evaluated by considering the possible thickness loss of structural 
material which starts after the complete corrosion of coating. Such thickness should be added to 
the one obtained from mechanical calculation in design phase of new constructions, increasing 
the structural redundancy, or should be used for evaluating the actual safety factor and the re-
sidual service life in existing ones.  

In order to evaluate the design service life td for different limit states, the central safety fac-
tors have to be calculated on the basis of both Eq. (6) and corresponding reliability indexes. 

With respect to reliability index β, different values are given by standards and codes for ser-
viceability and ultimate limit states. The reliability indexes to be used in the durability design 
should be defined close to the mechanical ones but, in order to balance the costs with the bene-
fits, lower reliability level should be tolerated (Sarja 2004). In particular, the suggested values 
for ultimate and serviceability limit states are equal to 4.3 and 1.5 respectively, in case of reli-
ability class RC2 as defined in EN1990. 

By applying the proposed procedure in case of carbon steel and assuming Vd=0.3, the central 
safety factors calculated by Eq. (6) range from 1.5 to 2.5 for SLS and ULS, respectively. As far 
as zinc corrosion is concerned, the relevant central safety factor for SLS is equal to 2.8. 

8 CONCLUSIONS 

This paper focuses on a proposal for durability design of metal structures against corrosion. The 
different phases of the design procedure have been investigated considering the environmental 
corrosivity classes defined in current standards and by using degradation models which are 
available in literature for the calculation of the corresponding thickness loss.  
Different limit states corresponding life time safety factors have been proposed, also on the ba-
sis of statistical values of considered degradation models. 
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1 INTRODUCTION 

For successful ordinary and scheduled maintenances of existing structures, it is necessary to 
know the revised values of their time-dependent survival probability parameters. The extreme 
action effects caused by service and climate loads help engineers convince in the absence of 
rough human design and construction errors. Besides, the fixed values of random extreme action 
effects assist designers reduce the uncertainties of a performance of particular members (sec-
tions, bars, connections) of structures and in this way to revise their survival probability de-
grees. 

Additional information about unfavorable actions and behaviors of overloaded members can-
not be used in their capacity assessment. However, information data may be successfully used in 
the probabilistic reliability prediction of members and systems. It is very possible that the high-
reliability degree of structures should be guaranteed if they had already withstood unfavorable 
extreme loading situations. Thus, extreme action effects of members may be treated as an effec-
tive measure in the updated reliability prediction of existing members and their systems when 
they are confirmed by quality statistical information data (Mori & Ellingwood 1993). These data 
may help designers refine probability density functions of member resistances if their variances 
are small (Melchers 1999). 

There are some limited attempts to transfer the approaches of deterministic limit state design 
to the quality analysis of existing structures (Allen 1991). However, this semi-probabilistic reli-
ability analysis format cannot be acknowledged as an universal, convenient and practical 
method. Therefore, it is expedient to realize the information on service-proven loading situa-
tions in engineering practice using probabilistic approaches (Madsen 1987, Ellingwood 1996, 
Melchers 1999). They allow evaluate objectively all uncertainties of calculation models, design 
situations and structural performance parameters. However, it is difficult to apply these ap-
proaches in engineering practice due to some methodological and mathematical difficulties. 
Probability-based approaches may be acceptable to structural engineers only under the indispen-
sable and easy perceptible condition that they may be translated into practice using unsophisti-
cated analysis models. 

The redesign for residual service life of existing structures 
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ABSTRACT: A residual survival probability of members and systems of existing structures
subjected to extreme service and climate actions is considered. The time-dependent safety mar-
gin of particular members (sections, bars, connections) and its modifications as stochastic finite 
sequences are discussed. The prediction of primary and revised instantaneous and long-term 
survival probabilities of members is introduced. The effect of deterministic short-term extreme 
action effects on the values of revised survival probabilities of existing members is based on the 
concepts of truncated resistance distributions and Bayesian statistical approaches. The revised 
reliability index of precast concrete floor slabs is considered and demonstrated by the numerical 
example. 



The intention of this paper is to introduce engineers and researchers the concepts of truncated 
probability distribution and Bayes theorem in the revised reliability prediction of members of 
existing structures subjected to extreme actions as intermittent rectangular renewal pulse proc-
esses. 

 
 

2 STRUCTURAL SAFETY MARGINS 

According Melchers (1999) and JCSS (2000) recommendations, the time-dependent random 
safety margin of particular members of structures may be defined as their performance process: 

[ ]θ),()( tgtZ X=  (1) 

Here the function ][•g  is founded by structural mechanics rules, where X and θ are the vectors 
of basic and additional random variables representing a resistance and action effects of members 
and their model uncertainties, respectively. 

In the contest of the analysis of survival probabilities of members of existing non-
deteriorating structures in transient design situations, the process (1) may be presented in more 
convenient form: 

)()()()( tStStSSRtZ wwqqqqggR es
θθθθθ −−−−=  (2) 

where R is a member resistance as the stationary process; gS , 
sqS , 

eqS and wS  are the action 
effects caused by permanent g, sustained sq  and extraordinary eq  live loads and lateral (wind) 
pressure w (Fig.1). The additional variables iθ  may be introduced by their means and standard 
deviations equal to 05.10.1 −=mθ  and 10.005.0 −=σθ (Hong & Lind 1996, Stewart & Ro-
sowsky 1996, JCSS 2000, Vrowenvelder 2002). 

According to the recommendations of international design codes (ISO 2394 1998, EN 1990 
2002, JCSS 2000), a Gaussian distribution law is to be used for permanent actions. Lognormal, 
Weibull and Gamma distributions may be convenient for sustained live loads and an exponen-
tial distribution for extraordinary ones (JCSS 2000, Vrowenvelder 2002, Trezos & Thomos 
2003). Annual extreme climate actions may be modeled by a Type 1 (Gumbel) distribution of 
extreme values (Melchers 1999, JCSS 2000). 

Not only annual extreme wind w and snow s loads but also the annual extreme sum of sto-
chastic sustained and extraordinary live loads )()()( tqtqtq es +=  may be modeled as a rectan-
gular renewal pulse process and described by a Type 1 distribution with the coefficient of varia-
tion 58.0=qδ  and mean value km qq 47.0= , where kq  is its characteristic value (Rosowsky & 
Ellingwood 1992). 

 

 
Figure 1. Model for the time-dependent reliability analysis of particular and individual  members 

 
For the sake of simplified but fairly exact probabilistic analysis, it is more expedient to pre-

sent equation (2) in the forms: 

)()( 111 tSRtZ c −=  (3) 

)()( 222 tSRtZ c −=  (4) 



Here 

ggRc SRR θθ −=1  (5) 

)()()(1 tStStS wwqq θθ +=  (6) 

sqqggRc SSRR θθθ −−=2  (7) 

)()()(2 tStStS wwqq e
θθ +=  (8) 

where 1cR and 2cR are the conventional resistances of members; )(1 tS and )(2 tS  are their total 
annual extreme action effects. The extreme live action effects )()()( tStStS

es qqqqqq θθθ +=  
and )(tS

eqqθ may be modeled respectively by Gumbel and exponential distributions. In the reli-
ability analysis of roof structures, the action effect )(tSssθ should be used instead of the com-
ponent )(tSqqθ  caused by floor loads. 

 
 

3 SURVIVAL PROBABILITIES 

For structures subjected to intermittent extraordinary gravity or lateral actions, the design cuts of 
safety margin processes coincide with extreme loading events. Therefore, in design practice the 
stochastic safety margin of particular members may be treated as the random finite sequence: 

kck SRZ −=      ,k = 1, 2, …, n – 1, n  (9) 

Here cR  is given by Equations (5) or (7), kS by (6) or (8); λntn =  is the recurrence number of 
recurrent extreme action effects during the design working life of structures nt , where λ is a re-
newal rate of these effects. 

The instantaneous and long-term survival probabilities of members may be calculated respec-
tively by the Equations: 
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Here )(xf
cR  is the density function of conventional resistances by Equations (5) or (7); )(xF

kS  
is the cumulative distribution function of action effects by (6) or (8); klρ  is the coefficient of 
auto correlation of cuts of safety margin sequences the bond index of which is 

( )[ ] 2198,015,4 kla ρ−≈ . 
When the action effects by Equations (6) and (8) are caused by two extreme loads, three sto-

chastically dependent sequences of safety margins should be considered as follows: 

kck SRZ 11 −= ; 1,...,2,1 nk =  (12) 

kck SRZ 22 −= ; 2,...,2,1 nk =  (13) 

kck SRZ 33 −= ; 3,...,0 nk =  (14) 

Here the recurrent number of coincident extreme action effects kS1 and kS2  may be calculated 
by the formula: 

21213 )( λλddtn n +=  (15) 

where 1d , 2d  and 1λ , 2λ  are the durations and renewal rates of extraordinary loads (Fig.1). In 
this case, the long-term survival probability of members as rank series stochastic systems with 
the probabilities 321 PPP >>  may be introduced as: 
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where Pi is given by Equation (11); )(5.0 323121/3 ρρρ +=  is the coefficient of rank correlation 
of three safety margins. 

Analogically, the total survival probabilities of rank series systems consisted of r stochasti-
cally dependent members may be expressed as: 
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where ( )1/)...( 11,1...1/ −++= −− kkkkkk ρρρ  is the coefficient of cross correlation of rank safety 
margins of members. 

 
 

4 ACCOUNT OF TRUNCATED DISTRIBUTION APPROACHES 

When an additional information permit to define the deterministic value trS  of extreme action 
effects  eeSθ  (either 

eqqSθ  or ssSθ or wwSθ ) caused by live, snow and wind loads, the predic-
tion of instantaneous survival probabilities of members may be based on the concept of trun-
cated probability distributions (Fig. 2). In this case, the density function of revised conventional 
resistances of members crR  should be considered as a truncated one. It may be presented as: 

[ ])(1/)()( xFxfxf
crccr RRR −=  (18) 

 

 
Figure 2. Model for the revised structural safety analysis of members. 

 
The mean and variance of this resistance a probability distribution of unrevised values of 

which, cR , is close to a normal distribution may be expressed as: 

ccmmcr RRR λσ+=,  (19) 

( )[ ]λβλσσ −+= trccr RR 122  (20) 

Here the conversional factor of its statistical moments is: 

[ ])(1/)( trtr βΦβϕλ −=  (21) 

where )( trβϕ  and )( trβΦ  are the density and cumulative distribution functions of a standard 
normal distribution of the variable ( ) ccmtrtr RRS σβ /−= . 



The revised instantaneous survival probability of members whose successfully have with-
stood unfavourable extreme action effects may be expressed as: 

dxxFxfSR
kcr SRkcrkr )()(}{

0
∫
∞

=>= PP  (22) 

The revised long-term survival probabilities of members and systems during their residual 
service life may be calculated respectively by equations (16) and (17) using the revised values 
of instantaneous survival probability of members expressed by (22). 

 
 

5 ACCOUNT OF BAYES THEOREM 

According to Tang (1973) and Madsen (1987) recommendations, the updated probability of 
failure of members can be expressed as follows: 
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Here the design and inspection instantaneous safety margins of considered members are: 

ekekqqggRk SSSRZ
s

θθθθ −−−=  (24) 

trksqqggkRk SSS)R(H −−−= θθθ  (25) 

where gS , kqs
S  and ekS  are the action effects caused by random loads where 

skekqeek SSSS == ,  and wkek SS = ; trS is the deterministic value of observed extreme action 
effect; ( )kRRθ  is the characteristic resistance of a member. 

The means and variances of the safety margin functions and the coefficient of their correla-
tion are: 

( ) ( ) ( ) ( )mekemqkqmggmRkm SSSRZ θθθθ −−−=  (26) 

( ) ( ) ( ) 0>−−−= trmqkqmggkRkm SSSRH θθθ  (27) 

( ) ( ) ( ) ( )ekeqkqggRk SSSRZ θσθσθσθσσ 22222 +++=  (28) 

( ) ( ) ( )qkqggRk SSRH θσθσθσσ 2222 ++=  (29) 

( ) kkkkZH ZHHZ σσρρ /, ==  (30) 

When an indispensable condition 0>kmH  is in force, the inspection instantaneous survival 
probability of considered members is: 

{ } ( )kkmktr HHH σΦ /0 =>= PP  (31) 

According to the method of transformed conditional probabilities, Equation (23) may be re-
written as follows: 
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This value of instantaneous survival probability is used in the prediction of long-term survival 
probabilities of members and systems calculated by Equations (16) and (17). 

 
 



6 NUMERICAL ILLUSTRATION 

Consider the revised survival probability of concrete floor slabs overloaded by the deterministic 
extreme bending moment 140=trM kNm caused by the extraordinary service live load. The 
means and variances of their bending resistance and bending moments caused by permanent, 
sustained and extraordinary service loads are: 

( ) 300=mRRQ  kNm, ( ) 19892 =RQRσ  (kNm)2, 

( ) 90=
mgg MQ  kNm, ( ) 1622 =gg MQσ  (kNm)2, 

( ) 18=
mqq s

MQ  kNm, ( ) 1622 =
sqqMQσ  (kNm)2,  

( ) 28=
mqq e

MQ  kNm, ( ) 7842 =
eqqMQσ  (kNm)2. 

The probability distribution of the conventional resistance of slabs by Equation (7) is close to 
the normal distribution. Mean and variance are: 

1921890300 =−−=cmR kNm, 231316216219892 =++=cRσ (kNm)2. 

According to Equation (21), the conversional factor of truncated resistance distribution is 
equal to ( ) ( ) 2585,00812,1/0812,1 =−= Φϕλ . Thus, the revised statistical moments by (19) and 
(20) of the member resistance are: 

43,204)2313(2585,0192 21
, =+=mcrR kNm, 

[ ] 98,1511)2585,00812,1(2585,0123132 =−−+=crRσ  (kNm)2, 

( ) ( ) 65,2501.0645.11300 =×−=kR Rθ  kNm. 

Here ( )kR Rθ is characteristic resistance of slabs. 
According to Equations (26)–(29), the statistical moments of design and inspection safety 

margins are: 

164281890300 =−−−=kmZ  kNm, 

21401890250 =−−−=kmH  kNm > 0, 

309778416216219892 =+++=Zσ (kNm)2, 

231316216219892 =++=kHσ (kNm)2. 

According to Equations (30) and (31), the coefficient of correlation of these margins and the 
inspection instantaneous survival probability of the member are: [ ] 864,03097/2313 21 ==ZHρ  
and 522,0=trP . The extraordinary live bending moment qeM  is modeled by an exponential dis-
tribution. Thus the design value of instantaneous survival probability of slabs by Equation (10) 
is: { } 99542,00 =>kZP . It corresponds to the reliability index { }( ) 60.201 =>= −

kk ZPΦβ . 
The revised values of instantaneous survival probabilities of slabs the analysis of whose was 

based on the concepts of truncated probability distribution and Bayes theorem are calculated re-
spectively by Equations (22) and (32). They are equal to 99821,01 =rkP , ( )91.2=k1β  and 

99845,02 =rkP , ( )96.2=k2β  respectively. The numerical integration and Bayes theorem meth-
ods gave the near values of survival probabilities. However, equation (32) may overestimate the 
revised reliability index of considered members (Fig. 3). 
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Figure 3. Instantaneous and revised reliability indexes of slabs. 
 
 

7 CONCLUSIONS 

The revised structural safety parameters of existing structures lead to correction of their techni-
cal service life and allow avoid both unexpected failures and unfounded premature repairs. 
However, it is rather difficult to revise objectively the design values of structural resistance and 
survival or failure probability of members and their systems. When unfavourable service-proven 
action effects caused by extreme live or climate actions are defined and confirmed by quality 
statistical information data, the revised safety parameters of structures may be assessed and pre-
dicted fairly exactly by presented engineering probabilistic approaches. 

Generally, the extreme action effects of structures caused by service and climate loads are 
modeled as intermittent rectangular renewal pulse processes. Thus, the safety margins of par-
ticular members (sections, bars, connections) may be treated as random sequences. The revised 
values of instantaneous survival probabilities of particular members (sections, bars, connec-
tions) may be analyzed by Equations (22) and (32) based on concepts of their conventional re-
sistance, truncated probability distribution and Bayes theorem approaches. These values may be 
successfully used in the prediction of long-term survival probabilities of members and systems 
during their residual service life using Equations (16) and (17) based on the concept of trans-
formed conditional probabilities. 

The presented approaches for revised probabilistic safety assessment and prediction of exist-
ing structures may be successfully used in engineering design practice. 
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1 INTRODUCTION 

Two thirds of the office buildings in Europe are outdated. This means that façade and installa-
tions are older than 30 years (Russig). The average renovation interval for the interior is seven 
years. Design fashion changes rapidly. The supporting structure on the contrary can last very 
much longer. Dealing with a decreasing market for office real estate and thus falling rental rates, 
while user demands enlarge, building owners face the question of how to treat their office stock.  

Demolition of technically good buildings leads to unnecessary waste, emission of CO2, en-
ergy consumption both in construction, as well as in form of grey energy bound in the material 
and processes. It also is a question of destruction of capital and on the social level a loss of ar-
chitectonic identity in successively grown city centers.The research project “Systems in Façade 
refurbishment” aims to analyse common problems and to proof that renovation of offices can be 
a feasible solution helping to extend the life cycle of buildings. 

 
2 DEMANDS FOR FAÇADES 

To be able to deal with current and future demands for a building envelope one has to take many 
different aspects into account during the design process. Those aspects can be sorted into the 
categories: Architectural design, building construction, installation and financial aspects (Figure 
01). The importance of economic aspects in the planning and design process is often underesti-
mated, as ultimately, every concept has to prove it’s feasibility to be realized. 
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ABSTRACT: A large percentage of offices in Europe is outdated on technical and design as-
pects. Different promising facade and climate concepts exist for new construction. The pre-
sented research aims to derive from these systems a high potential flexible and upgradeable fa-
çade concept suitable for renovation of office buildings. For a case study a concept has been 
developed which provides connections and installation space. Different levels and means of in-
stallations are just as possible as an easy change of cladding material or building physical stan-
dards. As such system can supply the necessary installations appropriate to every individual 
room it prevents the production and mounting of excessive components. Being upgradeable it 
combines the interests of sustainability and an economics to extend the life cycle of building 
stock.  



 
Figure 01: Overview of future demands for office facades 
 

2.1 Architectural design: 
− The architectural fashion is subject to constant change. To maintain a building, the outer ap-

pearance should be possible to be changed easily. New materials will provide properties and 
functions not yet known. Media installations may become a more important feature. 

− On the contrary to constant change, more and more buildings are subject to monumental pro-
tection. In such case an upgrade may only take place without changing the outer appearance 
and will thus interfere with the interior. 

− The use of the building may change. The tendency to work from home and not in a physical 
office, for example, already leads to an oversupply of office space. This situation will proba-
bly get worse in the future. To deal with it, the option to change the use of the building, e. g. 
to residential use, must be considered. 

2.2 Building construction 
− The supporting structure of a building limits the possibilities in façade renovation. Particu-

larly steel structures are often not capable of extra loads. In such case the use of light weight 
materials can be considered. 

− Fire protection has shown to be one of the biggest issues and motivations for renovation. 
− While upgrading the façade all aspects of building physics, such as insulation, and vapour 

impermeability have to be brought to actual standards. A further future update should be kept 
possible. 

− Global climate change will most likely cause a demand for future upgrade. While today’s 
standards meet current needs, in the future higher temperatures, greater wind loads and 
stronger rainstorms are expected. (Stock) 

− The requirements for security are likely to be higher in the future. 



2.3 Installations 
− Climate, electric and IT-installations are subject to constant development, thus a chance for 

upgrade must be provided to easily maintain or replace components. Furthermore the com-
plete HVAC concept may be altered, e.g. to low temperature heating and cooling. 

− The gain of energy within the façade is another topic of interest. Large surfaces of buildings 
can be equipped with PV or other means to produce energy which can be used or sold. 

− Sun protection is most important in office buildings. Buildings with more than 55% of 
glassed surface tend to overheat (Hausladen) et al. Modern sun blinds installed outside pre-
vent excessive heat input while allowing indirect natural lighting. 

− Decentralized installations provide a large potential in renovation, as every need for ventila-
tion and air condoning is met in the façade without the demand for ducts inside the building.  

− The recent development in BUS systems makes control and maintenance of many data-
points possible. Modern climate concepts demand a facility management system that allows 
for both individual and central control. 

− The users’ demands on their work environment change often. In northern Europe, for exam-
ple people ask for individual climate control and operable windows for direct connection to 
the outside, while in other countries office staff relies more on central air conditioning. 

2.4 Economic aspects 
− The expense of building process and construction is only one part of the financial plan 
− Re-use and re-cycling of material saves costs, selling of used material, is an option 
− Very important for the users of a building are running and maintenance costs. With the in-

troduction of the European Energy passport (EU) a tool is introduced which makes these 
costs more transparent to tenants and thus influences their decision for a property. 

− Energy gained in the building envelope can be used or sold, often to very good conditions, 
depending on political guidelines.  

− By renewing the façade and installation concept extra space can be gained due to smaller 
components or by transferring installation space into rental space by replacement of central 
air conditioning systems with decentralized façade-bound components. 

 
 

3 LATEST DEVELOPMENTS IN FAÇADE CONCETS 

3.1 Service integrated façade systems 
Various façade system producers and architects have recently developed service integrated fa-
cades. These are composed of parts with fixed glazing, operable windows and decentralized 
HVAC service installations. In the development process facility managers, climate designers 
and the manufacturers of HVAC components are integrated.  

Such systems are designed as element facades which can be installed in floor-high compo-
nents. Decentralized heating-, cooling and ventilation units provide all necessary installations 
with minimized dimensions. They include mechanical ventilation with heat recovery and a heat 
exchanger for air conditioning. Air is taken in and brought out directly through the façade in 
every element. Thus no central mechanical ventilation and air ducts need to be installed.  

Due to these short distances, such units provide a high efficiency in air conditioning and heat 
recovery. As every façade element is equipped with HVAC installations, it is easy to provide 
individual comfort control for every office space. Disadvantages of such systems lie in the lack 
of compatibility with operable windows and mainly in a large number of maintenance points 
like filters. A well administered facility management system is essential for this façade type. 
BUS installations with many data-points help solve the mentioned disadvantages. Two exam-
ples for modern, integrated façade systems are shown in Figure 2 (TEMotion) and Figure 3 
(Capricorn): 



 

 
Figure 02: Facade system TEMotion 

 
 

 
Figure 03: Facade system Capricorn building, Düsseldorf, Germany  
 

3.2 Fibre concrete façade, a development at University of applied science, Detmold, Germany 
Within the course program on glass construction a modular façade with integrated building ser-
vices has been developed. This façade concept uses fibre reinforced concrete for the framework 
of the façade element. 

The development of fibre reinforced concrete makes it possible to produce slim profiles and 
frames that have nearly the same dimensions as those manufactured from aluminium or steel. 
With such dimension the profiles are capable of carrying structural loads. Thus in a new con-
struction of pre-fabricated elements this façade-concept makes load bearing columns redundant. 
At the end of the life span of a building made of prefabricated elements, the components, made 
from long-lasting material, can be re-used either directly or after being overworked in the fac-
tory. 

The installation space provided within the façade element is dimensioned in a way that it can 
take in different installation components from a simple radiator heating up to an installation unit 
correspondent to those mentioned above. Operable windows provide natural ventilation, which, 
in northern Europe, makes mechanical ventilation unnecessary in spring and autumn.  

 



 

      
Figure 04: Fibre Reinforced façade module 
 

4 THE REFURBISHMENT ENVELOPE THAT CHANGES WITH THE USE 

All the service integrated façade systems on the market have been designed for new construc-
tion and thus plan to be equipped with complete installation units in minimized dimensions. For 
the task of refurbishment special matters have to be taken into account. During a case study 
analysis within the research program “Façade systems for refurbishment” at Delft Technical 
University a renovation façade concept has been developed which is suitable for renovation of 
different building types. Within the case study it has been designed for a building with concrete 
balustrades. This is reasonable, as fire regulations in Germany, where the case study building is 
located, demand a vertical barrier of one meter for high rise buildings. 

The façade is composed of five components: A non transparent balustrade, a fixed glazing, an 
operable window, vertical connection elements and integrated space for installation units. For 
the case study the façade has been constructed as a ventilated façade, which can be cladded with 
different materials such as metal, glass, natural stone or wood panels. Further advantages of the 
ventilated façade lie in the flexibility for exchange of elements and insulation as well as in the 
good heat protection in summer due to the shading effect. The complete façade structure is 
mounted from the outside, which causes little interference with the interior. While connection 
details stay the same, the façade grid is adjustable both horizontally and vertically to different 
office grids. 

Operable windows contribute to energy saving in spring and autumn. They provide the user 
with a desired connection to the outside and serve for maintenance and cleaning as the dimen-
sion of the fixed glazing permits to be reached from the window openings.  

Horizontal adjustable sun blinds are installed outside the façade. These provide an efficient 
sun protection combined with relatively low costs and individual control. Depending on wind 
loads the installation of an additional glass pane for protection of the blinds can be considered. 

Vertical connections between the floors of the building provide the option to install new tub-
ing, electric cabling and IT installations within the façade. This prevents interference with the 
interior of the building, as no installations need to be installed in rooms or hallways. Existing 
installations can either continue to be used or set out of service depending on the climate con-
cept. Old tubing can later be removed, when the next renovation of the interior is due. Horizon-
tal distribution of media is realized within the balustrade space of the façade system. The instal-
lations are brought into the building either through the balustrade or at the connection points to 
vertical elements. Installation space is generously dimensioned to allow adding or replacing of 
ducts in the future. 

 
 



 
Figure 05: Concept for upgradeable refurbishment façade 

 
 
The installation units integrated into the façade can be placed horizontally at balustrade level, 

where fire protection demands and given circumstances allow. Alternatively they can be in-
stalled vertically, in addition to or as a substitute for the connection elements. 

The climate concept is based on the idea of de-centralized installations and full flexibility for 
upgrade and change. Following this, the installation “box” can be filled with different compo-
nents or left empty. During the life cycle of the building different demands occur for different 
rooms (north- or south side; many electric appliances; high air exchange rates; etc.). With a 
flexible system rooms can individually and successively be up- or downgraded depending on 
the use. The following installation concepts are imaginable: 

 
1. A minimal solution 

The building is equipped with high insulation and a ventilated façade. Thus it does not need 
any cooling and only minimal heating. Existing radiators (often installed in northern Euro-
pean office buildings) will be kept in use. Operable windows supply ventilation. 
This concept demands “smart users” able and willing to adjust their own office climate. 
Window contacts, thermostats and a central override control for heating and windows would 
allow saving energy or open designated windows for natural night time cooling. 

 

 
Figure 06: Minimal solution 

 



 
2. Improved energy performance through heat exchangers 

As natural ventilation may lead to higher energy demands in extreme weather conditions 
(summer, winter, climate change) due to the direct exchange of air of different temperature 
levels, mechanical ventilation with heat recovery is a common option. Small individual ven-
tilation units can be installed in the climate-boxes and thus provide fresh air without the loss 
of thermal energy. Such small decentralized fans with heat exchanger provide a high effi-
ciency, as no ducts are needed to transport conditioned air. 

 

 
Figure 07: Improvement by heat exchanger 

 
 
3. The all-in-one solution 

Climate installation devices which provide ventilation with heat recovery and air condition-
ing by heat exchangers can be placed into the installation space provided. These are con-
nected to hot water and cooling liquid circuits, are controlled individually and provide full 
climate conditioning with a high efficiency. This is due to direct air supply through the fa-
çade and small, energy efficient fans. 

 

 
Figure 08: Decentralized HVAC units 
 

 
4. Low temperature heating/cooling 

Alternatively to active air conditioning, the installation of low temperature systems can be 
considered. A chill ceiling provides comfortable cooling in summer by transporting water of 
a temperature slightly below room temperature through small tubes within a suspended ceil-
ing. In a highly insulated office building heating is only rarely necessary, thus the ceiling 
can also be used for heating in winter. For a surface heating the temperature of the water 
only needs to be around 25 °C instead of the 70°C hot water needed for radiator heating. 
The changing of the climate installations to such a low temperature system makes the old 
machinery redundant and opens the field for sustainable solutions. The desired temperature 
level can e.g. be reached by geo thermal energy and heat pumps. 

 



 
Figure 09: Low temperature heating and cooling 

 
 

As long as installation space is provided and easily accessible changing of installations can be 
done with minimal interference with running work. An important task not yet solved lies in the 
easy possibility to combine and connect components. While electric and IT installations are 
equipped with common connectors, the topic of easy (de-) connection of water-, heating and 
cooling liquid tubing is new in the building process.  

For future buildings it is imagined to be an interesting marketing concept to offer “Facades 
for rent”. Users rent façade components or installation parts according to their need. When they 
are not needed any more, the supplier takes them back into stock to rent them out to other cli-
ents. This extends not only they life cycle of the building, but also the one of every component 
and prevents an overproduction. 

5 SUMMARY AND CONCLUSION 

There is a big market for refurbishment of office buildings. Many interesting façade systems 
and components are already available for new construction. To transfer those for the task of 
renovation, various special aspects have to be taken into account. New developments particu-
larly have to deal with the demands of the user and a big flexibility in construction, installation 
and design. To achieve flexibility and upgradeability of the building envelope a standard is 
needed for dimension and connection of various installation components. New business-
concepts may turn up in which a tenant of a building can rent installation components to be in-
stalled into his façade system according to his needs and return them for re-use. New materials 
and technical innovations will contribute to more sustainable and material saving constructions. 

Finally it can be concluded, that refurbishment of office buildings by means of smart façade 
and installation concepts extends the life span of buildings significantly and thus supports both 
feasibility and sustainability. 
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1 INTRODUCTIONS 

Kocaeli and Düzce Earthquakes (1999) in Turkey caused significant damage to buildings, pub-
lic facilities, infrastructures and many casualties. In these catastrophic earthquakes, number of 
loses in terms of human lives and economic loses were too high. There were 18,373 accounted 
deaths and 48,901 injuries (Erdik, 2000). If it is assumed that the indirect social economic loses 
should be about as much as the direct physical loses, the total economic lost were in the vicinity 
of US$ 16 billions. Also, the economic loses of the buildings were approximately about US$ 5 
billions. In the view of the large damage suffered in these earthquakes, the Turkish Earthquake 
Resistant Design Code is improved to protect life and reduce damage to an acceptable level.  

Structural behavior and performance under a given earthquake loading, risk and probability 
must be considered when defining adequate design criteria. The costs and loses from possible 
future earthquakes and the difficulty in repairing the post earthquake damage, suggest the need 
for consideration of damage control in the design rather than just for life loss prevention. This 
can be taken into account by the development of design criteria which balances the initial cost 
of the building with the expected potential loses from future earthquake damages. 

In building construction, primary concerns are design of the building, construction technique 
and building construction cost. These significant concerns are not the only concerns that should 
be addressed when planning for the future. In order to investigate the economics of facility 
management, the cost of building operations over the life of a building should be taken into ac-
count as well. The sum of initial and future costs associated with the construction and operation 
of a building over a period of life time is determined by using life cycle cost analysis. 

The aim of this study is to determine the optimum design base shear value using life cycle 
cost analysis. For this purpose, a moment-resisting steel building is designed by using various 
base shear values. Initial costs, the cost of the damages and the total life cycle costs are esti-
mated. The optimum economic design of the building is obtained using yield base shear and to-
tal cost values.  

Performance based design using life cycle cost analysis 

M. Seçer, Ö. Bozdağ 
Dokuz Eylul University, Izmir, Turkey 

ABSTRACT: Life cycle cost analyses is one of the useful tool for evaluating the lifespan per-
formance of buildings. The sum of initial and future costs associated with the construction and 
operation of a building over a period of life time is determined by life cycle cost analysis. In this 
study, a moment-resisting steel building is designed using various base shear values and the life 
cycle cost of each design is determined for different earthquake intensities. Static pushover 
analysis is used to calculate yield base shear value of each design and initial costs, the cost of 
the expected damages caused by earthquakes that are expected to occur during the design life of 
the buildings are estimated. The optimum economic design of the steel building is determined 
by using yield base shear and total cost values. 



2 PERFORMANCE BASED DESIGN  

Performance based building design is a general structural design philosophy in which the design 
criteria is chosen with respect to the selected performance level under various seismic motions. 
The important aim of the contemporary seismic design is not only protecting the human life but 
also accounting the additional performance targets. The advances in computer technology 
within the last decades made possible to employ more complex and realistic design procedures 
based on nonlinear analysis instead of conventional linear analysis.  

Performance based design concepts have been introduced by various guidelines such as 
SEAOC Vision 2000 (1995), ATC-40 (1996), FEMA-356 (2000), FEMA-440 (2005). The main 
objective is to increase the safety against earthquakes to make them having a predictable and re-
liable performance. There are various types of analysis methods for assessing the structural per-
formance level of buildings.  Guidelines generally suggest the use of linear static, nonlinear 
static, linear dynamic, and nonlinear dynamic analysis procedures. However, the most popular 
analysis method is the nonlinear static analysis which is also known as pushover analysis. Push-
over analysis is very efficient method for the direct evaluation of the structural performance at 
each limit-state. 

The aim of the pushover analysis is to assess the structural performance in terms of strength 
and deformation capacity. Pushover analysis is based on the assumption that the response of the 
building is related to the response of an equivalent single degree of freedom system with proper-
ties proportional to the fundamental mode of the building. Using the analysis results, the se-
quence of member yielding, inelastic deformation amount of critical members, maximum in-
terstorey drifts and the possible collapse mechanisms of the building can be identified. 

The pushover analysis starts after application of gravity loads. A lateral load distribution is 
generally chosen proportional to the fundamental mode of the building. The building model is 
pushed using the predefined fixed lateral load pattern and total lateral load is incremented up to 
the lateral displacement of the control node reaches to the displacement demand of the selected 
earthquake level. The displacement demand of earthquake which is also called as the target dis-
placement can be obtained from the FEMA-356 (2000) formula depending on the performance 
level considered. 
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where Te is the effective fundamental period of the building in the direction under considera-
tion; Sa is the response spectrum acceleration corresponding to the Te period, normalized by g; 
C0 C1 C2 C3  are modification coefficients of displacement demand of earthquake.  

The pushover curve, which is obtained with the end of the pushover analysis, is converted to 
a bilinear curve with a horizontal post-yield branch that balances the area below and above the 
pushover curve and the yield base shear of building is determined.  

Using a single fundamental mode dominated load pattern in a pushover analysis may provide 
satisfactory estimation of the maximum interstorey drift when it occurs at the lower storey lev-
els for regular buildings. When the maximum interstorey drift occurs at upper storey levels 
where higher mode contributions are significant, errors may become very large. In last years, 
some extensions to account for higher mode effects have been proposed and contributions to 
pushover procedures are still an ongoing research process (Aydinoglu, 2003; Chopra & Gupta, 
2002). 

3 EVALUATION OF LIFE CYCLE COST   

The life cycle cost of a steel building can be considered as the sum of many different cost com-
ponents. Cost of planning and design, cost of structural materials, cost of fabrication such as 
connection of members, cost of transporting fabricated pieces to the construction field, cost of 
handling, storage costs of rolled sections are basic initial costs. Erection cost, cost of tool opera-
tions and machinery on the construction site, cost of preparing the project site including the cost 
of preparing the foundations are also parts of the initial cost functions. In general, initial cost 



functions depend on the design intensity. The nonstructural component costs, such as those of 
partitioning, which may be high but do not depend on design intensity, were therefore, generally 
not considered as initial cost components.  

There are other cost components which are generally accounted in life cycle cost calculations. 
Maintenance cost such as painting of exposed members of a steel building, inspection cost to 
prevent a potentially major damage to the building, repair cost, operating cost required for 
proper functional use of the building such as heating and electricity, damage cost based on an 
acceptable probability of failure, demolishing costs are some of the other cost components be-
side the initial costs. 

In recent years, the limit state cost functions which is also an important part of the life cycle 
cost analysis have gained importance. The term limit state cost functions consists of the poten-
tial damage cost from earthquakes that may occur during the lifespan of the building. Limit state 
cost functions neglects other expenses which are not related to earthquake damages, such as 
maintenance costs. The limit state dependent cost functions mainly consists of damage cost, loss 
of contents, relocation cost, economic loss which is sum of rental and income loss, cost of in-
jury, and cost of human fatality, and other direct or indirect economic losses. FEMA 255 
(1994), FEMA 256 (1994) and ATC-13 (1985) can be used in limit state dependent cost func-
tions calculations. In the present paper, evaluation of the damage cost due to earthquake occur-
rence is mainly focused and other cost components are neglected in order to monitor the damage 
cost effect on the life cycle cost. 

The expected life cycle cost function under a single hazard can be calculated by the formula 
given below (Wen & Kang, 2001a): 

( )[ ] ( ) ( )λt
kk22110 e1
λ
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where; Pk is the probability of the kth damage state being violated given the earthquake occur-
rence and Ck is the corresponding cost; C0 is the initial cost; λ is the annual momentary discount 
rate considered to be constant; υ the annual occurrence rate of significant earthquakes; and t is 
the service life of a building. 

Damage states are defined according to the maximum interstorey drift of a building and limit 
values of each damage state is listed in Table 1 (Wen & Kang, 2001b). The cost of each damage 
state is described as a percentage of the initial cost and shown in the same table as well. 
 
 
Table 1. Performance Levels and Damage Costs of a Building in Terms of Interstorey Drift Ratio* 

Performance Level Damage State Interstorey Drift Ratio 
(%) 

Cost % of Initial Cost 

I 
II 
III 
IV 
V 
VI 
VII 

None 
Slight 
Light 

Moderate 
Heavy 
Major 

Destroyed 

Δ<0.2 
0.2<Δ<0.5 
0.5<Δ<0.7 
0.7<Δ<1.5 
1.5<Δ<2.5 
2.5<Δ<5 
Δ<5 

0 
0.5 
5 

20 
45 
80 

100 
*ATC-13 (1985) 

 
The probability of each damage state is calculated with the following equation:  

 ( ) ( )1i1iiii ΔΔPΔΔPP ++ >−>=  (3) 

According to Poisson’s law, the annual probability of exceedance of an earthquake is given by 
the formula (Wen, 2001): 

 ( ) ( ) ( )( )iiii ΔΔP1ln t1ΔΔP >−−=>  (4) 

where is the annual exceedance probability of the maximum interstorey drift value Δi.  
The annual exceedance probability of the ith damage state is obtained as: 



 ( ) ibΔ
ii e aΔΔP −=−  (5) 

The parameters a and b are obtained by best fit of known pairs. These pairs correspond to the 
earthquakes which probability of exceedance in 50 years is 2%, 10%, and 50%, respectively.  

4 NUMERICAL EXAMPLE   

A five storey moment resisting steel frame office building with the base area dimensions of 
30.00 m x 24.00 m and 3.00 m storey height is considered. The structural model of the building 
is shown in Figure 1.  The frame sections used for the designs of the steel buildings are limited 
with IPE and HEB profiles. Beams of floors are chosen from IPE profiles and all the beams of 
one floor are assumed to have the same type of section. However, columns are chosen from 
HEB profiles and all the columns of one storey is assumed to be designed with the same type of 
section as seen in Table 2. All members of the steel buildings are designed by using TS 648 and 
Turkish Earthquake Resistant Design Code. The modulus of elasticity is equal to E= 210000 
MPa and the yield stress is fy= 235 MPa. Steel frames are assumed to have rigid connections 
and fixed supports. Reinforced concrete is used in floor slabs and live loads are taken as 2.00 
kN/m2. 
 

   
 

Figure 1. Five storey steel building 
 
 
Table 2. Beam and column sections of designed steel buildings  

Storey Type Design1 Design2 Design3 Design4 Design5 
Column HEB200 HEB200 HEB220 HEB240 HEB260 5 Beam IPE360 IPE360 IPE360 IPE360 IPE360 
Column HEB200 HEB220 HEB220 HEB240 HEB280 4 Beam IPE360 IPE360 IPE360 IPE360 IPE360 
Column HEB220 HEB220 HEB240 HEB280 HEB340 3 Beam IPE360 IPE360 IPE360 IPE360 IPE400 
Column HEB240 HEB240 HEB260 HEB300 HEB400 2 Beam IPE360 IPE360 IPE360 IPE360 IPE450 
Column HEB260 HEB260 HEB260 HEB320 HEB450 1 Beam IPE360 IPE360 IPE360 IPE360 IPE450 



 
 
Table 2. Beam and column sections of designed steel buildings (Continue) 

Storey Type Design6 Design7 Design8 Design9 
Column HEB300 HEB300 HEB320 HEB360 5 Beam IPE360 IPE360 IPE360 IPE360 
Column HEB300 HEB340 HEB400 HEB500 4 Beam IPE360 IPE400 IPE450 IPE500 
Column HEB400 HEB500 HEB650 HEB700 3 Beam IPE450 IPE450 IPE500 IPE550 
Column HEB450 HEB600 HEB700 HEB900 2 Beam IPE500 IPE500 IPE600 IPE600 
Column HEB500 HEB600 HEB700 HEB900 1 Beam IPE500 IPE500 IPE600 IPE600 

 
In pushover analysis, Sap2000 (2006) is used and the lateral load distribution is chosen pro-

portional to the fundamental mode of the buildings. Total lateral load is incremented up to lat-
eral displacement of control node reach to the displacement demand of the selected earthquake 
level. The pushover curves converted to bilinear curves with a horizontal post-yield branch that 
balances the area below and above the pushover curves and then the yield base shear of build-
ings are obtained. The displacement demand of earthquake which is also called as target dis-
placement is obtained from the FEMA-356 (2000) equations. 
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Figure 2. Static pushover curves of steel buildings 

 
The calculation of the life cycle cost function for each design is also determined separately. 

The life cycle cost function calculation steps are given in details for the Building Design 6 in 
order to show the procedure clearly. From pushover analysis, three pairs of maximum intersto-
rey drift are obtained and the annual probability of exceedance of an earthquake with a probabil-
ity of exceedance %2, %10 and %50 in 50 years are  calculated as 000404,0P2% = , 

0021,0P10% = , 0139,0P50% = . Using the maximum interstorey drifts and annual probability of 
exceedance values, ( )ii PΔ −  pairs correspond to the three hazard levels with the given annual 
probabilities of exceedance is used to obtain the curve by an exponential function which is fitted 
by performing regression analysis. Once the function of the curve is plotted, annual probabilities 



of exceedance for seven damage states can be interpolated easily by using Figure 6. The values 
can be substituted to Equation 2 to calculate the values of life cycle cost functions. 

y = 0,0918e-2,9306x

R2 = 1
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Figure 3. Calculation of annual probability of exceedance for each damage state design (Design 6) 

 
Total expected damage cost is equal to the sum of the cost functions multiplied by the corre-

sponding limit state probabilities. The optimal system yield force coefficient Sy can be calcu-
lated as the ratio of yield base shear force over weight of the building. A polynomial is used to 
fit the cost function and the optimal point for the life cycle cost is determined. The optimal sys-
tem yield force coefficient Sy is found to be approximately 0.30 without considering human in-
jury and death as shown in Figure 4. 
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Figure 4. Total expected life cycle cost as a function of system yield force coefficient  

 
 
 



5 CONCLUSIONS   

The performance based design of steel buildings using life cycle cost analysis is investigated. 
Static pushover analysis performed during the cost analysis phase to determine the level of 
damage for different earthquake intensities. The cost analysis is based on initial material weight 
and earthquake induced life cycle cost. For the numerical example a five storey moment resist-
ing steel office building is designed with various base shear values. Initial costs and damage 
costs are calculated in order to monitor the life cycle costs. The optimal system yield force coef-
ficient is found to be approximately 0.30 using life cycle cost analysis. When the structural de-
sign is performed with single objective of minimizing the material weight, the resulting design 
will may be easily damaged with future earthquakes leading to much higher cost during the life-
time of the building.  
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1 INTRODUCTION 

The implementation of sustainability principles in construction industry and practice has been 
the objective of many actions undertaken since the last decades of the previous century. Sus-
tainability in construction is related to every aspect and stage of a construction’s life cycle. Is-
sues such as the materials used, the construction techniques employed, the consumption of en-
ergy, water and other resources during the construction’s lifetime are now revisited in the 
context of a more sustainable approach. Among these issues one that is important is the need for 
maintenance, repair and replacement of construction elements and components. Indeed, the 
maintenance, repair and replacement of construction elements are closely related to the con-
struction’s sustainability, since they are coupled to the resources consumption (materials, en-
ergy, etc.) during the construction’s lifetime and to the multi-level cost resulting from an inter-
ruption, even a short one, of the construction’s function.  

A reliable assessment of a construction’s components’ needs for maintenance and repair in-
volves, among others, the identification of the deterioration mechanisms and of the factors that 
determine the rate of the construction materials’ and components’ degradation processes. For an 
impressive number of materials’ degradation processes and construction components’ destruc-
tion types, the water in the construction (as a result of vapor condensation, rain absorption, un-
derground water uptake etc.) is a major factor of influence. In fact, the water in a component can 
act either as the direct aggressive agent or indirectly, accelerating or facilitating the progress of 
various destructive procedures (Fagerlund 1996). The deterioration processes in the context of 
which water acts directly are numerous. Freeze thawing cycles (frost attack), mould growth on 
the surface of various materials (mainly on wood), loss of bond between two materials in a 
component due to the accumulation of moisture at the interface are only few of the component 
destruction processes that belong to this category. Examples of the indirect contribution of wa-

Hygrothermal profiles of building elements in the context of 
service life design  

C. Giarma, D. Bikas and D. Aravantinos 
Aristotle University of Thessaloniki, Thessaloniki, Greece  

ABSTRACT: Moisture in building elements is closely related to the building’s service life dura-
tion and overall performance. A building’s service life design aiming at predicting and improv-
ing the building’s performance during its lifetime should take into account the hygrothermal 
performance of the building’s elements. In this context, a study of the hygrothermal perform-
ance of buildings components in Greece is conducted. The building elements under study are 
outer wall constructions. Each construction is analyzed for four orientations (N, S, W, E) and 
for the climate of Thessaloniki. The heat and moisture transfer in the building’s components is 
analyzed with the use of the simulation software WUFI Pro4.0. The climatic data used for the 
analysis with WUFI Pro-4.0 are obtained with the use of a version of the computer program 
METEONORM. The resultant hygrothermal profiles, as well as some other data relative to the 
walls’ hygrothermal performance are compared for the various cases.  



ter in destruction mechanisms of construction components are chemical attacks on natural 
stones, reinforcement corrosion in concrete elements (carbonation of the concrete cover, diffu-
sion of chlorides into and through the concrete cover, initiation and propagation of the bars’ cor-
rosion) etc. Finally, the two types of water’s action can coexist in a construction component or 
material. For example, a concrete element is submitted to many types of degradation mecha-
nisms, the majority of which are somehow influenced by moisture’s presence, accumulation or 
fluctuation in its mass (Rendell et al. 2002), (Neville 1995), (Lea et al. 1998).  

It is therefore obvious that the prediction of a construction component’s service life and of its 
needs for maintenance and repair involves, among other things, the analysis of its hygrothermal 
performance. In the following paper, a study of the hygrothermal performance of buildings’ 
outer wall constructions is conducted for the four basic orientations (South, North, West, East) 
for the climate of Thessaloniki, a city in northern Greece. The wall constructions under study 
are considered to be representative of the current building construction practice in Greece. The 
results are discussed in the context of the potential damage that could result from the compo-
nents’ hygrothermal performance. Comparisons of the results for the various cases of outer wall 
constructions and the four orientations are made.  

2 SOFTWARE USED FOR THE ASSESSMENT 

2.1 Introductive discussion 
During the last decades, the increased interest for the building components’ hygrothermal per-
formance has led to the development of numerous methods (and the corresponding tools) for the 
analysis of the processes related to heat and moisture transfer through and inside building ele-
ments. These methods vary greatly in what concerns the formulation of the mathematical model 
they use to simulate the physical processes (driving potentials etc.) and the assumptions and 
simplifications they employ. Such assumptions and simplifications usually concern the consid-
eration or not of the materials’ properties dependence on their water content and on the levels of 
temperature in their mass, the inclusion in the model or not of various transfer mechanisms and 
phenomena (e.g. convection, latent heat of phase change etc.) the dimensions of the analysis (1-
d, 2-d, 3-d), etc. For example, there are tools that perform a one dimensional analysis of the heat 
and moisture transfer processes in building elements. (1-D hygIRC, WUFI pro-4.0, MOIST 3.0, 
GLASTA, 1-D HAM (Hagentoft et al. 2000), MATCH, etc.) and others that extend to two di-
mensions (WUFI StOpStar, Latenite-VTT (Geving et al. 1997), etc.). An extensive overview of 
building components’ hygrothermal performance analysis tools can be found in (Canada Mort-
gage and Housing Corporation). 

The tool used for the elements’ hygrothermal performance analysis in this study is WUFI 
pro-4.0. The climatic data that are used as input for WUFI are generated with the use of the 
computer program METEONORM. In the following paragraphs there is a short description of 
those two PC programs. 

2.2 Tool for the analysis of moisture and heat transport inside building components 
WUFI pro-4.0 is a program for the one dimensional analysis of the heat and moisture transport 
through and inside building components. The physical background of WUFI, as well as the nu-
merical treatment of the mathematical formulations used for the calculation of the phenomena 
under study can be found in (Künzel 1994). WUFI’s results are in agreement with measure-
ments in constructions (Künzel 1994). 

WUFI calculates the simultaneous transient heat and moisture transport through and inside 
building elements by solving a set of coupled partial differential equations. In order to solve this 
set of equations, a set of boundary and initial conditions is required. The heat transport mecha-
nisms that are taken into account in WUFI are the thermal conduction, the enthalpy flows 
through moisture movement with phase change, the short-wave solar radiation and the nighttime 
long-wave radiation cooling (only when a certain type of climatic data file is used, TRY files). 
The vapor transport mechanisms that are taken into account in WUFI are vapor diffusion and 
solution diffusion, while in the calculation of liquid water transport, WUFI includes the mecha-



nisms of capillary conduction and surface diffusion. The convective transport of heat and vapor 
by air flows is not included in the analysis conducted by WUFI. The results one can get from 
WUFI are of various kinds and give a complete and detailed picture of the component’s per-
formance. A detailed description of the results one can get from WUFI pro-4.0, as well as on 
other issues concerning the program can be found in the software’s manual.  

The material data that are needed as input for WUFI include, apart from the basic material 
data (density, porosity, thermal conductivity, heat capacity and water vapor diffusion resistance 
factor), a set of material data that are related to the heat and moisture transport processes.  

The distributions of heat and moisture in the building component depend, among others, on 
the conditions in the surrounding. In order to take into account the conditions in the surround-
ing, weather files for indoor and outdoor environment are required. The climatic data may be ei-
ther measured or synthetic. There are various types of weather files that can be used within 
WUFI. In the analysis for the present study, a TRY type file was used, generated with the use of 
METEONORM 5.0. 

2.3 Tool for the generation of climatic data 
METEONORM is a computer program that can be used for climatological calculations and as a 
data source for various programs. It is also a meteorological database, containing data for solar 
applications. Requiring only a few information about the site (altitude, longitude, latitude, type 
of site, etc.), it can provide a complete set of hourly or monthly climatic data that can be used in 
various analyses. Apart from defining a site by giving simple information, the user has also the 
possibility to select a site from a catalogue containing 6 types of sites: cities, weather stations, 
design reference years, sites with imported monthly values, sites with imported hourly values 
and WMO/OMM stations. METEONORM can provide hourly climatic data in various types of 
files, so that they can be used by various PC programs.  

3 ASSESSMENTS 

3.1 Wall constructions assessed and materials used.  
The wall constructions assessed are considered by the authors to be representative of the current 
construction building practice in Greece. These constructions are illustrated in Figure 1. The 
constructions are named Case A, Case B, Case C, Case D, and this is how they will be referred 
to from this point on. For all the constructions, the outdoor environment is considered to be on 
the left and the outdoor on the right. 
 

 
 
Figure 1. External wall constructions, representative of the current practice in Greece/ 1: lime cement 
plaster, thickness: 2cm, 2: solid brick masonry, thickness: 20cm, 3: extruded polystyrene, thickness: 5cm, 
4: solid brick masonry, thickness: 9cm.  
 

The basic idea being the analysis of the hygrothermal performance of outer wall constructions 
that are considered to be representative of the current practice in Greece, the materials chosen 



were the ones that are thought to be closer to the current practice. Since there are not any ex-
tended studies concerning the whole of the material properties, that are needed as input for 
WUFI-pro 4.0, for the actual materials used in Greece (at least in view of the authors), it was 
decided that the best approach would be the use of materials that already exist in the software 
database and are characterised by similar basic properties to the ones commonly used in Greece. 
Indeed, the mortar and the extruded polystyrene used for the simulations had very similar basic 
properties with the corresponding materials used in Greece. Unfortunately, this is not the case 
for the masonry. In Greece, the vast majority of the bricks used in outer wall constructions are 
horizontally perforated with a big percentage of voids of large dimensions. The study of simul-
taneous heat and moisture transfer inside such materials is very complex, since there are many 
additional phenomena taking place, related to the shape and size of the voids, the relationship 
between the properties of the ceramic material of the brick’s solid matrix and the properties of 
air inside the voids, etc. Consequently, a reliable estimation of heat and moisture transfer pa-
rameters of those perforated bricks would be very difficult. Furthermore, there is not a perfo-
rated brick in the material database of the software used. Under the circumstances, the authors 
decided to use the solid brick masonry, the properties of which are fully recorded in the WUFI’s 
database. The encouraging fact is that the thermal conductivity coefficient and the water vapor 
diffusion resistance factor are very close to the ones given for the perforated brick masonry by 
the Greek regulation for the building elements’ insulation (Papadopoulos 1998).  An additional 
observation that led to the choice of an already existing (in the database) brick is that, even with 
the use of EN1745, the approach of the thermal properties of the bricks commonly used in 
Greece would be approximate. The basic properties of the materials used are summarized in Ta-
ble 1. 
 
Table 1. Properties of the materials used in the wall constructions examined. 

Bulk 
Density 

Porosity Heat 
Capacity 

Heat conductivity 
(dry) 

Water Vapor 
Diffusion 
Resistance 
Factor    

Material 

kg/m3 m3/ m3 J/kgK W/mK - 
lime cement Plaster  1900 0.24 850 0.8 19 
XPS(extruded 
polystyrene) 40 0.95 1500 0.03 100 

Solid Brick Masonry 1900 0.24 850 0.6 10 
 

3.2 Outdoor and indoor climate 
As was mentioned before, the analysis of building components’ hygrothermal performance re-
quires input data for the indoor and the outdoor climate. In this study, the weather data for the 
region of Thessaloniki were generated with the use of METEONORM 5.0. The file with the 
hourly weather data was used as input for WUFI pro-4.0.  Since Thessaloniki is not included in 
the cities recorded in the program’s catalogues, the weather data were generated with the help of 
approximations made by the program, based on information for the site (longitude, latitude, 
etc.). A simple way to check the accuracy of the weather file generated was to compare the 
mean monthly values for air temperature and relative humidity derived by the software and 
those values as they are given by Hellenic National Meteorological Service (H.N.M.S.). This 
comparison is illustrated in Table 2. It is obvious that the weather data generated with the use of 
METEONORM are reliable. 

The indoor climate file was manually created by the authors. It was assumed that the indoor 
air temperature and relative humidity was steady for each month. The criterion for the decision 
on whether the indoor climate was controlled for a certain month, was the relationship between 
this month’s outdoor climatic parameters’ values and the values of temperature and relative hu-
midity that ensure the thermal comfort in a building. Analytically, if the outdoor air relative 
humidity was between 35% and 70%, and the outdoor air temperature was between 22ºC and 
26ºC in summer or 18ºC and 22ºC in winter, the indoor air temperature and relative humidity 



was assumed to be equal to the mean monthly values given by H.N.M.S.. Otherwise, the indoor 
climate was assumed to be controlled and the fixed values for the parameters of temperature and 
humidity were 20ºC and 55% for winter and 24ºC and 55% for summer correspondingly. This 
procedure of setting the values of indoor climatic parameters based on the outdoor climate is 
summarized in Table 3.  
 
Table 2. Comparison of climatic data generated with the use of METEONORM and of those given by 
H.N.M.S. for the region of Thessaloniki. 

Air temperature 
(mean monthly values) 

Air relative humidity 
(mean monthly values) 

 
(ºC) (%) Month 

H.N.M.S.
* 

ME-
TEONORM 

H.N.M.S
. 

ME-
TEONORM 

January 5,0 5,0 75,8 74,6 
February 6,6 6,7 73 71,8 
March 9,7 9,6 72,9 71,5 
April 14,2 14,2 68,5 68 
May 19,4 19,5 64,3 63,7 
June 24,2 24,2 56,3 56,6 
July 26,5 26,5 53,6 53,1 
August 25,9 25,8 55,4 54,9 
September 21.7 21,8 62,5 62,4 
October 16,1 16,1 70,4 68,5 
November 11,0 10,9 77,3 76,5 
December 6,8 6,7 77,8 76,3 

 
Table 3. Indoor climatic data determination. 

Air temperature 
(mean monthly values) 

Air relative humidity (%) 
(mean monthly values) 

(ºC) (%) Month 
H.N.M.S. Indoor 

Conditions 
H.N.M.S. Indoor 

Conditions 
January 5,0 20 75,8 55 
February 6,6 20 73 55 
March 9,7 20 72,9 55 
April 14,2 20 68,5 55 
May 19,4 19,4 64,3 64,3 
June  24,2 24,2 56,3 56,3 
July 26,5 24 53,6 55 
August 25,9 25,9 55,4 55,4 
September 21.7 21,7 62,5 62,5 
October 16,1 20 70,4 55 
November 11,0 20 77,3 55 
December 6,8 20 77,8 55 

 

4 RESULTS AND DISCUSSION 

4.1 Introductive discussion 
The hygrothermal performance of the four outer wall construction types that were presented 
above was analyzed with the use of WUFI pro-4.0. The four walls were examined for the four 
basic orientations. The duration of the analysis was two years. The reference year that was gen-
erated with the use of METEONORM was used to simulate the outdoor climate. The reason that 
the duration of the analysis was two years, although there is one reference climatic year that is 



repeated, is that the materials in the components are characterized by a certain initial moisture 
content. Therefore, the first year of the analysis is not considered to be representative of the 
components’ performance, since it involves the drying of the materials and the establishment of 
a balance between the component and its surroundings. It is the whole of the results for the sec-
ond year of analysis that represents the typical performance of the component. 

The time step of the analysis was one hour. This is a time step that would not normally lead 
the iterative procedure for the numerical solution of the set of the two coupled partial differen-
tial equations to convergence failures. 

The following discussion of the results is conducted in two sections. In the first section, com-
parisons among the results of the analysis, relatively of course to the moisture in construction, 
for the same structures of different orientations are made. In the second section, the comparisons 
are made among different wall structures of the same orientation. The discussion is focused on 
the hygric performance of the components, since water is a major factor influencing the degra-
dation mechanisms of building materials. 

4.2 Comparisons of the same wall constructions for different orientations 
The four different constructions were studied separately. For the wall construction of Case A, it 
is the component facing the West that deals with the most severe problems related to moisture in 
construction. Indeed, the western components’ layers that are exposed to natural conditions are 
the ones that suffer the most from moisture accumulation and fluctuations.  

The lime cement plaster on the external face of the wall is the most exposed layer of the com-
ponent. It is in the western orientation that the water content in this layer reaches very often 
high values. Furthermore, the fluctuations of water content in this layer are bigger when the 
western orientation is considered. Besides, it is the outer lime cement plaster of the western 
component that suffers often from very high values of relative humidity, not only at the position 
near the external surface, but also near the interface with the solid brick masonry. 

The picture is the same for the solid brick masonry. The masonry belonging to the western 
component reaches higher maximum and minimum values of water content during the typical 
year. Furthermore the duration of the periods with high water content in the masonry is bigger 
for the components facing the West. The masonry of the western component suffers more than 
the ones belonging to components of other orientations from fluctuations of the water content.  

At the interface between masonry and plaster on the internal face of the wall, there is not any 
significant difference among the orientations. This is also the case for the plaster on the internal 
face of the wall. This is expected, since as one proceeds towards the internal face of the compo-
nent, the influences of the climate (and, consequently, of the orientation) are decreasing. 

For the cases B-D the results agree with the previous ones, concerning Case A, in the fact that 
the worst orientation for outer wall constructions in Thessaloniki is the western. This becomes 
obvious in the values and fluctuations of water content and relative humidity of the most ex-
posed layers of each construction. Due to the limited available space, the results for each layer 
of each wall construction are not discussed analytically, as was the case for Case A. 

The fact that the critical, from the point of view of hygric performance, orientation for every  
type of wall construction is the western finds its explanation in the analysis of the region’s cli-
mate. The weather data used as input for WUFI pro-4.0, when analyzed, give the diagram of 
Figure 2 for the driving rain sum. From this diagram, it is obvious that the western components 
are subjected to much more wetting due to driving rain in comparison to the components of the 
other orientations. This fact explains the results that were presented above. 

4.3 Comparisons of different structures of the same orientation 
The orientations that were studied were the eastern and the western ones. The first was chosen 
to be studied because the corresponding values of driving rain and solar radiation are not ex-
treme, and the second because it is characterized by big driving rain loads. Since the tendencies 
observed were similar, the other orientations were not studied (no serious differentiations could 
come up). The results that are discussed stand for all the orientations. The different construc-
tions will be in this paragraph referred to as Case A, B, C, D (Fig. 1). 



The exterior lime cement plaster is severely exposed to the outdoor climate for all the con-
structions. Nevertheless, it is in Case B that the water content in this layer reaches the highest 
values and that the fluctuations of these values are the largest. It should be pointed out that the 
differences among the hygric performances of the exterior plasters belonging to the various 
Cases are not significant. 
 

 
 
Figure 2. Driving rain sum for different orientations (climate of Thessaloniki). 
 

The interior lime cement plaster is clearly more protected in the Cases where insulation is 
used. The differences among those cases are minor. The maximum values of water content in 
the interior lime cement plaster appear (with very small differences from the other cases) in 
Case C. 

The solid brick masonry of Case B is the one presenting the lowest water content. The solid 
brick masonry that seems to face the most serious problems (when of course moisture issues are 
considered) is the external masonry of Case D. Writing the Cases in order, starting with the one 
with the most protected masonry, one would write: Case B, Case D (internal masonry), Case A, 
Case C, Case D (external masonry). 

In what concerns the layer of insulation, the one suffering from higher water contents is the 
one of Case B. This is expected since in this Case, the layer of insulation is severely exposed to 
the outdoor climate. 

In the final stage of the results’ review, an estimation of the condensation risk (in winter) in 
every construction was made. The positions more prone to condensation were specified for each 
type of construction. The risk of water vapor condensation for these parts of the construction 
was evaluated. 

For the wall construction of Case A, the position prone to vapor condensation is inside the 
masonry, around 5cm from the outer masonry surface. At the beginning of the analysis, the high 
initial moisture content leads to high levels of relative humidity. However, since the results of 
the second year of analysis are discussed, this fact is not taken into account. During the second 
year of analysis (a typical one for the component’s performance), there are extended periods of 
high relative humidity (around 70%). Although there is not any condensation occuring at this 
position, the periods of rather high relative humidity are extended.  

For the wall construction of Case B, the position prone to vapor condensation is near the in-
terface between the insulation layer and the outer cement plaster layer. The review of the results 
show that very high values of relative humidity (reaching sometimes 100%) are often reached 
instantly at this position. However, this fact is attributed to wetting due to driving rain and not 
to vapor condensation. This approach is enhanced by the fact that this occurrence of high values 
of relative humidity is more frequent in the western components (orientation with the heaviest 
driving rain loads). 

For the wall construction of Case C, the position prone to vapor condensation is near the in-
terface between the insulation layer and the solid brick masonry layer. The review of the results 
show that high values of relative humidity (around 80%) are often reached at this position. This 
fact shows a tendency for condensation at this position. 



For the wall construction of Case D, the position prone to vapor condensation is near the in-
terface between the insulation layer and the outer solid brick masonry layer. The results are 
similar to those of Case C. 
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1 INTRODUCTION 

Demand for recycle changes reflecting the social and economical situations. Considering the 
change in demand for recycle processes it is important to investigate different types of recycling 
methods and to determine the best recycling method in accordance with societal and 
environmental aspects.  

Wood is known to be a material that can be recycled. And there are two cycles for this 
resource circulation as shown in figure 1. One is the resource circulation created by 
reforestation (circulation A) and the other one is the resource circulation created by recycle of 
the materials (circulation B). Both resource circulations work as to store carbon in the wooden 
materials.  

Wooden products can store carbon in themselves. And as long as we use them wooden 
products release no CO2 to the atmosphere. In terms of men operated resource circulation reuse 
is an effective way to store carbon and leads to less CO2 emission. Almost 50 years ago 
salvaged lumbers were commonly reused as structural materials such as posts and beams for 
single detached houses in Japan. But recently wooden waste is mainly recycled as chip boards 
and fuel resources.  

Lumbers composing the wood frame constructions are standardized dimension lumbers.   
And these dimension lumbers seem to have high potential to be reused as structural elements.  
Falk et al. (1999 and 2000) have done a series of tests to evaluate the strength properties of 
dimension lumbers salvaged from four buildings deconstructed at U.S. Army’s Fort Ord. And 
Chini et al. (2001) have investigated the mechanical properties of salvaged lumbers. 

If we can predict the strength properties of the salvaged lumbers using visual grading or 
machine grading we may be able to use them as structural elements again. And if we can take a 
little more care and spent more time in deconstructing we can produce higher quality salvaged 
lumbers from the deconstruction site. The purpose of this study is to compare two different 
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ABSTRACT: Two wood frame single detached houses were carefully deconstructed by hand 
and almost 650 pieces of salvaged lumbers were tested for their visual grades, structural defects 
and physical characteristics. In comparison with the normally conducted dismantling process 
twice as much time was needed to deconstruct the wood frame houses carefully by hand. 10 
percents of the salvaged lumbers showed lower visual grade than their original ones. The 
strength value of the salvaged lumbers, originally SPF grade 2, was 18.8MPa where the design 
strength for SPF Grade 2 was 21.6MPa. Lumbers having modulus of elasticity of 9.6GPa or 
higher showed a strength value of 21.4MPa. In contrast, a MOE controlled selecting procedure 
led to a decreased in the yield ratio to 70%.  The new reuse option compared to the reuse 
option applied now showed a 1.5 times larger contribution to carbon storage and only half of the 
CO2 emission. 



reuse options for two-by-four salvaged lumbers and to investigate two different types of grading 
to maximize this reuse.  
 
 
2 DECONSTRUCTION 
2.1 Summary of the deconstructed houses 
Two wooden frame single detached houses were deconstructed carefully by hand.  Specific 
data of the two houses are given in table 1 and shown in figure 2.  House A was constructed in 
1988 and deconstructed in 2004 and house B was constructed in 1986 and deconstructed in 
2005.  The service life of house A was 16 years and that of house B was 19 years.  The 
service lives of both houses were extremely short compared to the average service life of the 
wooden houses in Japan that is approximately 35 years. 
 
 
Table 1. Summary of the deconstructed houses. 
 House A House B 
Number of stories 2 2 
Total floor area (m2) 94 143 
Year of construction 1988 1986 
Year of construction 2004 2005 
 

2.2 Summary of the deconstruction process 
It took 13 days to deconstruct house A and 25 days to deconstruct house B. As it usually takes 
10 days to dismantle a 150m2 wood frame house by machine the careful deconstruction process 
took more than twice as many days than the normally conducted machine dismantling. The 
labor spent in both deconstruction works are summarized in figure 2. Almost 60% of the 
deconstruction works were spent in the process of deconstructing the structural lumbers and 
sheathing panels and removing the nails from the lumbers. This result indicates that we have to 
spend more time to deconstruct the structural elements to obtain a larger fraction of less 
damaged salvaged lumbers.  

Figure 1. Resource circulation of wooden materials.



The cost spent in hiring the workers for careful deconsruction is calculated to be 
approximately 8000JPY/m2 and the cost spent in hiring the workers to dismantle in the usual 
way is calculated to be approximately 4000JPY/m2. Twice as much labor cost is neccsssary to 
carefully deconstruct the wood frame houses. 
 
 
3 GRADING AND TESTING METHODOLOGIES 
3.1 Test specimens 
633 pieces of 2 by 4 lumbers were selected from the salvaged lumbers of the two deconstructed 
houses. The cross section size of the test specimens was 38mm by 89mm and the length was 
2340mm. The original visual grade of the test specimens was S-P-F grade No.2 and this was 
identified by the stamps of the lumbers. The total volume of the lumbers tested was one-third of 
the total volume of the salvaged lumbers. 

3.2 Visual grading 
All the test specimens were visually graded following the visual grading rules stipulated in the 
Japanese Agricultural Standard for the wood frame structural lumbers. And the esthetic 
appearance of the test specimens was also inspected according to the in-house standard of a 
home builder. The visual inspection was conducted by professional visual graders. 

3.3 Inspection of the nail holes 
Most of the nail holes on the lumbers are due to the construction and deconstruction works. As 
nail hole does not appear on the surface of the virgin lumbers they are not regarded as defects in 

 

Figure 2. The two deconstructed house.  Left is house A and right is house B.

Figure 3. Labor spent in removing components and materials from the deconstructed houses. 
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the visual grading rules of the Japanese Agricultural Standard. To confirm the effect of the nail 
holes on the strength properties of the reclaimed lumbers the amount of the nail holes were 
measured for the side-surfaces and the end-surfaces of the lumbers. 

3.4 Machine grading 
The moduli of elasticity of all the test specimens were measured using a grading machine. 

3.5 Bending test 
All the test specimens were tested for their bending properties. A four point loading bending test 
was conducted. The support span was 1602mm that was 18 times of the depth of the test 
specimens. And the distance of the two loading points was 534mm that was one-third of the 
support span. The modulus of elasticity and the bending strength of each test specimen were 
derived from the bending test. 

4 RESULTS AND DISCCUSSION 
4.1 Results of the visual grading 
The grade distribution of the visually graded lumbers is shown in figure 4. Almost 90% of the 
lumbers satisfied their original grade. This means almost 90% of the lumbers had no damage 
stipulated in the Japanese Agricultural Standard (JAS) grading rules even after experiencing the 
construction and deconstruction process. Approximately 5% of the lumbers were degraded as No.3 
or Utility and approximately 5% of them could not meet the criteria of the lowest structural grade. 
The types of the defects of the lumbers that had lower grades than their original ones are shown in 
figure 5. These defects such as stain, end check, wane, processing damage, hole and decay are 
produced during construction, use and deconstruction of the houses. As the lumbers were very 
carefully taken from the deconstructed houses the grade distribution was as shown in figure 4 and 
this is supposed to be the best possible yield. 

Approximately 20% of the lumbers did not satisfy the esthetic criteria stipulated in the in-house 
standard of a home builder. As almost all of the esthetically dissatisfied lumbers were included in 
the No.2 grade lumbers the yield ratio of the lumbers that satisfied both the visual grade for No.2 
and the esthetic criteria was measured to be approximately 70%. 

Figure 4. Grade distribution. The ratio is based on lumber pieces.
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4.2 Bending properties of the lumbers 
The distribution of modulus of elasticity (MOE) and modulus of rapture (MOR) are shown in 
figure 6 and 7. The distribution of MOE and MOR of the whole test specimens and that of the 
test specimens graded as JAS grade S-P-F No.2 are both shown in these figures. The average 
MOE was measured as 11.0GPa for both non-graded and graded lumbers. And the average 
MOR was measured as 48.6MPa for the non-graded lumbers and 49.2MPa for the graded 
lumbers.  
 The strength value of the test specimens of each cell was calculated by the following formula: 
 

Strength value = (5% lower tolerance limit of MOR ) Safety factor)0.05 × (       (1) 
where  Safety factor = 1.5 
   MOR0.05 = 5th percentile of bending strength 
 

The strength value of the lumbers graded as JAS grade S-P-F No.2 was calculated as 
18.8MPa where the design strength for the same grade is given as 21.6MPa in the Japanese 
National Building Code. The salvaged lumbers showed 13% lower strength values.  

4.3 Effect of the nail holes on the flexural properties 
The effect of the number of nail holes in various surfaces of the lumbers on their MOE and 
MOR values is shown in figure 8 & 9. An observable decrease of MOE and MOR values 
occurred when the total amount of nail holes on the two narrow surfaces of the lumbers was 

Figure 6. Distribution of MOE. 
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more than 70. A reduction in these values was also observed when the total amount of nail holes 
on the two broad surfaces of the lumbers was more than 50. 

The lumbers were selected for reuse according to the number of nail holes on their surfaces. 
Lumbers that had 70 or less nail holes on their narrow surfaces and 50 or less nail holes on their 
broad surfaces were selected. The yield ratio for that selection was 72%. And the strength value 
for that cell was calculated as 19.1MPa and this value was still lower than the design value 
given in the Building Code.  

4.4 Flexural properties of the machine graded lumbers 
In this case the lumbers were selected according to the MOE values measured by the grading 
machine. Test specimens that had 9.6GPa or higher MOE were selected. The distribution of the 
MOR for this cell is shown in figure 10. The strength value for this cell was calculated as 
21.4MPa and this was almost equivalent to the design value given in the Building Code. 
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The yield ratio was 72% and this was the same as for the selection based on the allowable 
number of nail holes. The MOE based selection seems to work better in choosing lumbers with 
higher bending strength. 

5 ENVIRONMENTAL ADVANTAGES OF REUSING LUMBER 

The carbon balance was calculated for the two scenarios summarized in table 2. Scenario 1 is 
the reuse scenario and scenario 2 is the recycle scenario. 
 
 
Table 2. Scenarios 
 Scenario 1: Reuse scenario Scenario 2: Recycle scenario 
Building A wood frame construction of 100m2 

floor area. 
A wood frame construction of 100m2 
floor area. 

Deconstruction 
/Dismantle 

Deconstructed by hand and takes 20 
days to deconstruct. Three workers 
work on site everyday. 

Dismantled by machine and takes 
10days to dismantle. Three workers 
work on site everyday. 

Transportation of 
the workers 

Distance from home to deconstruction 
site is 30km. Automobiles are used for 
transportation and every worker drives 
their own car. 

Distance from home to dismantle site is 
30km. Automobiles are used for 
transportation and every worker drives 
their own car. 

Wooden materials 
from the 
deconstruction site 

Total volume: 10m3 

Lumbers 2000mm or longer:7m3 
Lumbers shorter than 2000mm: 3m3 

Total volume: 10m3 

Wood waste:8m3 
Mixed waste: 2m3 

Reuse /Recycle 
methods 

Lumbers 2000mm or longer:  
- 50% reused. Yield ratio of the raw 

material is 90%. 
- 50% recycled as particleboard. 

Yield ratio of the raw material is 
100% and 10% of the products are 
lost in the trimming process. 

Lumbers shorter than 2000mm: 
- 100% recycled as particleboard. 

Yield ratio of the raw material is 
100% and 10% of the products are 
lost in the trimming process. 

Wood waste: 
- 100% recycled as particleboard. 

Yield ratio of the raw material is 
80% and 10% of the products are 
lost in the trimming process. 

Mixed waste: 
- 100% transported to the landfill 

site. 
 

Transportation Reuse process:  
- Lumbers are transported to the precut mill from the deconstruction site by 

trucks (loading capacity 2tons). The distance between the deconstruction site 
and the precut mill is 50km. 

Recycle process: 
- Lumbers are transported to the woodchip plant from the deconstruction site by 

trucks (loading capacity 4tons). The distance between the deconstruction site 
and the woodchip plant is 50km. 

- Woodchips are transported to the particleboard mill from the woodchip plant 
by trucks (loading capacity 10tons). The distance between the woodchip plant 
and the particleboard mill is 100km. 

Mixed waste: 
- Mixed waste is transported to the recycle plant from the deconstruction site by 

trucks (loading capacity 4tons). Then the mixed waste is transported to the 
landfill site by trucks (loading capacity 10tons). The distance between the 
construction site and the recycle plant is 50km and the distance between the 
recycle plant and the landfill site is 100km. 

 
 

The total CO2 emission for the two scenarios was calculated using the CO2 emission data 
collected by Nakajima et al. (1996) and Kodama et al. (2004).  The results of the calculations 
are shown in figure 11. The CO2 emission for the reuse scenario (scenario 1) was calculated as 
940kg-C/100m2 where that for the recycle scenario (scenario 2) was calculated as 1652kg-



C/100m2. And the sink of carbon for the reuse scenario was calculated as 2475kg-C/100m2 
where that for the recycle scenario was calculated as 1600kg-C/100m2. We can expect a net 
carbon sink of approximately 1500kg-C/100m2 when we carefully deconstruct and reuse most 
of the lumbers of the two single semi detached houses investigated. In case of dismantling a 
100m2 single detached houses, when the wood is recycled as particleboard and the mixed waste 
part goes to landfill, the net carbon balance will be approximately 0. 
 
 
6 CONCLUSIONS 

In comparison with the normally conducted dismantling process twice as much time was needed 
to deconstruction the wooden frame houses carefully by hand and to salvage less damaged 
lumbers. The machine grading selection can give higher strength value to the salvaged lumbers 
but the yield ratio will be reduced by the selecting procedure. Compared to the normally 
processed recycling process 1.5 times much carbon sink and almost half CO2 emission can be 
expected by reusing the lumbers. This result indicate that reusing salvaged lumbers is one of the 
effective way for reducing the CO2 emission. But on the other hand it is not economically 
acceptable to remove lumbers piece by piece from houses being deconstructed. If we can give 
some economic advantages to these salvaged lumbers they will become competitive with the 
virgin lumbers. 
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Figure 11. Carbon balance calculated for the reuse scenario and the recycle scenario. 
Legend: Left is the result of the reuse scenario 1 and right is the result of the recycle scenario 2. 
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1 INTRODUCTION 

Buildings keep changing over time as a consequence of a set of driving forces that Brand (1994) 
identified as technology, money and fashion. Users interact with their living space dynamically 
by changing, adapting and extending it until it is possible to fulfill the established requirements 
as well as possible. 

Over time, redundancy, deterioration and obsolescence processes are the causes for the deg-
radation and, at the end, for the demolition of a building. 

Preserving the historic character of buildings has the double challenge of preserve the mem-
ory of a whole body (e.g. typology, construction systems, materials) and fulfill a new set of re-
quirements to avoid redundancy and obsolescence to occur. 

However, adequately matching both the functional aspects and the available typologies may 
be a solution in order to solve redundancy problems and to help in the preservation of the major 
part of a building, taking into account the deterioration and obsolescence levels. Maximal pres-
ervation of tangible and non-tangible heritage as a whole becomes possible if the redevelopment 
procedures are taken into account for the existing structures, components and materials. 

Open design procedures maximize information trade of between the design team and the site 
workers based on a building deconstruction approach. Options for the use of technologies and 
materials could than be made, but must also be supported by the analysis of the existent con-
straints and the different possibilities of preservation, according to their fitness to the new re-
quirements. 

To maximize the preservation of a building is also to maximize the reuse of materials, to 
minimize waste flow and resources consumption, and to extend the lifetime of a building as a 
whole. Dealing with building heritage preservation integrates the aspects of building’s life cycle 
management. 

Building deconstruction and building heritage preservation: a 
case study at Porto’s world heritage historical centre 

R. Amoêda 
Department of Architecture, University of Minho, Guimarães, Portugal 

C. Pinheiro 
Norte Arquitectos Lda., Barcelos, Portugal 

ABSTRACT: The feasibility of the application of building deconstruction practices to historical 
buildings is addressed here, by determining its contribution to preserve both tangible and non-
tangible heritage, and to the reduction of non-renewable resources consumption. Therefore, a 
case studies of a building’s rehabilitation at the historical center of Porto, Portugal, is here pre-
sented and analyzed. The flows of materials’ mass and embodied energy related to the rehabili-
tation process were accounted, analyzed, and compared, as a way to measure the environmental 
benefits of materials reuse, and the preservation of their historical value. The results showed that 
in general selected dismantling highly contributes to the reduction of waste, as well to reduce 
the loss of the embodied energy, especially when compared with scenarios of only façade reten-
tion. The preservation of historic value of construction systems and materials also benefits of 
such approach by supporting an open-design methodology, in order to select and update design 
solutions and construction procedures during the rehabilitation process. 



2 BUILDING PRESERVATION 

2.1 Heritage and building preservation 
Different degrees of building’s rehabilitation can be addressed, from the retention of all parts of 
an existing building to the retention of all or a single part of the building’s envelope. More dras-
tic options of redevelopment are related to the category of façade retention and involve the con-
struction of a new building behind the existing façade (Highfield, 1991). Less drastic procedures 
are related, for example, to restoration works. 

Although the conceptual advantages or disadvantages of each level of rehabilitation, such as 
construction costs, construction time, materials flows, durability, lifetime extension, codes com-
pliance, energy efficiency, and maintenance costs, aspects of redundancy, deterioration, and 
obsolescence should be taken in account for a decision making. 

Redundancy is related with the over-supply of certain type of buildings, or with their low 
flexibility to be easily reused. Redundancy is, for example, the cause why a building stays 
empty for a long time period. Due to redundancy, spatial and economic values are usually valu-
ated regarding other aspects, such as the building entity and the memory of the traditional con-
struction systems and techniques. 

Deterioration is mainly related with time and is caused by climatic influences and users ac-
tivities. Deterioration also determines the maintenance tasks over time. 

Obsolescence is more complex and less physical in a certain way. Obsolescence may be de-
fined as the process of an asset going out of use and determines the moment for an adaptation or 
a demolition. In this sense, obsolescence is a measure of a building’s usefulness over time 
(Douglas, 2002) or an indicator of the degree of usefulness of a building in relation with a set of 
requirements or constraints: economic, functional, physical, social, legal restraints, and aes-
thetic. 

These three aspects determine the availability of buildings for rehabilitation or demolition, 
and also the needed level of redevelopment. For example, in historic centres, a lot of buildings 
become empty due to their redundancy, and an option for façade retention is a minor price to 
pay compared to the preservation of the historic townscape. 

New functional, fashion and comfort requirements don’t match normally with historic build-
ings, leading to a partial demolition, usually its core, or to façade retention, in order to achieve a 
more flexible object for the rehabilitation process. 

From the demolition processes, an outflow of construction debris and an inflow of new mate-
rials take place in the building. In most of the times, if maintenance tasks have been done, these 
materials and components had not reached their end of life. 

The embracement of the four dimensions of sustainable construction as stated by Bourdeau 
(1999), can contribute to a solution for the redundancy problem by integration of use and avail-
able typology, leads to: economic, functional, environmental and social. This approach may 
help to minimize environmental impacts of building materials by reuse of existing structures, 
reduce materials use and reuse building components (Kibert, 2005), and, at some extent, to 
avoid the loss of non-tangible heritage, such as crafts works of ancient construction processes 
and the historical value of some materials. 

2.2 Deconstruction and preservation 
In order to maximize the building reuse, deconstruction techniques should be applied to the re-
habilitation works. 

Sequentially removing of the different elements of the building is useful to: 
− Dismantle the unwanted components and materials without damage to other useful elements; 
− Dismantle the elements that could not be repaired onsite; 
− Analyze the critical parts, such as structural elements, without damaging the components and 

materials that can be reused. 
Although, in comparison with traditional demolition, deconstruction procedures show some 

disadvantages, such as more costs, more time, and the need of more human labor (Macozoma, 
2001), but it is an effective way to salvage the historic value of craftsman’s work and ancient 
materials. 



Additional costs with deconstruction may be minimized with the low costs of rehabilitation 
procedures in comparison with the construction of a new building, according to Highfield 
(1991) and Douglas (2002). 

In order to integrate information obtained from deconstruction, changes in traditional closed 
design methodologies are necessary. An open design strategy enables the management of the 
sequential information obtained from deconstruction processes, regarding the deterioration of 
the construction systems, components, and materials. In this approach, design of construction’s 
details to be improved and replaced can be better and more accurate, and also leads to a more 
flexible design trough feedback between design team and contractor. 

3 CASE STUDY 
3.1 Building’s characterization 
The building is located at the historical centre of the city of Porto, at the North of Portugal. In 
1996, UNESCO declared the historical centre of Porto as World Cultural Heritage. The street of 
Caldeireiros, where the building is located, is one of the most ancient streets in the historic cen-
tre, and over the 19th century a new set of buildings replaced the ancient structures, creating a 
new urban plot type. Its extensive length, in proportion with its width, characterizes this urban 
plot (Fig. 1,2 and 3). The plot is south/north oriented. 

 

 
Figure 1. Existing building: plans. 

 
The spatial configuration of this building typology is organized around a central staircase 

with rooms turned to the street and rooms turned to the backyard. Later, the ground floor and 
the basement of this residential building were used as a printing office. Because of functional 
transformations along the years, some processes of addition occurred: first, a central small floor 
was added as an expansion of the residential area, and later the ground floor and the basement 
were extended to the backyard. Although these transformations occurred, the building core (e.g. 
typology, building system, materials) remained intact. 

The original structural system was characterized by structural stonewalls that support the 
wooden structure of floors and roofs. The interior walls were built with wood. Also the pave-
ments, stairs, and external and interior windows and doors frames were made from wood. Ce-
ramic tiles covered the entire roof. The upper addition was built with a wooden structure and the 
backyard additions, more recent, were built with concrete and ceramic bricks. 

Some building pathologies were detected during the building analysis, damaged because wa-
ter infiltrations trough the roofs. Some beams of the roofs were partially damage because of wa-



ter infiltrations on the joining surface of the tiles with the stonewalls. Some beams of the third 
floor were also damaged due to a small fire. The windows and doors frames in the south façade 
were very damaged as a consequence of climatic agencies, such as sunlight, rain and wind. The 
windows and doors frames in the north façade were quite well preserved. 

3.2 The project and the renewal process 
The building was part of an urban renewal action coordinated by FDZHP, a foundation created 
by the City in order to manage new projects in the historic center, and that was responsible for 
the monetary funds to support the building’s rehabilitation. A religious association for social 
support owned the building and it was their intention to create a communitarian building for 
youth education. For this purpose the owner indicated the organizational program: a bar, a li-
brary, 4 education rooms, 2 office rooms and a meeting room. The architects Rogério Amoêda 
and Cristina Pinheiro developed the renewal project. 

After having analyzed the building typology, taking in account the intentions of the owner, it 
was possible to conclude that it was rather easy to match them, solving the problem of redun-
dancy too (Figs. 2,3,4, and 5). This is seen as an opportunity to achieve the following goals: 
1. To preserve the traditional typology and traditional construction systems and materials as 

part of the building’s tangible and non-tangible heritage; 
2. To reduce the environmental impacts of building materials. 

Analyzed the building typology, made it possible to conclude that it was rather easy to match 
the internal spatial structure with the new functional program, solving the problem of redun-
dancy (Fig. 2 and 3). However, it was needed to get information about the level of conservation 
of the construction systems, such as structure, pavements, walls, ceilings and roofs. 

 

 
Figure 2. Renewal project: plans. 

 
The methodology applied was based on a deconstruction approach: step-by-step, the un-

wanted or damaged parts were removed without damaging other elements, and inspection ac-
tions were made to the critical elements, such as the wooden structures of the floors and roofs. 
These procedures made possible to get a detailed overview of the building’s conservation state, 
given a feedback to the design team in order to adjust the technological solutions to be applied. 
A combination of partial demolition (Figs. 4 and 5), maintenance, and repair actions was neces-
sary in order to improve the reused parts, such as floors and roofs’ structure (Fig. 5 and 6), 
wood pavements, windows and doors frames, ceramic tiles, plaster ceilings and gypsum mor-



tars. New light materials were added according to the existent construction systems, such as 
wooden pavements, and light gypsum cardboard walls and ceilings. 

 

 
Figure 3. Longitudinal sections: (a) existing building, (b) renewal. 

 

 
Figure 4. North and South façades: (a) before and (b) after renewal. 
 

 
Figure 5. Staircase: (a) during deconstruction process and (b) after renewal. 

 



 
Figure 6. Interior of the wooden roof: (a) during deconstruction process and (b) after renewal. 

3.3 Results and discussion 
The renewed building keeps the historic value of the existent typological and construction 
characteristics by successfully preserving the construction systems and materials, accomplishing 
the first goal of the design team that was to preserve the tangible and non-tangible heritage. 

In order to verify the second goal’s achievement, it was performed an analysis of the flows of 
the building materials and embodied energy by accounting the weight for the existing building, 
for the deconstruction waste, for the reuse materials, for the new materials input, and for the re-
newed building (Table 1). 

The result of this analysis shows that the initial and final values for the global weight are just 
slightly different, increasing from 1,570,454 kg to 1,587,881 kg. This small increase is due to 
the great amount of the reuse materials, and to the lightweight of the new materials added. The 
high mass and dimension of the building’s envelope and its conservation imply a large amount 
of reused materials. In a scenario of only façade retention, also considered, this value is compa-
rable as can be seen in Table 2. The result related to embodied energy shows a reduction of the 
initial value of 1,773,085 MJ to 1,587,881 MJ. This result is justified by the high embodied en-
ergy of the waste, that includes materials such as concrete, ceramic bricks, carpet, and linoleum. 

Four specific indicators are defined, total embodied mass/m2 = TEM/CA, total embodied en-
ergy/m2 = TEE/CA, embodied mass of materials reused/m2 = EMMR/CA, and embodied energy 
of materials reused/m2 = EEMR/CA. Furthermore two relative indicators are defined and ex-
pressed in %: embodied mass of materials reused divided by the total embodied x 100% = 
(EMMR/TEM) x 100%, and embodied energy of materials reused divided by the total embodied 
energy x 100% = (EEMR/TEE) x 100%. This set of indicators is shown in table 2. The same 
construction area for the renewal and the scenario of façade retention was considered, although 
there is no project design for this last option. 

The indicators show an increase of the value of the embodied mass per square meter from 
5621 kg/m2 to 6137 kg/m2 due to the reduction of the construction area after the rehabilitation of 
the building. The value of the embodied energy per square meter also shows an increase from 
6346 MJ/m2 to 6535MJ/m2. 

Comparison between the renewal and the scenario of façade retention was performed just for 
the reuse of materials and waste produced for each case. Due to the weight of the building’s en-
velope the mass reuse per square meter decreases from 5004 kg/m2 to 4385 kg/m2, and the em-
bodied energy per square meter decreases from 5004 MJ/m2 to 4385 MJ/m2. Although these dif-
ferences may be not significant, the indicators related to waste show significant differences 
between waste per square meter that increase from 367 kg/m2 to 605 kg/m2, and between em-
bodied energy per square meter that increases from 1849 MJ/m2 to 2468 MJ/m2. 

However the results don’t show great differences between the analyzed items due to the great 
weight of the building’s envelope, the results for the rehabilitation are not far from the initial 
condition of the building, and are better in comparison with the scenario of façade retention. It 
should be argued that for this scenario, a concrete structure is the most common solution to 
avoid high costs with steel frame structures or wooden structures, and so this structural option 
will highly increase the weight of the building and its embodied energy. Regardless the costs, an 
option for the steel frame structure would also raise highly the value for embodied energy. 



Table 1. Analysis of materials’ flows and Embodied Energy.                                                                                                                                                                                                                                                                                                                                                                    
Materials               Existing       Waste       Reused      New Input       Renewed                                                                                                                                                                                                                                                                                                                                                                   

        EE coefficient   Weight    EE   Weight    EE    Weight    EE   Weight    EE   Weight    EE 
           MJ/kg     kg    M J    kg    M J    kg    M J    kg    M J    kg    M J                                                                                                                                                                                                                                                                                                                                                                    
Brick           3.0**        1881      5643      1881     5643     0    0     0    0     0       0 
Carpet         72,4*         23      1665      23     1665     0    0     0    0     0       0 
Cement mortar       2.0*      26,375   52,750   24.042  48,084      2333     4666   33,220  66,440    35,553     71,106 
Concrete         1,3*      23,640   30,732   23,640  30,732     0    0      1968     2558       1968        2558 
Glass         15,9*         4175   66,383      2600  41,340      1575  25,403      2575  40,943       4150     65,985 
Glazed tiles (ancient)     8.0**      403      3224     0    0    403     3224     0    0     403        3224 
Glazed tiles (modern)     8.0**      225      1800    225     1800     0    0     208     1664     208        1664 
Gravel          0.1*        0    0     0    0     0    0   42,858     4286    42,858        4286 
Gypsum board       6.1*        0    0     0    0     0    0      1539     9388       1539        9388 
Lime mortar        1.0**     41,626   41,626   14,353  14,353   27,273  27,273     0    0    27,273     27,273 
Linoleum         116.0*        34      3944      34     3944     0    0     0    0      0       0 
Paint         88.5*         1480    130,980      1480    130,980     0    0      1296    114,696       1296       114,696 
Plaster          4.5*         5850   26,325      4177  18,797      1673     7529     0    0       3034     13,653 
Plywood       10.4*        0     0     0    0     0    0     636     6614     636        6614 
Roof tiles         3.0**        4067   12,201      4067  12,201     0    0      4067  12,201       4067     12,201 
Sand           0.1*        0     0     0    0     0    0      3744   374       3744      374 
Steel (structural)     35.0*       166      5810    166     5810     0    0      1243  43,505       1243     43,505 
Stone           0.8*         3456      2730     0    0      3456     2730   10,395     8212    13,851     10,942 
Stone (structural)      0.8*    1,412,208  1,115,644     0    0  1,412,208 1,115,644     0    0  1,412,208    1,115,644 
Varnish            88.5*      115   10,178    115  10,178     0    0     147  13,010     147     13,010 
Wood (hard, rough)      2.0*      20,160   40,320      1524     3048   18,636  37,272     816     1632    19,452     38,904 
Wood (soft, shingle)     9.0*      24,570     221,130   16,638    149,742      7932  71,388      6198  55,782    14,130       127,710 
XPS (insulation)     72.0**       0     0     0    0     0    0     121     8712     121        8712 
 
,Total             1,570,454 1,773,085   94,965    478,316  1,475,489 1,294,769     111,031    390,017    1,587,8811    1,690,910                                                                                                                                                                                                                                                                                                                                                             
* (CBPR, 2007) 
** (Berg, 1992) 

 
 



Table 2. Comparative analysis.                                                                                                                                                                                                                              
Indicator          Unit     Existing       Renewed       Option 2*                                                                                                                                                                                                                               
Construction Area (CA)      m2       279         259           259 
 
Embodied Mass (EM)      kg     1,570,454      1,587,881       - 
EM/CA             kg/m2        5621       6137       - 
 
Embodied Energy (EE)     MJ    1,773,085      1,690,910       - 
EE/CA            MJ/m2        6346       6535       - 
 
Materials Reuse (MR)      kg       -       1,475,489     1,413,906 
Embodied Energy of MR (EMR)  MJ      -       1,294,769     1,134,410 
MR/CA            kg /m2      -        5703          5465 
EMR/CA            MJ/m2      -        5004          4385 
 
Deconstruction Waste (DW)    kg       -        94,965        156,548 
Embodied Energy of DW (EDW)   MJ      -      478,316        638,675 
DW/CA            kg /m2      -         367            605 
EDW/CA            MJ/m2      -       1849          2468 
 
MR/EM           %       -        93       - 
EMR/EE          %       -        77       -                                                                                                                                                                                                                         
* Option 2: only façade retention.  

4 CONCLUSIONS 

Historic buildings’ preservation is related to a set of constraints such as urban policies, develop-
ers’ practices, real estate market, and design principles. However, the procedures to preserve 
historic buildings are ruled by the concepts of redundancy, deterioration, and obsolescence. 
These concepts determine the degree of the building’s rehabilitation 

By adequate matching of both typology and use, redundancy problems can be solved. This 
gives an opportunity to address the technical aspects of preserving both tangible and non-
tangible heritages, as shown in the case study. Maximal reuse of a building by preserving its 
core is an effective way to extend its life considerably, both at systems and material levels. 

Application of deconstruction procedures, in an open design context, allows analyzing com-
ponents and materials deterioration, in order to establish repair procedures and specific techno-
logic solutions. 

In comparison with scenarios of façade retention, as shown in the results obtained for the case 
study, preserving the existing as a whole reduce significantly the embodied mass and the em-
bodied energy, and reduce the amount of construction debris. 

Although, not being the goal of this study, future work can be extend to a set of buildings 
representing different degrees of rehabilitation and include a detailed cost analysis for the con-
struction and maintenance phases. 
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1 INTRODUCTION 

The research field of reverse logistics has attracted intensive research efforts during the last 
years. Its application covers a wide variety of products from different industries. Thereby, re-
verse logistics can, among others, defined in the following way: reverse logistics encompasses 
the logistics activities all the way from used products no longer required by the user to products 
again usable in the market. It is the process of planning, implementing, and controlling the effi-
cient, cost effective flow of raw materials, in-process inventory, finished goods and related in-
formation from the point of consumption to the point of origin, for the purpose of recapturing 
value or proper disposal (Stock 1998, Jayaraman et al. 2003). 

Comprehensive overviews on reverse logistics can be found, for instance, in Dekker et al. 
(2004) and Dyckhoff et al. (2004). Case studies, and other industry related work, concentrate, 
for instance, on the organisation of reverse logistic tasks in the automotive industry (e.g. 
Schultmann et al. 2006), in the industry for electrical and electronic equipment (e.g. Walter & 
Spengler 2005), or the publishing industry (e.g. Wu & Cheng 2006). Other research addresses 
issues of the organisation of reverse logistics in the context of closed-loop supply chains and 
reverse supply chain management (cf. Kovacs et al. 2006, Srivastava & Srivastava 2006, 
Jayaraman 2006, Krumwiede 2002, Tibben-Lembke 2002, Ferguson & Browne 2001, Pocham-
pally & Gupta 2005, Boulton 2005) and the organisation of logistics networks (Fleischmann  et 
al. 2000, Jayaraman et al. 2003). However, some papers also provide overviews on literature 
and conducted case studies in the field of reverse logistics, which are only briefly referred to in 
this paper. These papers comprise, for instance, Fleischmann et al. (1997) giving on overview 
on quantitative models for reverse logistics, Fleischmann et al. (2000) highlighting conducted 
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ABSTRACT: The construction industry is characterized by a high material intensity and hence 
by a large amount and a heterogeneous mix of construction and demolition waste (C&D waste). 
The high and diversified amount of C&D waste is not only a today’s challenge with respect to 
recovery of components and materials but also with respect to the organisation of the associated 
logistic activities.  
The purpose of this paper is to sensitize for the difficulties of the design of efficient logistic 
processes in construction due to the characteristics of construction waste streams. Therefore, 
the concept of reverse logistics - which has already attracted intensive research in manufactur-
ing industry - is applied to the construction industry particularly focusing on deconstruction 
projects. It is shown that the main structural difference between the construction industry and 
the manufacturing industry, regarding take-back of products, i.e. waste, does not refer to waste 
treatment or recovery processes, but to the organisation of the collection and the design of logis-
tic processes from the building site to the recovery facilities. 



case studies, and Dowlatshahi (2005), who is developing a framework for effective design and 
implementation of remanufacturing/recycling operations in reverse logistics after analysing 
various case studies. A more recent literature review on green supply-chain management and, 
hence, also on reverse logistics can be found in Srivastava (2007). 

The construction industry, however, has not yet attracted much research concerning the or-
ganisation of reverse logistic tasks. The return or take-back of construction and demolition 
waste (C&D waste) at the end-of-life of a building or during repair and renovation processes 
has not been subject to reverse logistic concepts.  

Hence, the objective of the paper is to highlight challenges for the application of reverse lo-
gistics in construction, especially focusing on deconstruction projects. Therefore the remainder 
of the paper is organized as follows: At first, an overview on the concept of product return and 
of reverse logistics as applied in the manufacturing industry is given. Based on this overview, 
conclusions for the applicability of this concept to the construction industry are drawn. There-
fore, waste streams of the construction industry are briefly discussed and resulting challenges 
for the organisation of the operational logistic tasks, i.e. the collection of C&D waste at the site 
as well as its transportation to recovery facilities or disposal sites are revealed. 

2 PRODUCT RETURN AND REVERSE LOGISTICS 

The stages of reverse logistics can be distinguished into  
1. collection,  
2. inspection/selecting/sorting processes,  
3. reprocessing, 
4. and redistribution. 

All of the activities require a certain amount of operational logistic activities, i.e. transport of 
products or waste (cf. Dekker et al. 2004). Hereby, Fleischmann et al. (2000) state that product 
recovery not only reverses the product stream with the consequence that there are many supply 
sources (collection points, e.g. retailers) and few demand points (recovery facilities, disposal 
sites), but that the design is complicated by the high uncertainty in many factors. 

Discussing reverse logistics, the following aspects need to be taken into consideration (Dek-
ker et al. 2004): 
1. motivation of enterprises to take action in reverse logistics as well as reasons for product 

return, 
2. processes carried out in logistics with the aim of recovering value, 
3. characterisation of returned products, and  
4. actors executing the reverse logistics activities. 

2.1 Motivation for reverse logistics, reasons for product return and recovery processes 

The motivation for the involvement of companies into reverse logistic activities is differentiated 
into profit-oriented, legislative as well as corporate citizenship drivers (Dekker et al. 2004, 
Schultmann et al. 2006). 

The profit-oriented drivers comprise direct as well as indirect benefits. While direct benefits 
can be achieved from returned products used as substitute for new input materials (for instance 
metal scrap for steel) as well as by cost reductions for disposal and new raw materials procure-
ment. Indirect benefits are expected from the established “green image” of the enterprise, im-
proved customer and supplier relations as well as the anticipation of legislation. Especially the 
indirect benefits refer to the movement of sustainable development and the increasing aware-
ness of different stakeholders, for instance, the government, the common public, non-
governmental institutions as well as interest groups to act environmentally friendly. Among 
others, typical tasks are to preserve natural resources, to reduce green house gas emissions, and 
to prevent global warming. This holds true especially for the legislation for end-of-life products 
and wastes and social acceptance of the enterprise in the public. 

Despite the profit-oriented drivers, legislative acts might force companies to take action in 
reverse logistics. This also comprises extended producer responsibility (EPR) where producers, 
in their role as manufacturer of goods, are legally obliged to take back and recycle goods. Ex-



amples in Europe are regulations for electrical and electronic equipment WEEE (European Par-
liament 2003) as well as the manufacturers’ responsibility for the take back of batteries and 
cars. 

In addition to profit-oriented and legislative drivers, an enterprise is also dependent on the 
“license to operate” issued by its stakeholders. This especially refers to the expectation of the 
companies environment that enterprises behave social as well as environmental conscious. Dis-
regarding this issue might result in unfavourable influences on companies’ business operations 
by its environment, i.e. its stakeholders.  

However, not just the take back of end-of-life products is subject to economic, legislative and 
social drivers. Reverse logistics in general comprises the reverse flow of goods from the end 
consumer back to the manufacturer, i.e. including processes after take back of products. This 
might happen because of several reasons. Generally, three return stages of products can be dif-
ferentiated: manufacturing returns, distribution returns, and customer returns. Manufacturing 
returns comprise returns because of a material surplus, returns from quality controls or produc-
tion leftovers or by-products. Distribution returns might be product recalls, business-to-business 
(B2B) commercial returns (e.g. unsold products, damaged delivery), and functional returns, 
such as distribution items or packaging. In comparison, customer returns are, e.g., reimburse-
ment guarantees, i.e. business-to-consumer commercial returns, warranty or service returns 
(maintenance and repair), or end-of-use (e.g. returnable bottles or leased cars) and end-of-life 
returns (Dekker et al. 2004). The latter may also apply to C&D waste. 

After return, the value in these products or waste can be recovered by various actions. Re-
covery actions are, for instance, reuse or resale, repair, refurbishing, recycling or incineration. 
For an overview as well as complete definitions of recovery actions for used products and 
waste it is referred to (Thierry et al. 1995, Dekker et al. 2004). 

2.2 Characterisation of returned products 

Performing reverse logistic activities depends on the characteristics of the returned product. 
These include the following (Dekker et al. 2004): 
1. composition, 
2. deterioration, and 
3. use pattern. 

The product composition describes factors like the presence of hazardous materials, the ma-
terial heterogeneity of the product and the size of the product. The size of the product has sig-
nificant impact on the transport and handling of the product, e.g. choice of appropriate mode of 
transportation as well as means of transport. Deterioration of a product considers the intrinsic 
deterioration of a product, i.e. aging during its use, the homogeneity of deterioration, i.e. if all 
parts age equally, and the economic deterioration, which addresses the decline of the value of 
the product, for instance, outdated products like old computer technology. The use pattern of a 
product is especially relevant for the collection phase of the product. It comprises issues like 
the location, i.e. different locations and effort for collection (individual or institutional use, col-
lection point or individual take back), intensity and duration of use. 

2.3 Actors and responsible parties in reverse logistic activities 

A distinction of actors in reverse logistics activities can be made between (e.g. Dekker et al. 
2004, Fuller & Allen 1995): 
− forward supply chain actors, 
− specialised reverse chain actors, and 
− opportunistic actors. 

In particular, responsible parties can be, among others: original equipment manufacturer 
(OEM), wholesalers or retailers, independent intermediaries, specialised recovery enterprises, 
third party reverse logistics service providers, and governmental institutions, like municipalities 
taking care of waste collection. 



3 REVERSE LOGISTICS IN CONSTRUCTION 

Applying reverse logistics concepts from the manufacturing in the construction industry, one 
faces numerous difficulties. These difficulties mainly arise from the more complex nature of the 
forward supply chain as depicted in Figure 1.  

 

 
Figure 1. Forward construction supply chain (Lowe & Leiringer 2006). 

 
In comparison to the products of the manufacturing industry, such as electrical and electronic 

equipment, the “products” of the construction industry, i.e. civil objects, like houses, bridges or 
roads, have a long life cycles and are immobile. Due to their size and immobility the recovery 
of civil objects usually takes place on-site (Dekker et al. 2004). Concluding, reverse logistics 
operations in the so called reverse supply-chain are more difficult due to the higher number of 
actors (contractor, supplier, sub-supplier) and materials of different composition, degree of de-
terioration, and use pattern. An example of different recovery options for C&D waste is de-
picted in Figure 2. 

 

 
Figure 2. Recovery options for C&D waste (Schultmann & Sunke 2006). 

 



3.1 Motivation 

The motivation for construction companies to participate in reverse logistics is likely the same 
as in the manufacturing industry. Regarding profit–orientation a reduction of costs for disposal 
by selective deconstruction and separation of C&D waste can be realized. Additional gains are 
expected from the resale or recovery of valuable components and materials, for instance decon-
structed aluminum framed windows, steel bars, wood, or bricks. 

Legislative pressure is put on the enterprises by construction specific legislation. This legis-
lation comprises regulations for the handling of C&D waste. In Europe, this is mainly laid 
down in the European Council Directive 91/156/EEC (revised Framework Directive on Waste, 
amending Council Directive 75/442 EEC) and Council Directive 91/689 EEC on Hazardous 
Waste, amended by national legislation as the Recycling and Waste Management Act (Kreis-
laufwirtschafts- und Abfallgesetz: KrW-/AbfG) in Germany. 

While the first two drivers for reverse logistic tasks focus on economic and legal aspects, the 
third factor addresses social consideration. It focuses on the fact that an enterprise depends on 
the “license to operate” issued by the people and institutions in its living environment (cf. sec-
tion 2). Due to environmental concerns, also construction enterprises face pressure to act ac-
cording to the principle of sustainability, i.e. waste avoidance and reuse in order to foster re-
source preservation and emission avoidance. The “green image” gained by environmentally 
friendly business operations can help to win the favor of the public. 

3.2 Characterisation of material and waste flows in the construction industry 

When construction materials are classified, it has to be differentiated between constituent parts 
and components of buildings used for construction and construction waste. According to 
Kibert, five general component categories of houses can be distinguished (Kibert et al. 2000): 
1. manufactured, site-installed commodity products, systems, and components with little or no 

site processing (e. g. boilers, valves, electrical transformers, doors, windows, lighting, 
bricks), 

2. engineered, off-site fabricated, site-assembled components (e. g. structural steel, precast 
concrete elements, glulam beams, engineered wood products, wood or metal trusses), 

3. off-site processed, site-finished products (cast-in-place concrete, asphalt, aggregates, soil), 
4. manufactured, site-processed products (dimensional lumber, drywall, plywood, electrical 

wiring, insulation, metal and plastic piping, ductwork), 
5. manufactured, site-installed, low mass products (paints, sealers, varnishes, glues, mastics). 
 

At the end of the life-cycle of a building, these components represent potentially recoverable 
materials and parts which are transformed into waste. 

Apart from deconstruction this waste also arises during the erection of buildings. These ma-
terials can be classified according to the European Waste Catalogue (EWC) (European Comis-
sion 2002). The EWC contains a number of different waste descriptions, e. g. for wastes from 
inorganic chemical processes, waste from the photographic industry as well construction and 
demolition wastes (including excavated soil from contaminated sites), as exemplarily depicted 
in Table 1. 

Depending on the actors involved in reverse logistics processes in construction, as addressed 
in the next section, different networks of collection points (supply sources) and recovery facili-
ties or disposal sites (demand points) for C&D waste exist. If third party service providers are 
authorized with the pick up and recovery or disposal C&D waste, from the viewpoint of this 
service providers, numerous collection points (construction sites) exist and difficult transport 
problems, i.e. vehicle routing problems, occur.  If the construction operator itself is responsible 
for the collection and transport of C&D waste to the recovery facility or disposal site against 
some charge, easy network structures and planning problems occur. However, this situation 
only occurs for very small deconstruction projects usually processed by small construction en-
terprises, usually engaged in regional business and contracts with private persons. 



Table 1. C&D wastes according to the EWC (European Comission 2002). 
__________________________________________________________________________                                                       _   

EWC Code Description 
__________________________________________________________________________                                                       _   

17 01    concrete, bricks, tiles and ceramics 
17 01 01   concrete 
17 01 02   bricks 
17 01 03  tiles and ceramics 
17 01 06  mixtures of, or separate fractions of concrete, bricks, tiles and ceramics containing danger-

ous substances 
17 01 07  mixtures of, or separate fractions of concrete, bricks, tiles and ceramics other than those 

mentioned in 17 01 06 
17 02  woods, glass and plastic 
17 02 01 wood 
17 02 01 glass 
17 02 03 plastic 
17 02 04 glass, plastic and wood containing or contaminated with dangerous substances 
17 03 bituminous mixtures, coal tar and tarred products 
 17 03 01 bituminous mixtures containing coal tar 
17 03 02 bituminous mixtures other than those mentioned in 17 03 01 
17 03 03 coal tar and tarred products 
17 04 metals (including their alloys) 
17 04 01 copper, bronze, brass 
17 04 02 aluminum 
17 04 03 lead 
17 04 04 zinc 
17 04 05 iron and steel 
17 04 06 tin 
17 04 07 mixed metals 
… …      
 
__________________________________________________________________________                                                       _   

3.3 Actors and responsibilities for C&D waste management 

The responsibility for C&D waste management in deconstruction projects is usually assigned to 
the general contractor, i.e. the construction enterprise or the responsible sub-contractor.  

The contractor or sub-contractor has to organize the disposal of waste. Thereby, C&D waste 
can be sorted on-site and collected in transportable devices, for instance, containers. The aim of 
the contractor is to reduce disposal costs. This is usually realized by selective deconstruction 
and high degree of C&D waste separation. After deconstruction and sorting, either the contrac-
tor delivers the waste to recovery facilities or disposal sites against a fee or directly contracts 
with a specialised reverse chain actor, e.g. a recycling company, who picks up the containers of 
C&D waste on site for money and resells, recovers or disposes the C&D waste itself. 

4 CHALLENGES IN THE ORGANISATION OF REVERSE LOGISTIC PROCESSES FOR 
CONSTRUCTION 

Concentrating on the analysis of reverse logistics concerning C&D waste, recovery strategies 
for C&D waste have already been discussed intensively in literature. This comprises, for in-
stance, research on deconstruction and recovery techniques (e.g. Tam & Tam 2006, Kuo 2006, 
Thormark 2000)  and the use of various building materials and components after recovery (e.g. 
Rao et al. 2007). Therefore, in the following, the focus is shifted to the organisation of opera-
tional logistic tasks, i.e. the collection of C&D waste at the deconstruction site and its transport 
to recovery facilities or disposal sites. Hereby, the statement of Fleischmanns et al. (2000) (cf. 
section 2) especially holds true for construction,  where common problems occurring are to be 
found in transportation activities, i.e. inefficient route planning and empty truck loads, so called 
deadheads. 

These problems result from the characteristics of the construction industry, which differs 
from the manufacturing industry in many points. Among them are the complex and heterogene-



ous structure of the product, the long life time of the product and its immobility, the uncertain 
and non static waste accumulation in deconstruction projects, as well as the varying locations of 
construction sites, i.e. varying collection points but only a few recovery facilities and disposal 
sites as addressed before. Considering these particularities less space of freedom is given in the 
development of logistic strategies.  

In the following, we therefore particularly focus on the influence of the characteristics of the 
construction industry on: 
− actors and responsibilities, 
− means of transport, and 
− modes of transport. 

C&D waste management in deconstruction projects is usually undertaken by the general con-
tractor, i.e. the construction enterprise or the responsible sub-contractor. Accordingly, the con-
tractor or sub-contractor is responsible for the disposal of the waste, as discussed before. This 
waste can be sorted on-site and collected in, for instance, containers. Either the contractor de-
livers the waste to recovery facilities or disposal sites for a fee or directly contracts with a spe-
cialised reverse chain actor, e.g. a recycling company. This actor picks up the containers or 
trucks loaded with C&D waste on site and resells, recovers or disposes the C&D waste itself. 

Especially for reverse chain actors, the efficient transport of C&D waste is difficult. In con-
trast to the manufacturing, the location of the deconstruction sites is varying and usually the 
only accessible way is road transport mode. Hence, trucks with special equipment (for instance, 
special hangers to safely store deconstructed windows for resale) or container trucks are used. 
Thereby, also the composition of C&D waste hampers efficient reverse logistic activities. The 
size and quality of C&D waste is usually not standardised and the waste often contains unex-
pected hazardous substances. Deadheads cannot be avoided due to the missing planning cer-
tainty with respect to the forecast of the amount, place and time of the pick up of goods or col-
lection from the construction sites and usually different role of the actor (a recycling plant 
usually does not deliver a deconstruction site with recovered components or recycled material). 
Instead, pick up tours have to be calculated every time an order is made by a contractor and 
complicated vehicle routing problems occur every time a new order arrives. 

5 CONCLUSIONS 

The aim of this contribution was to investigate the challenges of the application of reverse lo-
gistics to the construction industry. Special focus was put on deconstruction projects and C&D 
waste. It could be shown that reverse logistic activities also become important in construction, 
especially with respect to the need of the recovery of C&D waste trying to establish closed loop 
material loops. 

It can be concluded, that the main structural difference between the construction industry and 
the manufacturing industry regarding take back of products, i.e. waste, does not refer to waste 
treatment or recovery processes, but to the organisation of the collection and the design of lo-
gistic processes from the building site to the recovery facilities due to the special characteristics 
of the construction industry and its products. 

Accordingly, future research has to focus on the logistic processes from the source of origin 
of C&D waste to the first step down the process chain, i.e. the connection between construction 
sites or collection points and recycling or recovery facilities. 
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1 INTRODUCTION 
A vast amount of resources and energy is lost in building demolition and transformation, 
usually with associated negative environmental impacts due to considerable waste volumes 
produced. Building deconstruction allows a reduction of the negative impacts mentioned, by 
promoting the reuse of whole buildings, components or materials, both existing and future, thus 
increasing the efficiency of resources (material and energetic) in building construction. 

The increase in environmental efficiency of the usage of resources is the ultimate aim in all 
sustainability efforts (UN-GASS, 1997), and recent studies have shown dissociation between 
GDP growth and Direct Material Inputs in several EU economies, in effect demonstrating that 
welfare can increase without resource consumption increase (Niza, 2001). 

No report exists on Deconstruction activities in Portugal, as this subject has only recently 
became the object of scientific studies. This document follows the template for national reports 
used in CIB publication 300 Deconstruction and Materials Reuse - An International Overview 
(Chini, 2005), allowing easy cross-referencing with the various national reports. 

1.1 Waste statistics: overall production of C&D 

Construction and Demolition Waste (CDW) is still an undefined problem in Portugal, although 
awareness and need for research into its processing are rising. Presently, the most visible aspect 
of CDW is illegal roadside dumps, common along secondary roads or desert grounds. They are 
due to a variety of reasons including lack of appropriate dumps, insufficient inspection by 
authorities and particularly due to a general lack of awareness by parties involved (figure 1). 

There are no quantified data on the type, origin and constitution of CDW in Portugal, other 
than local or incomplete studies. Data are difficult to obtain since there is a general lack of 
record keeping, while illegal dumping is rather commonplace. 

Estimation of values ranges from 7.691 ton/year (Carvalho, 2001) to a 3 Mton/year 
production mentioned in the 1999 Symonds Report (Symonds, 1999), while more recent 

Overview of deconstruction activities in Portugal 
 
A. Santos, Author 
Faculdade de Arquitectura, Universidade Técnica de Lisboa, Lisboa, Portugal 

J. de Brito, Co-Author 
Instituto Superior Técnico, Universidade Técnica de Lisboa, Lisboa, Portugal 

ABSTRACT: Deconstruction emphasizes promotion of “reuse” of building materials and 
components (and even whole buildings) as a way to “close the loop” of materials, and avoid the 
loss of matter and energy through construction and demolition waste. In Portugal, although 
there are various efforts to promote sustainability in the field of reuse and recycling of building 
materials and components, these are not yet united under the conceptual framework of 
Deconstruction. This paper presents an overview of these activities (selective demolition, 
building and component reuse), alongside a description of construction and design trends in an 
attempt to define a possible framework for deconstruction. This paper is part of an ongoing 
PhD research that aims to assess the possibilities of implementation of Deconstruction, from an 
architectural point of view, within the specific characteristics of Portuguese building design and 
construction industry. 



estimates provide a figure of 4,4 Mton/year (Farinha, 2007). Since there are no systematic and 
complete records, accurate trends are impossible to ascertain, but these last two values would 
represent a 150% increase in CDW production in less than ten years, and an average 400 
kg/capita/year production. 
 

 
Figure 1. Illegal Construction and demolition dump in abandoned factory in Lisbon 
 

1.2 Waste statistics: percentages of C&D waste reused, recycled or land filled. 

The Symonds report (Symonds, 1999) also indicated that, in 1999, less than 5% of all CDW in 
Portugal was reused or recycled, then one of the lowest values in the EU. The situation has 
changed little since then, although further CDW processing units have been created in the 
meantime. There are currently 31 licensed operators to receive and process CDW waste (INR, 
2007), 67% of which act as basic landfill / separation units, while 13% act as valorization units 
for glass and ceramics. This amounts to an average of one unit per 2800 sq. km., a low value 
comparing to Germany’s average of one unit per 223 sq. km. (Chini, 2005). 

2 DEMOLITION AND DECONSTRUCTION TECHNIQUES, MACHINERY AND TOOLS 

Before the second half of the XX century, buildings in Portugal were made essentially with 
load bearing walls, either of stonework or more often of a poorer mix of small stones, bricks 
and lime mortar. Raised floors were built of wooden elements, as well as interior walls 
(plastered over). Roofs were built using wooden structures with clay tiles. Exterior finishes 
invariably included mortar renders, painted or with lime washes. In the northern parts of the 
country the percentage of use of stone was higher, including load bearing walls in solid stone or 
stone slate roofs. In the southern areas, earth rammed construction was very common. The 
beginning of the XX century saw the introduction of reinforced concrete in building 
construction, although this only became generally widespread by the 1950’s. Typical mid-
century residential and office buildings comprise reinforced concrete frame, single or cavity 
wall of ceramic bricks, finished in mortar renders with scarce stone facings. Dividing walls are 
also in ceramic brick, with embedded infrastructures. Window frames are either in wood or 
first-generation aluminum, while roofs are composed of clay roof tiles over concrete structure 
or slab. The probable candidates for demolition or deconstruction are therefore extremely 
monolithic constructions, in which almost all elements are interconnected by chemical bonds, 
and where the possibility of disassembly and material harvesting is very low. 

In April 2007 there are 42 registered demolition companies, ranging from family owned 
businesses to more professional multi-firm corporations, largely concentrated around Lisbon 
(13 firms) and Porto (9). The range of techniques used in demolition / deconstruction is thus 
quite limited, varying only due to the size and height of the building and the conditions of the 
location. Usually the first step is the removal of the more characteristic or valuable features 



(depending on the age of the building) whose form of fixing, size or value allows removal. 
Demolition work will take a top-down approach, using pneumatic hammers or hydraulic claws, 
handheld or as machine extensions, steadily demolishing the building on site. Demolition by 
controlled explosions is quite rare due to the fact that urban centers with older buildings are 
very dense areas, and explosive demolitions are liable to cause damage to adjacent buildings by 
blast or falling elements. Demolition thus results in largely mixed heaps of material (figure 2), 
with the material being carried to dumps (where some separation may take place, especially if 
metallic elements are present). 

Several large-scale demolition operations have been undertaken in recent years, producing 
valuable experiences and learning. The former industrial area of the EXPO 98 site was totally 
cleared resulting in 750.000 tons of crushed concrete used in provisional roads and as a base 
layer for final roads, 100.000 tons of masonry rubble used for soil stabilization and 100.000 
sqm. of existing granite paving blocks reused in the exhibition grounds (BIE, 1999). More 
recently, a considerable number of buildings were demolished in the Cacém “Pólis” urban 
renewal program, following very detailed work plans, listing demolition types and techniques, 
establishing principles for component salvage and demolition waste processing / reuse. 
(Morujão, 2003) 
 

 
Figure 2. Typical early XX century building under demolition in Lisbon. Notice large percentage of soil 
content, with mixed metal, stone and wood elements 

3 DESIGN FOR REUSE 

3.1 In situ building reuse 

There is a large tradition of whole building reuse in Portugal, especially large and medium scale 
built heritage. This habit can be traced back to the early XVIII century when the extinction of 
the religious orders left hundreds of monasteries and convents empty. These were gradually 
appropriated for other uses such as universities, military and police garrisons, hospitals, 
ministries and even the National Assembly. Considering their heritage value, they continue to 
be adapted to a variety of functions (museums, hotels, etc.). 

There are also various examples of whole building reuse of more recent buildings (XX 
century stock), especially in urban centers. These operations include use change (offices to 
hotels, offices to hospitals), building growth (adding floors) or building remodelling 
(“facelift”). 

Nevertheless new construction prevails over refurbishment works as new building 
construction takes up 36% of the overall yearly investment in the construction sector, and 
remodeling and demolitions account for only 6% and 0,1% respectively. The development of 



territorial infrastructures accounts for 41% of the overall investment in the construction sector. 
Half of the investment in the building construction sector goes to housing construction (1,9 
billion Euros / year), while the remaining half is essentially divided among the sectors of 
services, commerce and education (INE, 2005). 

3.2 Moving buildings  

Building transference is an almost unknown practice of which there are few examples. All 
constructions known to have been moved recently had steel structures, allowing disassembly 
and reassembly in a new location The pavilions that composed the southern section of the 
international exhibition area of Lisbon’s Expo 98 were sold after the Expo end to a variety of 
locations in Southern Portugal where they were rebuilt as smaller exhibition structures, while 
Portugal’s national pavilion in Hanover’s Expo 2000 was reassembled in Coimbra. These 
processes were undocumented and no technical, economical or environmental profitability 
studies were undertaken. In March 2005, the former Macao Pavilion at Expo 98 was 
disassembled for rebuilding in the new Loures town park. This process is yet unfinished but is 
the subject of an undergoing study by the author, whose preliminary conclusions point to 
economic parity with a new structure, with a positive environmental balance (figure 3). 
 

 
Figure 3. Former Macao Pavilion being reassembled in Loures (April 2007) 

3.3 Component reuse 

As mentioned earlier, harvesting of components from historical buildings is fairly common 
(including theft from abandoned buildings), as these decorative elements are widely reused in 
refurbishment projects or by interior designers seeking to achieve a traditional / ancient look. 

Component reuse from more recent buildings is quite rare, as these often do not have 
aesthetic appeal, are not economically competitive with new comparable components and are 
generally unavailable when needed or wanted. There are rare cases of component reuse in the 
context of agreements between different firms, exchanging materials for workforce, or using 
materials as payment. One such case was the use of materials and components from the 
interiors of an existing office building in Lisbon in the new siege of an engineering company in 
Sintra. 

The author, focusing on financial and environmental profits gained, is currently studying this 
project. A variety of circumstances contributed to this exceptional case (the “harvesting” 
company was about to change facilities, the materials were compatible with the ongoing project 
for the new site, and transport distances were very short), and while technical difficulties 
occurred, this was an overall successful project, attaining a reused material incorporation of 
20% (figure 4). 
 



 
Figure 4. Work in progress at the new IP offices in Cacém (March 2006). Doors, wood veneer wall panels 
and all lighting fixtures were being reused after disassembly from original location in Lisbon. 

4 ENHANCING MATERIALS RECICLABILITY 

Material separation for recycling is already a widespread practice concerning household 
waste, resulting in large quantities of salvaged paper, plastic and glass. Several other specific 
waste streams have also been the object of attention (hospital waste, farming waste, used 
vehicles) but CDW has largely been ignored and thus recycling of specific materials associated 
particularly with the construction industry is still very low and undeveloped, although the 
situation is slowly changing. 

All CDW sorted materials that can be processed via other waste streams (plastics, metals, 
glass, and paper) are already almost fully recovered, while wooden materials are primarily used 
as fuel. But, given the prevailing construction habits in Portugal, with a predominance of 
reinforced concrete structures and a high percentage of ceramics in exterior and infill walls and 
in interior finishes, the largest percentage of CDW is composed of these types of materials, and 
these are the waste flows where greater effort is now required. Also worthy of mention are the 
remains from stone quarrying, in which up to 90% of extracted material is waste, and which 
cause serious environmental issues. 

Current scientific research has focused mainly on recycled aggregate reuse, including in 
reinforced concrete, with recently issued legislation allowing for reuse in a variety of 
applications (LNEC, 2006). A potentially very beneficial recycling issue would be the use  of 
crushed ceramic materials (including gypsum boards) as a secondary raw material, replacing 
virgin materials in clinker due to high silica and lime content (Hendriks, 2001). This could 
prove a quite important measure as Portugal is one of Europe’s largest consumers of cement, 
with one of the highest per capita values in Europe (CEMBUREAU, 2004), and the resource 
extraction associated with cement production has major environmental impacts, hotly contested 
by populations. 

The WAMBUCO - Waste Manual for Building Construction research project was recently 
completed, encompassing contributions from several other European countries (CEIFA, 2005). 
The purpose of this manual is to provide an easy usable method to estimate waste generation 
from building construction activities, be it a new building or a remodeling. This manual, 
although not yet available to the general public, could work as a good base for enhancing 
material reciclability by allowing a timely organization of CDW flow processing and 
management. 

5 ECONOMICS OF DECONSTRUCTION AND MARKETING OF USED BUILDING 
MATERIALS 

Since there is little demand, there is also little supply, and thus it is difficult to define market 
dynamics of reused building materials and components. As mentioned earlier, contemporary 



component disassembly is quite rare and usually motivated by very specific conditions. In the 
context of the study of material harvesting between interior projects mentioned on chapter 3.2, 
the cost of disassembly and transportation represented 50/60% of the price that the materials 
recovered would cost as new. This is considered a rather high value, probably exceptional in 
the context of a more generalized reused materials and components market. 

6 DESIGN OF BUILDINGS AND COMPONENTS FOR DECONSTRUCTION 

The link between design community and building industry is not very strong in Portugal, 
leading to the existence of very few initiatives for product development initiated from the 
design community. Current architectural design methodologies do not contemplate 
deconstruction as an objective, especially since not even maintenance needs are adequately 
considered or catered for, and a long default service life is assumed independently of building 
type. Energetic performance is slowly reaching the top of design priorities and it can be 
considered that this will probably hinder future deconstruction on current buildings as the 
performance demands of the new 2006 RCCTE (Building Energetic Performance Regulations) 
will lead to a generalized use of continuous exterior insulation, as ETICS or projected PU, 
rendering future material separation of building skins even more difficult if not impossible. 

The revision proposal of the RGEU National General Building Codes proposes to establish a 
minimum service life of 50 years for buildings, which may already be out of tune with present 
building average lifetime, but which probably will raise the issues of adaptability and 
flexibility. The promotion of these last two parameters by building layers dissociation and 
adoption of adequate technical constructive solutions will probably be the most promising road 
for deconstruction in Portugal, further promoting whole building reuse (already an historical 
habit). However this will require informing architects and designers, which are for the vast 
majority unfamiliar with open building principles, still tailoring buildings for a given program 
without other use scenarios, even on very fast changing programs. DGIES - General Directorate 
for Health Facilities and Equipments - is already trying to find a solution to the high rate of 
spatial and facilities change in hospitals, and has had a recent workshop with Dr. Stephen 
Kendall to acquaint itself with “Open Building” principles, based on deconstruction logics 
(Kendall, 2002). 

7 BARRIERS AND OPPORTUNITIES FOR DECONSTRUCTION 

7.1 Barriers 

As Portugal still has (apparently) considerable natural resources, and CDW is not yet perceived 
as a real problem. So there is no real motivation for adoption of deconstruction, other than a 
social or ecological awareness based one. 

Government efforts have been put into Municipal Solid Waste prevention and processing, 
thus CDW is not yet perceived in its full dimensions (waste, energy and materials loss) and 
legal framework does not promote or enforce deconstruction. No specific regulations exist yet 
regarding CDW, although more general laws mention CDW and Best Environmental 
Processing Option “ladders” are in print. There are no legal obligations or tax benefits from 
building materials component reuse or donation, other than profits gained from sorted materials 
sold for recycling and as dumping fees at landfills are still quite low (from 1 euro/ton to 60 
euro/ton), companies prefer dumping to disassembly (in the cases when it was possible). 

There is no “take back” policy on building materials, so the producers have no responsibility 
for their products. The only known exception is the SIKA Company, which provides a take 
back service on their PVC waterproofing membranes, be it new construction leftovers or 
materials recovered from demolitions and refurbishments. Provided materials are 
uncontaminated and transported to its facilities in Switzerland. 

No legal obstacle exists to building components reuse except that they must comply with 
prevailing regulations, namely fire safety, insulation performance and structural performance. 
This effectively limits component reuse to decorative and finishing materials or spatial 
configuration elements. 



Public tender rules allow contractors to submit alternatives for specified materials, so it will 
be difficult for an architect to enforce the use of reused elements. The more plausible way of 
reused components finding their way to reuse would be in “design-build” tenders where the 
team dynamics could be more favorable. Nevertheless, the recent adoption of laws demanding 
that all materials used in public works be certified will make it more difficult to adopt reused 
materials and components, as there is no body or responsible for its reappraisal. 

7.2  Opportunities 

The high dependency on oil imports, a growing social and political awareness of the negative 
impacts of current consumption patterns will progressively lead to a change of perception 
towards material and component reuse, providing the legal framework that both permits and 
stimulates the adoption of these logics by the market. 

The high percentage of new building construction could be used to produce a large stock of 
more deconstruction friendly buildings if adequate information was spread quickly enough, 
even considering current prevailing building “heavy and wet” matrixes. 

Certain demographic sensitive programs such as primary schools, or primary health centers 
could benefit from pro-deconstruction projects allowing changes in the buildings size without 
long and costly adaptation works, or without being abandoned. 

8 FURTHER RESEARCH 

More accurate CDW quantification is needed and is already undergoing, which will allow 
the general public to perceive the dimension of the problem. Concurrently, studies must be 
made to evaluate the possibilities and benefits of deconstruction (demolition vs. disassembly, 
new building vs. reuse) specifically in the Portuguese context, demonstrating both the 
economical and environmental feasibility of such operations. The concept of deconstruction 
must be divulged, especially near the concerned actors, including students, via manuals such as 
SEDA - Design and Detailing for Deconsctruction, framing deconstruction into the broader 
objective of sustainability and laying foundations for the adoption of principles compatible with 
Portuguese standards and practice. 

9 CONCLUSION 

Deconstruction is virtually unknown in Portugal, as there seems to be need for it, and 
construction matrixes in Portugal are historically and currently unsuitable for building 
disassembly. Nevertheless, consumption patterns are highly unsustainable and must be 
addressed urgently, including the construction industry that has an important role to play in this 
change due to its expressive contribution to economic activities. 
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ABSTRACT: In the context of reducing environmental impact of constructions by facilitating 
salvage of building components and materials, the term Design for Disassembly (DfD) is com-
monly discussed. However, in the different sets of guidelines describing how to design reusable 
and recyclable buildings, more aspects of the design are stressed. Components should be pre-
pared for all the stages of the salvaging process, including sorting, transport, new design and re-
assembly. The paper presents a comprehensive systematisation of the DfD principles. The aim is 
to make up a clear, pedagogic system, as well as to link the design principles to an assessment 
tool. Also, the system can function as a checklist when designing salvageable materials and 
components. The paper concludes that since many design aspects are relevant in facilitating the 
salvaging of building components, the term design for disassembly is misleading, and could be 
replaced by the term design for salvageability. 
 

1 INTRODUCTION  
1.1 DfD guideline compilations 
Solutions for environmental challenges in general and for climatic changes in particular are fre-
quently and increasingly debated. The building industry has put much focus on reducing energy 
demands during user phase of constructions, and a new building code imposing even stricter U-
values has recently caused fury among architects and builders in Norway. However, when it 
comes to greenhouse gas emissions, Norwegian statistics show that a greater part originates in 
the production of building materials (Byggemiljø 2007). This raises the question of a possible 
shift of focus to material production, transport, use and considerations in demolishing phase. 
Since much of the environmental effort that has been invested in the production of building ma-
terial can be salvaged through reuse and recycling, the demand for salvaged building material is 
believed to increase in a not too distant future.  

Design for Disassembly (DfD) is discussed in a number of studies as a line of action in reduc-
ing environmental impact of building constructions. When focusing on durable components and 
flexible design, several service lives are seen as feasible. With the strategy of DfD there will 
presumably be less pressure on new material resources and reduced waste, in spite of the in-
creasing turnover of buildings. Several researchers have presented lists of design principles or 
guidelines for DfD. A brief description of the selected compilations of guidelines is given 
(chronologically) below: 

Bjørn Berge (Berge 2000, p.12-14) describes three principles of ADISA (assembly for disas-
sembly), which are: separate layers, possibilities for disassembly within each layer, and use of 
standardized monomaterial components. The three principles comprise some details in imple-
mentation and reasoning. 



Scot Fletcher (Fletcher 2001, p.96-99) classifies a total of 37 DfD guidelines into three levels: 
systems level (adaptable buildings which can change to suit changing requirements), product 
level (element manufacture/ construction which allows upgrading, repair and replacement) and 
material level (reuse, recycling and the natural degradation of materials). The systems guidelines 
are further subdivided into four sections under the headings: design, information, market and 
disassembly. 

Catarina Thormark (Thormark 2001, p.68) structures 18 design guidelines into three groups: 
choice of materials, design of construction and choice of joints and connections. A separate col-
umn in the table gives reasons for the guidelines. 

Paola Sassi (Sassi 2002, p.3) focuses on two main areas: 1/ the process of removal of building 
elements and materials from building structure and 2/ the requirements for reprocessing of 
building elements and materials to enable reintegration in a new building. Within these areas 
the following points are further described: 1/ information, access, dismantling process, hazards, 
time, and 2/ reprocessing, hazards, durability and information.  

Philip Crowther (Crowther 2003, p.200-201) relates 27 DfD principles to five generative 
fields of knowledge: industrial design, architectural technology, buildability, maintenance and 
research. Furthermore the principles are connected to the hierarchy of recycling (p.300-301) in 
a separate table. The reasoning for the selection of principles and for their classification is 
elaborated in separate sections. 

The CIRIA guide by W. Addis and J. Schouten (CIRIA 2004, p.26) synthesizes 19 principles 
(based on Crowther), and relate these principles to their desired outcome: component reuse, 
component manufacture and material recycling.  

The SEDA guide by C. Morgan and F. Stevenson (SEDA 2005, p.23) summarises seven prin-
ciples for deconstruction detailing. The design implementation and the reasoning are further 
elaborated in the following sections.  

Elma Durmisevic (Durmisevic 2006, p.272-274) lists a total of 37 DfD guidelines, and relate 
these to three levels (building, system and material level) within three life cycle coordination 
scenarios: scenario 1/ use life cycle < technical life cycle, scenario 2/ use life cycle > technical 
life cycle, and scenario 3/ use life cycle = technical life cycle. A particular focus is set on design 
configurations that facilitate disassembly.  

The classification systems of these lists as well as the level of detail and the number of points 
vary. Some studies also explain the specific reason(s) for each principle, and link the principles 
to their desired outcome. However, the overall aim is more or less the same: material resource 
efficiency through facilitating reuse and recycling. 

1.2 Characterisation and classification of principles 
The characters of the principles may be divided in three groups:  

• Behavioral statements that deal with values and general environmental goals 
• Performance standards that are more explicit in their aim and offer specific targets of 

achievement  
• Prescriptive guidelines that offer the designer the most direction in achieving an aim 

(See Crowther 2003, p.167-168 for further explanation).  
All the surveyed lists express, as a behavioral statement, environmental material resource 

management as the final goal. The lists with few points usually consist of performance stan-
dards that are later elaborated in text. The lists with a greater number of points usually consist of 
prescriptive guidelines that give detailed design information. The characters of the principles are 
sometimes also mixed within one single list.  

The varying classification systems of these lists are keys for understanding their similarities 
and differences. The guidelines may be classified according to: 

• Type of technical benefit such as ease of handling or ease of sorting 
• Scale of application such as materials, joints, and overall structure 
• Technical level of reuse, such as material recycling, component reuse, and building 

relocation (See Crowther 2003, p. 297-298 for further explanation).  
There are examples of all these classification systems in the surveyed guideline lists. Some of 

the lists combine two systems so that the principles are related to e.g. both scale of application 
and technical benefit. Also, some lists give reasons for the guidelines so that the link to their 



benefit becomes clearer. The question is what the appropriate classification system for an over-
all systematisation of the DfD guidelines could be. 

One may ask if there is a need for yet another list of guidelines. What we do lack however, is 
a comprehensive system with a consistent and explanatory layout. This system should clarify 
different levels of scale and be linked with technical benefits (at an intermediate level) as well 
as with the purpose/ objective of each principle.  

1.3 From guidelines to assessment tools 
Some studies present DfD assessment methods as well as lists of design guidelines. A brief de-
scription of three methods is given (chronologically) below: 

Catarina Thormark (Thormark 2001, p.70) gives an outline of a method for assessment of the 
ease of disassembly. Assessed parameters for the purpose of reuse are: risks in the working en-
vironment, time requirement, tools / equipment, access to joints, and damage to the material 
caused by disassembly. As this is an outline for a method only, for the purpose of material recy-
cling and combustion, relevant parameters are to be filled in. The possible scores are distributed 
evenly among the parameters. 

Paola Sassi (Sassi 2002, p.4) presents a method for assessment of suitability for reuse/ recy-
cling/ down-cycling that is based on more than 60 case studies on building products and con-
struction methods. Parameters are divided into cost- and technically linked criteria, listed ac-
cording to the goal for the disassembly. Assessed parameters for the purpose of general 
dismantling are: installation systems and fixing methods, access to and handling of building 
elements, hazards (toxins, structural, handling), time required to dismantle elements, and in-
formation required to dismantle elements. Assessed parameters for the purpose of reuse as sec-
ond hand item are: reprocessing requirements to enable reuse, durability, components and sub-
components, hazards, requirements for performance compliance, information required for rein-
stallation, and fixings required for reinstallation. Assessed parameter for the purpose of reuse 
as new (ADDITIONAL criteria) is: requirements to ensure aesthetic standard. Finally, the as-
sessed parameters for the purpose of down-cycling and recycling (assessed separately) are: re-
processing requirements, durability, and hazards. The technically linked criteria are given a 
higher weighting and consequently a higher possible score than the cost linked criteria. Except 
for this, the possible scores are distributed evenly among the criteria.  

Elma Durmisevic (Durmisevic 2006, p.203-212) introduces a knowledge model for assessing 
Transformation Capacity (TC) of structures. The method is implemented in case studies on an 
office building and a facade-system, and in three case-studies of inner wall constructions. The 
focus is on disassembly potential (General dismantling) only, and the model is divided into four 
levels of abstraction. The two main indicators are independence and exchangeability. At an in-
termediate level these are further divided into a material, a technical, and a physical level of de-
composition. As sub aspects are listed functional decomposition, systematization, base elements, 
life cycle coordination, relational pattern, assembly process, geometry, and connections. Fi-
nally, the input-level consists of 17 determining factors, that each receives an even amount of 
possible score.  

The assessed parameters in all these three tools are classified according to the objective for 
the disassembly. The objectives refer to the recycling hierarchy, and include: 

• General dismantling 
• Reuse 
• Material recycling  
• Combustion 

 However, there is generally no direct connection between the specific design guidelines and 
the assessed parameters. Sassi’s parameters do correspond more or less to a predefined set of 
criteria, but these are, however, expressed as performance standards rather than as specific 
guidelines. This means that the evaluation will be performed at an intermediate level, which 
may open for a high degree of interpretation.  

We would like to investigate if the traceability of the assessment can become more apparent 
by applying the specific guidelines directly in the method. We therefore suggest the possibility 
of transforming the overall system for DfD guidelines to an assessment tool. In this way we will 
achieve a direct link between the guidelines and the assessed parameters. 



2 SUGGESTED SYSTEMATISATION 
2.1 Multi-purpose system 
The aim of the overall systematisation of the guidelines is threefold: It should make up a clear, 
pedagogic system suitable for communicating both the basic points and the details of the princi-
ples to architects and others involved in the building design process. Secondly, the system 
should be convertible to an assessment tool to be used when choosing building components for 
a new design with respect to their potential at the stage of deconstruction. Also, the system 
could function as a checklist when designing salvageable materials and components.  

The design guidelines are classified by combining the three systems of classification previ-
ously described (Fig. 1). Since the principles are relevant at different scales of application re-
garding construction, it is suggested to first arrange them at a component-, a construction- and 
an industry-level of scale. The component- and construction-level focus on building design, 
while the industry-level focuses on legal and financial aspects that represent constraints for the 
building industry. In an intermediate section, each level consists of relevant criteria that de-
scribe the core points of a group of design strategies. The criteria are expressed as performance 
standards, whereas the strategies themselves describe how to achieve these standards. Some cri-
teria are relevant at more than one level. For instance the theme information is relevant at all 
three levels, but addresses different topics. At the component- level; tagging of materials and 
components, at the construction- level; updated as-built drawings and guidance for deconstruc-
tion, and at the industry- level; dissemination of knowledge to designers and builders. The 
strategies can further be connected to their primary objectives, which may be maintenance, ad-
aptation, building relocation, reuse of components or material recycling. Through these objec-
tives, salvage of building material will presumably be achieved, which in turn aims at the more 
general goal of resource efficiency and overall sustainability. 

The objective column of the scheme shows that each strategy may have relevance for one or 
more objectives. Besides the visualization of the relevance of each strategy, a weighting of im-
portance can also be performed. Not all strategies for a criterion are necessarily relevant in each 
case even though listed in the overall scheme, whereas others may be highly stressed. The result 
will also depend on goals and priority-setting of the users. Thus, the complementing of the ma-
trix could be subject for a study on its own, and the spaces are therefore left blank at this point. 

The next step is the transformation into an assessment tool. The reasoning for the specific 
principles can help singling out the relevant guidelines for each assessment. In a case study on 
massive wood construction components (Nordby et al. 2007b), the principles that are relevant 
for assessing the reusability of whole components are collected and weighted for use in this par-
ticular context. The assessment thus represents a pilot study of using the design guidelines di-
rectly for an evaluation of building constructions. 

2.2 Prioritizing themes 
From the surveyed compilations, a set of strategies has been selected. Naturally, some strategies 
are more basic than others. The strategy use mechanical not chemical connections is included in 
all the surveyed lists in one form or the other. Actually, there are several physical levels where 
this strategy may apply; when materials are joined together to form a component, when compo-
nents are joined together to form a building layer or constructional part, and when construc-
tional parts are joined together to form a building. For this reason, the criterion flexible connec-
tions is relevant at both the component- and construction-level.  

It is widely recognized that it should be possible not only to disassemble components and 
constructions, they should also be prepared for the other stages of the salvaging process, includ-
ing sorting, transport, new design and reassembly. The remaining criteria at the component- and 
construction-level of scale reflect these other desired characteristics: A limited material and 
component selection simplifies dismantling and sorting and enables quality control of compo-
nents before reuse. Durable design facilitates dismantling and reassembly, and increases the 
amount of components suitable for reuse. A layered construction will grant structurally inde-
pendent and exchangeable building parts. High generality of components and constructions 
makes reuse more probable because of the architectural flexibility for a second service life. Fi-
nally, information and access facilitates the planning of dismantling and the dismantling proc- 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Suggested systematisation of design guidelines for salvageability. 



 
ess, and it also simplifies the sorting and reuse process. Most of these principles are found in the 
extensive compilation by Crowther, and their general benefits are thoroughly discussed there.  

The criteria at the industry level describe the desired characteristics of a construction industry 
aimed at environmental efficient material resource management (see Sassi 2004). Life-cycle 
supportive legislation is today implemented to varying extents in different European countries, 
whereas financial incentives to support the use and development of flexible designs are proba-
bly best known through the IFD-programme of the Netherlands. Substantiated information 
about the benefits of salvageability should be disseminated to designers and builders along with 
the general knowledge about environmental solutions. 

One guideline that is listed in several of the surveyed compilations is the use of recycled ma-
terials. The reason for this guideline is to support the recycling industry. In our understanding 
this action is not a strategy directly linked to achieving salvageability, but rather a principle that 
may be supported by financial incentives. This strategy therefore belongs at the industry level. 

Avoiding toxic material is not defined as a separate criterion. The subject is relevant in sus-
tainable construction, but not necessarily for salvageability. It should therefore be considered 
only if it disturbs the recycling processes, e.g. gives rise to health hazards in the work environ-
ment. For the reuse of whole components or relocation it is not necessarily relevant. 

As far as production conditions are regarded, prefabrication is not considered a desired means 
in itself. Prefab building may imply, at least in a country like Norway, long transport distances 
including fuel emissions both in the building- and recycling processes. Therefore, the suggested 
guideline use prefabrication is omitted as a strategy. Focus is rather set on simple construction 
methods, small scale and lightweight components that can be manually handled, and the use of 
common tools. By facilitating local and also do-it-yourself building, local reuse is simultane-
ously facilitated, and environmentally this is the most beneficial strategy.  

One criterion completely left out is time use. The time required to dismantle elements is cru-
cial for the economical feasibility, and in the field of industrial design this parameter is usually 
heavily weighted. However, when discussing salvageability, the question of financial cost is not 
considered relevant. Focus is on environmental cost, which today is not consistently reflected in 
the economic system. Therefore, strategies that are purely cost-linked are omitted.  

The presented systematization reflects the values and priorities of the authors. However, this 
list could be expanded to include other criteria and more strategies. The main point is that it can 
function as an overall scheme that relate the design strategies to scale of application, criteria at 
the intermediate level, and to the desired objectives according to the recycling hierarchy. 

2.3 Denomination 
Design for Disassembly and Design for Deconstruction are terms commonly applied when the 
aim is expressed as material resource efficiency through reuse and recycling. However, as this 
study shows, in the different sets of guidelines describing how to design reusable and recyclable 
buildings, more aspects of the design are usually stressed. Design aspects also relate to the proc-
esses of sorting, transport, new design and reassembly, and therefore the term Design for Disas-
sembly can be perceived as confined and misleading. Our suggested replacement is Design for 
Salvageability. The intention of this expression is to include all lines of actions that contribute 
to salvage of building materials in one way or the other. Maintenance, adaptation and relocation 
of buildings are considered as possible objectives for the strategies, as well as component reuse 
and material recycling. It is, however, possible to tailor a more specific term within the concept 
of salvageability; e.g. when reuse of whole components is considered a prioritized target, the 
term would be Design for Reusability. 

3 DISCUSSION 
 

Different lines of action may lead to enhancing the environmental performance of building con-
struction, and Design for salvageability is one of them. The proposed systematisation of guide-
lines defines criteria that can lead to environmental advantages assuming that there is no sub-
optimization. The strategies should therefore be checked against other environmental concerns.  



The scheme relates the design strategies with: 
• Levels addressing scale of application 
• Operational criteria at the intermediate level 
• Desired objectives according to the recycling hierarchy 

When used as an assessment tool, the relevant strategies that relate to the objective of each as-
sessment can be singled out and adequately weighted. 

The fact that the same strategy can facilitate different objectives as well as support different 
overall goals can be confusing. Some of the criteria, like flexible connections, will facilitate all 
the listed objectives. In addition, flexible connections may be a means to user flexibility which 
can result in added value of the property. The objectives in the scheme are structured according 
to the recycling hierarchy, which indicate that some options are more environmentally sound 
than others. Reuse is considered a better choice than recycling because less processing means 
less energy spent and less emission released; hence the total environmental burden is less. The 
highest level in the hierarchy is considered to be maintenance, because frequent care saves the 
building from deteriorating with a minimum of environmental (as well as financial and practi-
cal) effort (Brand 1994).  

Whereas the objectives of preparing buildings for adaptation and maintenance are now being 
performed because these benefits are in demand by clients (Sassi 2004), the objective of prepar-
ing buildings for relocation is usually reserved for temporary applications like school pavilions 
and exhibition spaces. The preparation for recycling and reuse, however, is mainly focusing on 
environmental gain, and will probably not be extensively performed as long as the financial and 
legislative constraints are designed to support short-term financial profit rather than sustainabil-
ity in the life cycle of buildings. 
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ABSTRACT: Massive wood is considered to be an environmentally beneficial building mate-
rial, however it is not common to design components for a second service life. In a case study, 
we investigate how the component design influences the reusability. The criteria used are: lim-
ited material selection, durable design, high generality, flexible connections, and access and in-
formation. Five Norwegian massive wood constructions are compared: log construction repre-
senting the vernacular tradition, customized massive wood components manufactured by 
Moelven and Holz 100 representing presently used component types, and the modular massive 
wood components of Valdres Tremiljø and “Klimablokken” representing innovative designs, 
the latter still at the prototype stage. The results indicate that there are great potentials to im-
prove the reusability for the most commonly used components types. Improved generality of the 
components will give architectural flexibility in a second service life, which is crucial to in-
crease the likelihood of reuse. 
 

1 INTRODUCTION  
1.1 Material resource efficiency 
The Norwegian building industry suffers from a poor material resource management. This is re-
flected, among other factors, through a low percentage of reuse and recycling of building mate-
rials. Coupled with high activity, the negative environmental consequences are found in both 
ends of the material flow, and consist of increased pressure on new raw material as well as of 
growing landfills with toxic emissions. Also, on the way from cradle to grave, the processing 
and transport of materials consume large amounts of energy. 

A suggested strategy for reducing these negative impacts is to facilitate the use of durable and 
flexible components that can be used for generations of buildings (Berge 2000). A high envi-
ronmental input in the production of building materials can be regarded as an investment, and 
should be reflected in a correspondingly long component lifetime, or environmental payback 
time (Nordby et al. 2006). Furthermore, seeing that we often get a mismatch between the long 
technical lifetime of components and the short service life of a building or of a building layer, 
building components should be prepared for probable alterations. In spite of the fact that build-
ing turnover generally is increasing, this strategy would result in greater resource efficiency be-
cause the components could enter a number of different building configurations. Important, 
however, in achieving closed loop material cycles is to design the components and constructions 
in ways that make salvage not only feasible, but advantageous.  

Vernacular building methods are often highlighted as being resource efficient, a characteristic 
that also may include reusability. Brick buildings from the 1920s and earlier are usually laid 
with lime mortar, which makes deconstruction feasible. Since bricks are very durable they have 
commonly been reused in new constructions. Also timber constructions were designed for dis-



assembly and reuse. The traditional Norwegian log construction was prepared for both replace-
ment of units, remodeling, and relocation. Often the house was a part of the luggage when a 
family moved from the countryside to a nearby town. 

However, we have not brought these design principles into the contemporary building indus-
try, and as a result the post-war building stock is not particularly salvageable. It appears as a 
setback when bricks carefully salvaged from buildings of the 1800s are reused in new walls and 
laid with cement mortar. The very reason it is feasible to deconstruct the old brick walls is the 
flexible lime mortar. With the solid cement mortar, one cannot assume that more future lifetimes 
are obtainable. Paradoxically, along with the development of advanced technology, the intelli-
gence of the building methods that earlier supported flexibility and long life, has vanished.  

1.2 Wood as building material 
Wood as a construction material has long traditions in Norway, but the focus on wood as an 
ecologically preferable material is a relatively new notion. Anyway, the environmental rationale 
for using wood is many-sided: Firstly, wood is a renewable material with fairly low environ-
mental impact in production. Since forestry is a widespread industry, timber is in most places 
harvested locally, and consequently energy use for transport is moderate. Wood is also highly 
versatile and can be used for almost all building elements, and designed in the right manner it 
may last for centuries. Secondly, the contribution of wooden surfaces to a healthy indoor envi-
ronment is highlighted as an environmental benefit. The capability of storing heat as well as 
moisture helps balance the air quality. However, to achieve this it is important to avoid imper-
meable paints and varnishes.  

Thirdly, one can argue that wooden components will delay the negative climatic effects 
through CO2-storage. All growing biomass material transforms CO2 from the air to glucose, and 
it will stay in this chemical bond till the material burns or decomposes. If more biomass material 
was used in building construction, the effects of the rising CO2-content in the atmosphere could 
be moderated. This strategy would give mankind more time to find good solutions to the energy 
challenges. The argument of CO2-storage is a point of particular interest regarding the use of 
massive wood because the material volumes involved in building are greater than in the more 
common wood framework. Massive wood components have been introduced during the last 20 
years as a constructional alternative to concrete, promoted by sustainability issues as well as 
time efficient construction. Some component types combine structural capacity with good insu-
lation qualities, and thereby it is possible to build complete insulated walls with simplified con-
structional operations. If parts of the Norwegian building mass were substituted with massive 
wood, we could achieve considerable reductions of CO2 . 

When it comes to salvageability, wood has a great potential through a set of cascade chains 
that can extend the material’s useful life, e.g. reusing of components, reprocessing into particle-
boards, pulping to form paper products, and burning for energy recovery. It can be questioned, 
however, if down-cycling necessarily will lead to environmental benefit. Such procedures most 
often include transport as well as industrial processes that demand energy and release emissions 
and waste. The waste hierarchy therefore points to reuse of components as being preferable to 
recycling and recovery, as the material quality then is retained at a minimal environmental cost 
(Crowther 2003).  

1.3 Aim of research  
Since the reuse of timber constructions has long traditions in Norway, it seems timely to pursue 
these traditions in the context of sustainability, and forward them to industrialized building. Al-
though our society may have other reasons for salvaging material than in earlier times and al-
though the economic framework is quite different, the design of the components themselves re-
mains an important parameter. Massive wood as a building material has a great potential of 
meeting challenges in a low carbon society, but the components generally lack reusability. For 
these reasons, we focus on reuse of components in a case study on massive wood. We wish to 
decompose the term reusability, and investigate exactly what factors that make a massive wood 
component reusable. The case study includes a traditional log construction and compares it with 
contemporary methods of massive wood. The aim is to investigate how the component design 



limits or supports the reusability. Since this is a pilot case study, the assessment method is also 
tested and commented. 

2 ANALYSIS 
2.1 The assessment method 
The principles of salvageability (Nordby et al. 2007a) are converted to an assessment tool 
(fig.2). The criteria within the component-level of the system are: limited material selection, du-
rable design, high generality, flexible connections, and information and access. The reasoning 
given for the specific strategies helps differentiating their importance for the assessment of mas-
sive wood components. We have assumed a relative importance that is shown with a number of 
x. Furthermore, we have given each strategy a maximum score that reflects relative importance 
within each criterion A total of 24 points are given to each criterion. These points can be easily 
distributed amongst the different numbers of strategies as well as amongst their relative impor-
tance. 

Then each case is given scores for their qualities. The scores are (also) based on judgements 
made by the authors, and are subject to interpretations. However, a principle followed is that no 
score is given when desired characteristics are not present, and maximum score is given when 
the desired characteristics are fully present. In figure 3, combined scores for the different criteria 
are shown as clustered columns. The total number of points for each case object is not added up, 
because the criteria are considered to represent different aspects of reusability. These aspects 
may vary in importance from one assessment to the other. 

2.2 The selection of case study objects 
The reusability of five Norwegian massive-wood components is compared: Traditional log con-
struction, customized massive wood components manufactured by Moelven and Holz 100, 
modular massive wood components manufactured by Valdres Tremiljø, and finally the modular 
concept “Klimablokken”. Although the manufacturers Moelven and Holz 100 also provide 
modular components, we have chosen to include only the customized wall elements because 
those are the most commonly used, and also because that will give the selection of case objects 
a sufficient variety. Size, shape and connection methods are the most important parameters in 
separating the case objects. The selection thus represents a diversity of solutions: a vernacular 
building system, three presently used component types, and one innovative concept still at the 
prototype level. The functional unit is one typically sized wall component. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. The case study objects, with the functional unit shaded. 



2.3 The results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The assessment scheme showing criteria, strategies, reasoning, assumed relative importance 
(within each criterion) and scores. 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3. Scores for each criterion, shown as clustered columns. 

3 DISCUSSION OF THE RESULTS 
3.1 Limited material selection 
A limited number of materials is desirable because it simplifies the dismantling and sorting 
process. Massive wood components are all basically made of wood, but the different connection 
methods for subassemblies make them different. The log is the only component that consists of 
wood throughout and that has no connectors, and it therefore receives full score. The other case 
objects have only one type of connector for the subassemblies; glue for the Moelven compo-
nent, wooden pegs for the Holz 100 and Klimablokken components, and screws for the compo-
nent of Valdres Tre. However, the nature of the connectors departs from the basic wood material 
to varying extents. 

When it comes to the need for connectors between components (quantities and types), all the 
cases are assessed as moderate. Also, a full score is given for avoidance of secondary finishes 
and of toxic and hazardous materials, although these strategies are not considered highly rele-
vant within this context.  

3.2 Durable design 

All the assessed components are considered to be durable. Although the wood quality may vary, 
this is not connected with the design of the construction components. High quality wood may 
last for centuries, even as external cladding if appropriately designed. Since also the tolerances 
are regarded as adequate, all case study objects receive full score for this criterion. 

3.3 High generality 
A high generality of building components will give architectural flexibility in a second service 
life, and this is crucial to increase the likelihood of reuse. Simple and common construction 
methods, standard dimensions and small to moderately sized components aim at giving freedom 
of design in a second service life, whereas too large and specialized components can only repeat 
the same building. The case objects of Moelven and Holz 100 belong to the latter category and 
demand crane equipment for construction as well as deconstruction. They therefore receive zero 
points for this criterion.  

Vernacular log work is based on modules; the module being a quite imprecise log that re-
quires adjustments for construction and for reuse. Because of this irregularity, traditional log 
construction does not receive full score for standardization. Industrialized versions of log con-
struction, however, would have received a higher score for this criterion. The scale and weight 
of the log is assessed as moderate, and full score is given for low complexity and for being 
workable with common tools. 



 The Valdres Tre and Klimablokken components receive the best ratings for standard dimen-
sions and modular design. They have both relatively low complexity, and scale and weight is 
low to moderate. This means that these components can be adapted for pre-fabrication in an in-
dustrial plant as well as for self-building. Also, the building can be constructed with common 
tools, something which is considered to facilitate local reuse. Within the criterion of generality, 
these two case-objects are therefore assessed to have the highest potential. 

3.4 Flexible connections 
Reversible connections between components are seen as a prerequisite for dismantling, and this 
strategy is therefore given the highest score within the criterion. All the components allow for 
reversible connections, although the component designs do not necessitate specific solutions. 
When it comes to reversible connections for subassemblies, only the components of Valdres Tre 
can offer this. Log construction also receives full score for this strategy because there are no 
subassemblies. However, this aspect is not seen as important for the objective of reuse.  

None of the components allow for parallel disassembly. 

3.5 Information and access 
It is not common to label information about material and component type directly on wood 
components. One may claim that this is not necessary, because the wood material speaks for it-
self. Traditionally, logs were marked to identify where in the wall the component belonged, but 
this was not connected to material and component type. However, in a possible future where 
more focus is set on salvageable building materials in industrialized building, this line of action 
may be developed further. Here the field of product design can serve as a model for the building 
industry.  

Although connection points are not identified, access is more or less evident in the construc-
tions. This is true for all the components, and they therefore receive half score for this strategy.  

3.6 The assessment method 
In this study, we see that both the objective of the assessment (reuse) and the function of the 
case objects (construction components) are decisive factors for the weighting of the strategies. 
The reasoning given is also geared towards the objective of the assessment. If the objective was 
recycling instead of reuse, other strategies would have been stressed, e.g. 4; Avoid toxic and 
hazardous materials, and 10; Use reversible connections for subassemblies. Likewise, if the 
function of the case objects happened to be external cladding, e.g. strategy 3; avoid secondary 
finishes, would have been considered more relevant than it is for constructions. In this way, the 
resulting weighting of each assessment will vary. 

Furthermore, the criteria are considered to represent different aspects of reusability, and 
therefore they may also vary in mutual importance from one assessment to the other. More case-
studies are needed to further investigate the usefulness of the method. 

Besides examining the reusability of massive wood components, we wanted through this 
study to investigate the use of design guidelines as an assessment tool. The assessed parameters 
correspond directly with the strategies relevant for reusability of components, and they are ex-
pressed as specific design guidelines rather than performance standards. The method was there-
fore expected to give precision and transparency. 

However, there may be a mismatch between the degree of accuracy of the scheme and the 
more approximate estimate of the qualitatively given scores. This suggests that an assessment 
method using performance standards at an intermediate level (Sassi 2002) may be just as rele-
vant. On the other hand, this check list concept can be developed further through more case 
studies. We believe that it is important to retain the principle of traceability. 

 
 



4 CONCLUSIONS 

The results of the assessment show that the case objects differ from each other mainly on two 
criteria; limited material selection and high generality. Firstly, different types of connectors dif-
ferentiate the wood components. Secondly, and most importantly, large differences are found 
for all the strategies within the criterion of high generality. The results indicate that there is a 
great potential to improve the reusability for the most commonly used Norwegian massive wood 
components. In a potential redesign, attention should be paid to the properties that give the 
components high generality and thereby architectural flexibility in a second service life.  

If better reusability of the components was achieved, massive wood could become a first 
choice building material for closed loop buildings in a low carbon society. Small to medium 
scale modular components can be manufactured in industrial plants as well as locally by hand. 
The components should be workable with common tools because this is flexible and will facili-
tate self-building. In turn, self-building will address local reuse, which is the best environmental 
option. 

When exploring the assessment method we see that transparency is achieved, but that there 
may be a mismatch between the degree of accuracy of the scheme and the more approximate es-
timate of the qualitatively given scores. More case-studies are needed to further investigate the 
usefulness of the method. However, we believe that the direct link between the guidelines and 
the assessed parameters is a step in the right direction. 

To make reuse happen, there are obviously also other parameters than appropriate design that 
should be considered. Reuse was more commonly performed at earlier times because, among 
other factors, it was more cost-efficient to invest in work-hours than in material resources. It 
therefore became cheaper to reuse components than to buy new building material. Today it is 
the opposite trend, at least in the industrialized part of the world. However, environmental con-
cern is slowly changing the legal and financial framework of the construction industry. Still, 
adapting the mindset and culture of decision makers is probably the hardest task.  

Finally, the strategies for reuse should be seen as a source for architectural potential, not as a 
limitation. Durable and flexible material components aim at an environmentally justifiable life-
time, and a limited material selection facilitates the dismantling and sorting process. In addition, 
simplicity in the design may be regarded as an architectural quality: By restricting the material 
use and by keeping each component simple and clear, the buildings architecture may gain in re-
finement (Monsen 2006). The lesson is similar to what many architects teach: Keep it simple! 
Avoid overloads and fussiness, and cultivate each building material at its’ own premises. 
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1 INTRODUCTION 
 
Design for Disassembly, DfD, is an important measure to achieve sustainable building. What is 
DfD and what are the motives? DfD can be defined as a method to design a building/product in 
such a way that it enables the disassembly of building/components and reuse/recycling of its 
parts/materials. DfD requires a new approach to design and will result in a building/component 
designed for all the stages of its life-cycle. DfD is an essential action to accomplish the goals to 
reduce the use of both of energy and resources as well as the production of waste. DfD can also 
be regarded as an implicit meaning of the word reduce in the slogan “reduce, reuse, recycle”.. 

Within product design, research in DfD has been carried on for more than 25 years and DfD 
is today a well integrated method in product design. Within building design, general ideas 
regarding the favour of DfD (or Design for Deconstruction) was presented already in the 1970th 
by the architect Christopher Alexander. It was later developed in the 1990th by for example 
architects such as Francis Duffy and Stuart Brand. 

In the last years, many countries worldwide has been given a lot of attention to DfD. 
Authorities, special interest oragnisation and companies have produced guidelines for DfD in 
building construction. Research have been carried out, doctoral thesis have been written and 
some are under way. In the Neatherlands, the Ministry of Housing, Spatial Planning and the 
Environment (VROM) implemented a project called Industrial, Flexible and Demountable, IFD, 
in which a great amount of demountable buildings have been built. Many developers and 
housing corporations in Holland have recently started to integrate DfD aspects in their 
development (Durmisevic 2007). In for example Australia, Canada and Great Brittan, an 
analysis of the building code regarding environmental issues was commissioned by the 
government. Several bodies for considerations pointed at DfD as an important matter to notice 
and develop.  

There are many motives, both environmental, economical and social, for DfD in building 
construction and in the sections below is given an overview of motives and benefits. The 
motives can be summarised in 

Motives for design for disassembly in building construction 

Catarina Thormark 
Construction Management, Lund Institute of Technology, Lund University, Sweden. 

ABSTRACT: Design for disassembly, DfD (Design for Deconstruction), is an essential action 
to reduce the use of energy and resources and the production of waste in building construction. 
DfD has many environmental, economical as well as social benefits. It seams obvious to include 
the aspects of DfD, in both on-site and off-site production. Some countries have observed the 
importance of DfD and taken action but in many countries this is still a disregarded issue. This 
paper presents an overview of motives for DfD in building construction. The aim is to 
encourage clients and all actors in the building process to improve the discussion on DfD. The 
overview is based on the result of a systematic analysis of related fields such as DfD in product 
design, energy and resource efficiency in buildings, building deconstruction and salvaging of 
construction waste. 



Economical motives 
  - Increased costs for waste handling  
  - Increased costs for extraction of resouce  
  - Increased score in environmental labelling for demountable buildings  
  - Increased terminal value for demountable buildings  
Social motives 
  - Demeographic changes and changes in household structure 
  - Buildings are demolished before intended time 
Enviromental motives 
  - Increased problems with waste production 
  - Lack of virgin resources 
  - Recycling and the quality of the end products 
  - Reduced need of energy need for building operation 
  - Climate changes 

2 ECONOMICAL MOTIVES 

2.1 Increased costs of waste handling and resources 
Both waste and resources are connected with great costs in building construction. Economic 
instruments for environmental purposes are used in most European countries and are 
increasing. By 1994, the number of instruments had increased by over 50 % compared to 1987 
[Hamilton 2001] and waste and resources are affected fields. In the 1990th, many countries 
introduced tax on waste, e.g. Denmark, Sweden, Holland, Finland, UK, and Germany [EFR]. 
Denmark introduced waste tax already in 1987, it has been increased continuesly and in 2001 it 
was tendoubled compared to 1987. Many countries have also  tax on virgin materials. Tax on 
gravel was e.g. introduced in Sweden 1995, Denmark 1998, France 1999, and UK 2002 [EFR]. 

Easier disassembly would facilitate recycling, reduce waste and save resources. 
2.2 Environmental assessment of buildings 
Environmental rating is a widespread measure to promote the production of environmental 
products in general and there is a large number of environmental rating systems for buildings. 
The construction company Skanska considers environment rating as a necessary complement to 
legislation as it provides help to customers and lets the market work [Skanska 2007]. 
Environmental rating is also used by many construction companies and developers to market 
building projects, e.g Skanska and Brittish Colombia Construction Association, BCCA 
[Skanska, BRCCA 2007].   

Consumers also consider envronmental rating systems as useful and in a survey, 32 % of the 
consumers answered that they certanly would pay 5 % more for an environmentally produced 
product and 48 % that they would consider to do so [Swedish EPA 2006]. 

In recent years, a few rating systems have included DfD-aspects, e.g. HK-BEAM, 
GreenGlobe and GBTool, and other systems are discussing the possibilities to include both 
DfD-parameters and recycling potential, e.g. EcoEffect [Glaumann 2007]. DfD is closely 
connected with the recycling potential and both are important parts of the environmental 
assessment of buildings. The goal is to develop a protocol that fairly allocates the loads, while at 
the same time encouraging planning and design decisions that facilitate greater recycling 
potential at the end of the use period [IEA 2001]. 

Buildings designed for disassembly and reuse/recycling will get higher score in 
environmental rating and the buildings’ retail value will increase. 
2.3 Increased terminal value 
On a free market, the value of a building is decided by access and demand and a building’s 
location is an important factor. Closure of a company, important for the employment in the 
region may suddenly change the demand for residential buildings in the region. Buildings which 
are easy to disassemble, move and rebuild in another location is likely to have a much higher 
terminal value than buildings which are not possible to disassemble.  



3 SOCIAL MOTIVES 

3.1 Demographic changes and changes in household structure 
There is a general trend in developed countries towards an increase in one person households 
and based on scenarios this trend will continue [Alders 1999].   

In Sweden, the share of one person households increased from about 30 % in 1975 to 46 % in 
1990 [SCBa]. Besides changes in household composition, there will also be changes in regional 
population. The population in some counties is assumed to increase about 30 % while in other 
counties the population is assumed to decrease about 30 % [Samplan 1999]. 
3.2 Buildings are demolished before intended lifetime 
There is a clear tendency through out the world that buildings are demolished before the 
intended lifetime. In Sweden, 25 % of the buildings which were demolished after 1980, were 
less than 30 years old [SCBb]. In Japan, the etimated lifetime for wooden residential buildings 
is 25-30 years and many buildings are demolished after only fifteen years (Nakajima 2001]. In a 
on commercial and residential buildings in St. Paul , Minnesota, demolished from 2000 to mid-
2003, 30% were all less than 50 years old and 6% in less than 25 years old [Trusty 2005].  

These figures support the view that we should do more to develop flexible and demountable 
buildings. 

4 ENVIRONMENTAL MOTIVES 

4.1 Waste 
Some of the problems associated with waste and landfill are loss of arable land, loss of amenity 
value of the land, methane emission (a very potent greenhouse gas), leachate problems (liquids 
containing materials from landfill). 

Construction and demolition waste in Europe makes up for approximately 25% of all waste 
generated in the EU [WasteBase 2007]. Denmark has well developed waste statistics and in 
Denmark the construction and demolition waste makes up for about 1/3 of all waste [EPA 
2005]. Based on the amount of Swedish construction and demolition waste released 1996 and 
the recycling rates 1996, the net recycling potential was estimated. In terms of energy, the 
recycling potential could be increased at least 20-40 % [Thormark 2001]. However, as the 
demolished buildings were not designed for disassembly, the disassembly would be extremely 
costly to implement. In addition, the quality of the recycled end products would not be as high 
as it would have been if the buildings were designed for disassembly and recycling. 
4.2 Lack of virgin resources 
How long the earth’s resources will last in general, is an uncertain issue. Nevertheless, with 
decreasing access to easily extractable resources, more energy will be needed to extract new 
resources.  

In addition, for some specific resources essential for building construction, fairly reliable data 
is available. Geological Survey of Sweden has estimated that many Swedish municipalities, the 
supply of natural gravel will run out in less than 20 years if the extraction rate isn’t drastically 
decreased [GSS]. 
4.3 Recycling and the quality of the end product   
The cleaner and more homogeneous the waste fraction is, the more economical and 
environmental efficient is the recycling process. Sorting plastics for example, is a prerequisite to 
obtain high quality of the end product. 
4.4 Reduced energy need for building operation  
With decreased energy need for operation of buildings, the energy need for the material part 
(production, transports, maintenance) will make up for an increasing part of the total energy 



need during a building’s life time. In Swedish low energy houses, the material part accounts for 
about 60-75 % of the total impacts during a service life of 50 years [Thormark 2007].  

An important next step to reduce the total energy need is therefore to take notice of materials 
and joinings in order to produce reusable/recyclable constructions. 
4.5 Climate changes 
Due to climate changes, there is an increased risk of flood in Europe. More than 10 million 
people live in the areas at risk of extreme floods along the Rhine [Commission 2006) In 
Sweden, a survey has been performed regarding risk areas and several areas in risk for flood or 
landslide has been identified [SGI 2006]. 

Some areas the risks are obvious, however, in some areas there is a possible risk. In the case 
when it is difficult to tell if flood or landslide will occur, then it is even more difficult to tell 
when. In those areas, if very attractive for building, it would be possible to build demountable 
buildings which can be removed if the risks in the future show to be obvious. 

Due to climate changes, new demands on buildings can be assumed, e.g. improved shading 
devices, improved ventilation, insect screens due to increase in mosquitoes etc. [Steemers 
2003]. Steemers has also suggested that attention to an ‘adaptive capacity’ would be valuable in 
the design of buildings.  

5 CLONCLUSION  
 
Design for Disassembly, DfD, is an important measure to achieve sustainable building and 
requires a new approach in the design of buildings and building components. The motives for 
DfD as well as the benefits from DfD are of both environmental, economical and social kind.  
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1 INTRODUCTION 

Buildings tend to stay static and monumental, while living organisms are adapted to their envi-
ronment through evolution, and can respond to the changing conditions in their environment in 
the short term. For millions of years have nature been revolting and creating structures that tend 
to perfection in terms of energy consumption, environmental adjustment and survival. In “On 
Growth and Form”, D’Arcy Thompson (1961) suggested that living things adapt their shapes to 
the physical forces applied on them. When a new structure is “born”, a number of elements of 
the same environment participate for a certain period of time in its creation, either directly or 
indirectly. This environment can be influenced from other environments. Hence, every new 
structure (that survives) is born after a long and complicated procedure where many elements 
have contributed each in its own way and magnitude to build the features, characteristics and 
mechanism of the structure where beauty was not forgotten. 

Biomimetics is not about nature imitation, but the observation at their properties and prin-
ciples, and the transformation and the development of these principles into sophisticated tech-
nological solutions. These transformations can result in new means by which buildings can re-
spond, adapt and interact to regulate their interior environment for the satisfactory of their users.  

Several architects are inspired by nature, where forms and systems have specific functions, 
and are adaptive to environmental changes. For example, Antoni Gaudi was influenced by 
forms of nature among other inspiration sources. He designed a ventilation system for “Casa 
Batlló” by creating gradient pressure and thermo ventilation (Guardiola & Puente 2005). The 
Olympic Stadium, designed by Frei Otto, in Munich, Germany (Nerdinger 2005), where the 
form of the spider net provided an intelligent model maximizing the efficiency for the design. 
Frank Gehry (Aldersey-Williams 2003) and Greg Lynn (Rosa 2003) investigated and designed 
organic forms by using advanced computer technologies. Yet, the scale of their designs is not 
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adaptive to environmental changes, and does not function like an organism. It seems that they 
are seeking for a form more than a function. Foster and Partners had designed a ventilation sys-
tem for the “Swiss Re Headquarters” in London, which functions in the same way that sponges 
feed; they suck in water through basal membranes and drive it out through a chimney at the top 
(Aldersey-Williams 2003). The Emergence and Design Group directed by M. Weinstock, M. 
Hensel and A. Menges collaborated with researchers from the field of Biomimetics, where they 
provided models inspired from nature that can serve different functions for design (Hensel et al. 
2004). 

1.1 Problem definition 
Building envelope is the medium between the outside (nature) and the interior spaces occupied 
by people, it is considered as a skin that provides thermal shell, one of its functions is ventila-
tion. In the last decades, systems for buildings that respond to environmental changes have 
made rapid advances. Yet, they are controlled by computers and people, and function as a col-
lection of devices that are added on the envelope such as louvers and shades. As a result, enve-
lopes are complex and difficult to maintain and control. Sometimes solutions are forced for a 
specific environment; the natural dynamics are not utilized for the certain technical solution.  

Smart and advanced materials are applied in architecture, but we cannot say that the building 
is advanced too. There are some separate local reactions and behaviors in the building, but they 
don’t produce a global behavior. There is no clear hierarchy in geometry or materials adapted to 
buildings, which is essential for creating a global behavior. 

2 APPROACH AND METHODOLOGY 

In our research we develop adaptive systems to changing environmental conditions and inte-
grate them into structures. The envelopes of such structures should have geometry and efficient 
techniques to respond to the environmental changes. To design such envelopes we rely on two 
main factors: developments in material technologies and natural systems.  

The first factor has a great potential in architectural development.  Some advanced materials 
can be applied to systems in structures and buildings to adapt their properties and hence optim-
ize their performance. In this paper we, specifically, address the piezoelectric materials to be in-
tegrated in the envelope as will be further discussed in section 2.1.  

The second factor presents an infinite source for research and knowledge that has been used 
by many researchers of different fields for different aims. Living organisms have unique inte-
gration geometries and techniques that allow them to adapt to different environments. Their de-
velopment through evolution can take decades and centuries to give structural solutions (such as 
ventilating systems).  

One of the challenges is the design of effective and efficient envelopes that uses the natural 
dynamics in the neighborhood of structures instead of counteracting with them. By investigating 
and studying different natural systems we were able to analogously apply solutions abstracted 
from nature in the desired system. This is discussed more in details in section 2.2. In the current 
work we pay a special attention on breathing organisms and circulation systems, and integrate 
the abstracted methods together with the piezoelectric material in the presented envelope. 

2.1 Piezoelectric materials  

Piezoelectric materials have the ability of converting mechanical energy into electrical energy 
and vice-versa. The phenomenon of piezoelectric was first observed by the brothers Curie in 
1880. They realized that applying a pressure to a polarized crystal, results in an electrical charge 
due to the mechanical deformation caused by the pressure. Other materials, such as developed 
polymers, ceramics, and many natural crystals pose this property too.  

The basic principle of piezoelectric effect is that the deformation in a piezoelectric material 
caused by a force results in changing the orientation of the dipoles at the surface. The piezoelec-
tric effect also works in reverse. Applying a voltage at the dipoles results in polarized mole-
cules; those align themselves with the electric field and a deformation in the material is pro-



duced. Piezoelectric materials can serve both as sensors and actuators (e.g. in skis to reduce vi-
brations under certain conditions; in valves to control movement of parts; and in speakers).  

In our work we used piezoelectric wires for expansions and contractions of surfaces as will 
be discussed later on in the paper. 

Figure 1. A possible application for the deformation caused by a voltage to a piezoelectric material 

2.2 Natural systems 

Natural systems are unique and various. They can sense and react to local changes causing a 
global behavior. Investigating and analyzing natural systems can result in models for dynamic 
and adapting materials. Size and proportion is important in such systems and should be consi-
dered prior to abstracting principles. In our analyses of natural systems we give special attention 
to ventilation systems (air exchange), which can be found in many living creatures for different 
tasks. The following cases from nature are brought to show different methods for ventilation 
and integration patterns. 

 (1) Ascoinoide sponge: It has an interesting geometric regularity that provides a unique cir-
culation of water through and around its walls. The sponge consists of membranes on the 
envelope which sucks the food through them, and expels the water out through an atrium in the 
middle. The outer layer consists of thin cells which are tightly packed together. The inner layer 
consists of internal chambers, which are surrounded by a membrane that makes beat movements 
to create an active pumping process of water throughout the sponge walls and to absorb nu-
trients. 

(2) Respiration systems: many living organisms have a mechanism in their body for exchang-
ing air (inhaling and exhaling). There are four main respiration systems; (a) integument – where 
the exchange of gas occurs in the water directly through their integument; (b) gills – external 
tissues with many enfolding that increases the surface area for gas exchange. Organisms which 
live in water have this type of system for gas exchange; (c) lungs – the system is located inside 
the body connected to the outside by a pathway. By moving the muscles of the chest the air is 
sucked inside through the pathway to fill the lung. The lung has a great surface area of gas ex-
change due to its tiny protrusions inside; and (d) tracheae – the system is divided into a lot of 
small tubes that are in contact with muscles and organs. This kind of system functions in bodies 
less than 5 cm in length. Body movements increase the diffusion of gases inside.    

(3) The skeleton of a sea sponge: the fibers of the skeleton are overlapped or overlaid in a 
regular or crisscross pattern, with diagonal fibers to reinforce the skeleton. When increasing the 
diameter of the sponge skeleton a spiral pattern is emerged to be stronger. According to Reich-
manis (2005) the sponges are formed in a perfect way with the exact amount of material for op-
timizing the design. Understanding how their structures evolve could help in design processes. 

(4) The surface of a sea sponge: sponges have an extraordinary surface features. They don’t 
have organs, muscles or nervous system. They only have specialized cells for different purpos-
es. The sponge can increase its volume and by that it increases the inner and outer surface area. 
It generates a water flow by a nonstop beat and movements of flagella (a long slender projection 



from the cell body) which is part of the choanocytes (collar cells in the sponge). The water 
flows into the shafts through the pores in the body wall. The sponge also consist of oscules 
(outgoing of the channel system permeating the sponge) that close and open. 

2.3 Principles abstraction 

From studying and analyzing natural systems (presented in section 2.2) that perform ventilation 
or circulation processes, we abstracted the principles and methods that these systems are based 
on. And we summarized the main keywords in a table (Table 1) as a reference for our work. 

Different methods for ventilation (gas exchange) are used in: the living organism itself and 
the living environment of the organism. We can recognize similarity between the method’s 
principles in the two environments. In the case of the living organism itself we can see that the 
gas exchange is performed through a series of actions which is related mainly to parts move-
ments influencing the air pressure to create a flow against the exchange tissues. The surface area 
of the exchange is greatly expanded in such natural systems, by dividing the system into many 
small parts, chambers or sub-branches. The gas exchange process in the two kinds of environ-
ments is happening continuously, and it depends on the pressure changes. Integration patterns 
are based on simple basic geometry to create more complex functionality of the system. 

In our work we will refer to the following methods: 
1. Generating gradient pressure by parts movements. 
2. Increasing and decreasing the volume to result in sucking and expelling. 
3. Dividing the system based on hierarchy. 
4. Controlling the air-exchange by designing the surface pattern (sea sponge).   

 
 
Table 1. a summary of keywords abstracted from the natural systems above(2.2 natural systems). 

System Keywords
Ascoinoide sponge Circulation, membranes, sucking, expelling, atrium, cells, 

chambers, pumping, absorption. 
Respiration systems*       Gas exchange, tissues, enfolding, surface area, pathway, mus-

cles, sucking, protrusions, division, tubes, movements, diffu-
sion, expansion, contraction.

The skeleton of a sea sponge              
 

Helix like structure, overlapping, overlaying, crisscross pattern, 
diagonal, fibers, skeleton, increasing/decreasing, optimization. 

The surface of a sea sponge               
 

Differentiation, nonstop beating, movements, shafts, pores, 
close/open, channel system, permeable. 

* lungs, gills, tracheae, integument. 
 
 

3 PRINCIPLES TRANSFORMATION INTO ARCHITECTURAL SOLUTIONS FOR SKINS 

Based on the principles and methods abstracted from the natural systems, a breathing skin for 
buildings was designed (Figure 2). We developed a skin that reacts to changing conditions and 
influences the air pressure on the surface to perform a process of inhaling and exhaling. It pro-
vides an extended surface area for air exchange created by a lot of small active units (a basic 
component). Increasing the exchange surface of the skin improves the ventilation through it. By 
this transformation we consider the envelope of the building as a ventilation system that im-
proves the functionality of the building skin.  
The designed skin is a system where local changes occur to create global behavior. The system 
is created by a specific arrangement of a basic component, to utilize the space and the materials 
in an efficient way. The orientation and the geometry of the components allow deformations in 
order to perform the inhaling and exhaling process which results in regulating the interior mi-
croclimates.  



Figure 2. A computer generated view at the breathing skin 1:1. 
 

3.1 Basic component  

The component presented in Figure 3 is produced from elastic membrane that allows it to be 
flexible. The component cross section consists of three hierarchical parts: opened, semi permea-
ble chamber, and a closed part. This hierarchy is important to create three chambers with differ-
ent air pressure. The changes in the geometrical state of the components allow the air to flow in 
and out. The rate of air-exchange depends on the velocity rate of the component changing shape 
(deformation). Sensors are attached to the inner side of the skin, which give signals (through a 
control system) to the component to increase or decrease the deformation velocity. The middle 
chamber allows the air to flow in one direction. Hence it functions as a lung allowing air to flow 
in both directions (in and out). A more detailed explanation of this lung like chamber is dis-
cussed later in the paper.  

Figure 3. The active basic component.  
 

Figure 4. Component deformation. 



3.2 Basic component deformation and integration  
The deformation of the basic component is continuous. It deforms from phase a. to phase b. and 
vice versa (as shown in Figure 4, left). At phase a. the component is opened to the outside and 
closed to the inside, but this state is changing all the time at different velocities depending on 
the conditions of the interior space. The system is an integral part of the building envelope. The 
active ventilating components with their arrangement and geometrical integration create the pro-
tective envelope for the building, not just a protective layer but also an adaptive system based 
on bionic principles. The arrangement of the components creates an envelope that has the ability 
to perform dynamic continuous changes. Dynamics are produced due to geometry and material 
hierarchies. These dynamics generate gradient air pressure which in turn creates process of in-
haling and exhaling, performed at the same time. While some components are performing inhal-
ing other components are performing exhaling.  

The components are made from membrane materials that are able to receive signals from sen-
sors and respond by changing their geometry, this change will enable the air to permeate the 
lung like chamber from one side and expel it from the other side during the geometry change of 
the component. 

3.3 Lung like chambers arrangement in the system  
The position of the lung like chambers is fixed in the basic component. As mentioned earlier in 
Figure 4, there are fixed points in the basic component during their continuous changing. The 
chambers are based in the middle of the basic component cross-section, where the basic compo-
nent is fixed and no movements occur. They are arranged in a diagonal crisscross pattern (as 
presented in Figure 5) to optimize the stability of the system. This net is the basic support of the 
dynamic system, where the basic component is attached to this net too. The two different color 
scales of lungs in Figure 5 imply the direction of air flow through the system. The air flows 
from outside to inside or from inside to outside through the lung and it doesn’t flow in reverse 
direction through the same lung like chamber.  

Figure 5. The pattern of the lung like chambers net. 
 
 

3.4 Piezoelectric material application  
The lung like chamber is designed on base of principles and methods abstracted from respiration 
systems, surface of the sea sponge and the asconoid sponge, which were presented earlier in 
section 2.2. 

The lung like chamber consists of two surfaces attached to each other at their edges creating a 
specific volume in the basic component (as presented in Figure 6a). Piezoelectric wires are at-
tached on the surfaces of the lung like chamber. Each surface is controlled separately (Figure 6c 
& 6d). When a voltage is applied to the piezoelectric wires on one of the surfaces, the lung ex-
pands and increases its volume and by that it increases the inner and outer surface area. A low 



pressure is created in the lung which results in sucking the air inside the lung (Figure 6c). The 
air flows into the lung through shafts on the surface of the lung. The shafts are designed in a 
way that allows the air to flow in one direction; valves are attached to the inner surface to the 
shafts, when the air pushes on the inner surface towards out, the valves are contracted and 
closed. Stopping the voltage from the surface results in contraction and creating over pressure. 
A voltage is applied to other side of the lung (Figure 6d), which expands it and allows the air to 
flow out through the shafts to the other side.  

Figure 6. The expansion of the lung like chamber. 
 
 

3.5 Lung expansion and contraction combined with basic component deformation     
In natural respiration systems air circulation is generated by a nonstop beat or movements of the 
muscles or different parts of the system. These movements create over/low pressure where the 
air is sucked or expelled, as already explained before and summarized in section 2.3. 

Based on section 2.3, the expansion and contraction of the lung is combined with the move-
ments of the basic component. When a voltage is applied to piezoelectric wires on the lung, re-
sults in the expansion of the lung, and at the same time the basic component deforms and opens 
to create a bigger volume on that side where the lung had expanded. Creating a bigger volume 
increases the low pressure and increases the air sucking from the surrounding environment. 
Stopping the voltage will result in contracting the lung and creating over pressure inside, at the 
same time; the basic component is deforming and closing the side where the air was sucked in-
side the lung, and opening with creating a bigger volume at the other side where the voltage is 
applied on the lung at that side. Creating the bigger volume in the basic component creates low 
pressure which will result in improving the air expelling from the lung to the other side, And so 
on. In this way the skin sucks air from one side and expels it to the other side. The skin consists 
of lung-like chambers that take air from outside to inside, and of lungs that take air from inside 
to outside. In this way the air is exchanged continuously.    
Figure 7. (a.)-(d.) describes the process of air exchange that occurs in the new skin. 

 
 



4 CONCLUSIONS 

We had developed a skin that performs a gas exchange process which can be integrated into 
structures with the property of adaptation to changing environmental conditions, based on prin-
ciples abstracted from natural organisms. The developed skin has a unique geometry and inte-
grity, which allows it to react to the environmental changes. The elastic material used for the 
skin is important to make it possible to react and change continuously. Utilizing advanced mate-
rials in the design, which are not common in the building industry, opens new opportunities for 
better solutions for building envelopes. By developing this system we are not dealing with a 
separate ventilation system, but with a system that is an integral part of the building envelope 
which functions as a protective layer too. 

Currently we are running simulation tests to investigate the behavior of the ventilating system 
for structures with different requirements in order to optimize their functionality. We also intend 
to test a prototype of the developed system based on the required improvements (from the simu-
lations). Our vision includes a new class of building envelopes which are self-adapting systems 
that can behave “intelligently”. This class is a result of ideas transformed from nature, with the 
property of adaptation to changing environmental conditions.  
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1 INTRODUCTION 

Approaches to biomimicry as a design process typically fall into two categories: Defining a hu-
man design problem and looking to the ways other organisms or ecosystems solve this (design 
looking to biology), or identifying a particular characteristic in an organism or ecosystem and 
using it to provide a solution to a human problem (biology influencing design) (Biomimicry 
Guild, 2007). Within these two approaches, there are three levels of mimicry: Organism level, 
behaviour and ecosystem levels as detailed by Pedersen Zari (2007).  
   Through an examination of existing biomimetic technology and literature it is clear that mark-
edly different approaches to biomimetic design have evolved and can have different outcomes 
in terms of an increase in overall sustainability. Examples of biomimicry are typically of prod-
ucts or materials, and tend to mimic a single organism. As Reap et al. (2005) demonstrate, prod-
ucts or materials that are organism biomimetic without also being ecosystem biomimetic are not 
inherently more sustainable when analysed from a life cycle perspective. An example given by 
Baumeister (2007) is Velcro. While Velcro mimics how burs of certain plants attach to animal 
fur, the product itself is made from petrochemicals and is not typically recycled or recyclable, 
nor does it take into account any of the other principles of ecosystems.  
   An ecosystem based approach to architectural design will be discussed in this paper, however 
the social, psychological and aesthetic implications of such an approach are not explored in this 
context. The potential relationships with biophilia, evolutionary psychology (Storey & Pedersen 
Zari, 2006) and integration or interface with non-human-dominated ecosystems are acknowl-
edged with ecosystem based biomimicry. The possible links with Construction Ecology (Kibert 
et al., 2002) and Building Ecology (Graham, 2003) are also acknowledged. 
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ABSTRACT: Biomimicry, where flora, fauna or entire ecosystems are emulated as a basis for 
design, has attracted considerable interest in the fields of architectural design and engineering as 
an innovative new design approach and importantly as a potential way to shift the built envi-
ronment to a more sustainable paradigm. The practical application of biomimicry as a design 
methodology, particularly in the built environment, remains elusive however. This paper seeks 
to contextualise the various approaches to biomimicry and provides an integrated set of princi-
ples that could form the basis for an ecosystem based design theory. This would enable practi-
tioners to reach beyond sustainability to a regenerative design practice where the built environ-
ment becomes a vital component in the integration with and regeneration of natural ecosystems 
as the wider human habitat.  



2 ECOSYSTEM BASED BIOMIMICRY 

Humans affect ecosystems and evolutionary processes at great rates and in multiple ways (Im-
hoff et al., 2004). Despite traditional approaches in the study of ecology where systems tended 
to be studied as unaffected and separate from human influence, it may be as Alberti et al, (2003) 
suggest, impossible to look at ecosystems as separate from human systems.  

Despite the fact that there may not be any ecosystems that are truly unaffected by humans, 
and that humans are inherently part of the natural world, there are some obvious and essential 
differences in the way that non-human-dominated and human-dominated systems work. Non-
human-dominated ecosystems, particularly those that are k-strategists (more complex and 
longer lived), tend to function in way that is conducive to dynamically sustained and ongoing 
life (Benyus, 1997, Berkebile and McLennan, 2004). In this particular period of human exis-
tence, there are perhaps some valuable observations humans can make of ‘natural’ ecosystems 
in the creation of human habitat that is able to integrate with and regenerate rather than damage 
the ecosystems they are part of. 

3 BIOMIMICRY AND ARCHITECTURAL DESIGN 

Biomimicry, particularly at the ecosystem level has yet to be meaningfully explored in built 
form, with few examples existing beyond an aesthetic metaphor. A documented example that 
does go beyond a simple mimicking of form is Mick Pearce’s Eastgate Building in Harare, Zim-
babwe and the CH2 project in Melbourne, Australia based on the mimicking of the building be-
haviour of certain termites. The temperature regulation observed in the mounds is achieved 
through careful orientation, spatial organisation and techniques of passive ventilation. Aldersey-
Williams (2003) also details a number of buildings that mimic animals in various ways. Al-
though most do not go beyond the form level, a notable exception is the Waterloo International 
Terminal. Designed by Nicholas Grimshaw & Partners, the terminal is able to respond to 
changes in air pressure as trains move through it. Its glass panel fixings mimic the flexible, scaly 
Pangolin making them able to move in response to imposed forces. 

4 BIOMIMICRY FOR REGENERATIVE DESIGN 

While biomimicry at the organism level may be inspirational for its potential to produce novel 
architectural designs, the possibility exists that a building as part of a larger system, that is able 
to mimic natural processes and can function like an ecosystem in its creation, use and eventual 
end of life, has the potential to contribute to a built environment that goes beyond sustainability 
and starts to become regenerative (Van der Ryn, 2005; Reed, 2006).   

Although the authors are not aware of any built architectural examples that demonstrate com-
prehensive ecosystem based biomimicry, there are proposed projects that display aspects of 
such an approach such as the Lloyd Crossing Project proposed for Portland, Oregon. The pro-
ject’s design team including Mith�n Architects and GreenWorks Landscape Architecture Con-
sultants use estimations of how the ecosystem that existed on the site before development func-
tioned, termed by them Pre–development Metrics™ to set a wide range of goals for the 
ecological performance of the project over an extended time period.  

5 ECOSYSTEM RESEARCH 

Ecology literature typically does not offer sets of generalised principles but tends to explore the 
complexities of certain aspects of ecosystems. While there is considerable overlap in how eco-
systems are described between sources, not all authors are in agreement. Because of the inter-
connected nature of ecosystems and the ways in which they function, it is difficult to organise 
generalised principles into a neat list which accurately encapsulates the complexity of the rela-
tionships between each principle (Charest, 2007). It is however considered that an examination 
of the relationships between each principle has potential to offer additional insights into how 



human design could be based on ecosystems and that the development of a comprehensive rela-
tionship diagram could be a useful step in the evolution of a model that is able to portray this. A 
recent iteration of the Biomimicry Guild’s Life’s Principles remains the only non-linear model 
of this type that the authors are aware of (Biomimicry Guild, 2007).  
    In this case, Pedersen Zari conducted a comparative analysis of related knowledge of ecosys-
tem principles in the disciplines of ecology, biology, industrial ecology, ecological design and 
biomimicry and used this to formulate a group of ecosystem principles aiming to capture cross 
disciplinary understandings of ecosystem functioning. It is intended that this biomimetic theory 
in the form of a set of principles based on ecosystem function could be employed by designers, 
to aid in the evolution of methodologies to enable the creation of a more sustainable built envi-
ronment.  

An initial matrix (available from the authors upon request) was used to compare information 
from explanations of generalised ecosystem principles. From this, an inventory was complied 
encompassing as much of the information as possible. The following sources were used: Benyus 
(1997), Berkebile & McLennan (2004), Biomimicry Guild (2007), Copeman (2006), de Groot et 
al. (2002), Faludi (2005), Hastrich (2006), Hoeller (2006), Kelly (1994), Kibert et al. (2002), 
Korhonen (2001), McDonough & Braungart (2002), Reap et al. (2005), Thompson (1942), Vin-
cent (2002), Vincent et al. (2006) and Vogel (1998). Additional sources, typically from the dis-
cipline of ecology were used to expand upon each principle.  

6 ECOSYSTEM PRINCIPLES 

The ecosystem principles provided here are proposed as a set of generalised norms for the way 
most ecosystems operate rather than absolute laws and should be taken as a starting point for 
further research to fully understand the different and important aspects of each simplified prin-
ciple. Without comprehensive explanations of each principle, which is beyond the scope of the 
paper, the effectiveness of simplified lists of ecosystem principles aimed at use by designers 
with little background ecological knowledge are likely to remain at the level of metaphor. While 
Korhonen (2001) points out that mimicking at the metaphoric level is not insignificant in terms 
of increasing overall performance of the built environment, opportunities exist for design to be 
positively integrated with global biogeochemical cycles through a thorough understanding of 
ecology beyond the metaphoric level. 

The principles provided in Table 1 should not be taken as a comprehensive explanation of the 
ways ecosystems function, but are intended to give designers with limited knowledge of ecology 
a set of operating principles which, if employed, could significantly improve the sustainability 
of the human built environment. A brief explanation of each principle follows Table 1. 

Ecosystem principles listed can be applied to the design process by transforming them into a 
set of questions that are asked of the project at each stage of the design (Biomimicry Guild, 
2007, Charest, 2007).  
 
Table 1. Ecosystem Principles 

1. Ecosystems are dependant on contemporary sunlight.  
-Energy is sourced from contemporary sunlight. 
-The sun acts as a spatial and time organising mechanism. 

2. Ecosystems optimise the system rather than its components. 
-Matter is cycled and energy is transformed effectively. 
-Materials and energy are used for multiple functions. 
-Form tends to be determined by function. 

3. Ecosystems are attuned to and dependant on local conditions. 
 -Materials tend to be sourced and used locally. 
 -Local abundances become opportunities 

4. Ecosystems are diverse in components, relationships and information. 
-Diversity is related to resilience.  
-Relationships are complex and operate in various hierarchies. 
-Ecosystems are made up of interdependent cooperative and competitive relationships. 
-Emergent effects tend to occur. 



-Complex systems tend to be self organising and distributed. 
5. Ecosystems create conditions favorable to sustained life. 

-Production and functioning is environmentally benign. 
-Ecosystems enhance the biosphere as they function. 

6. Ecosystems adapt and evolve at different levels and at different rates. 
-Constant flux achieves a balance of non-equilibrium 
-Limits, tend to be creative mechanisms 
-Ecosystems have some ability to self heal 

6.1 Sunlight.  

 
Solar radiation is the only input into the closed loop ecosystem of earth and except for gravita-
tional effects of the moon, is the only source of energy either directly or indirectly available to 
organisms. The majority of ecosystems exist through utilising contemporary sunlight (recently 
received from the sun) that has been converted by photosynthesis into biomass, which forms the 
basis of the food chain (Kibert et al., 2002). In contrast, humans currently source a large propor-
tion of energy from ancient sunlight in the form of hydro carbon based fossil fuels.  
    Oxygen production, the hydrological cycle, wind currents, and drivers for certain ocean cur-
rents and other cycles are all caused by or are intimately linked with solar radiation (Xiong, 
2002). As Baumeister (2007) points out, organisms tend to use ‘free energy’. Examples are 
wind dispersed seed pods using air currents, or marine mammals exploiting water currents in 
migration. Ultimately this resourceful use of ‘free’ energy is also the harnessing of converted 
energy from the sun but by means other than directly through the food chain. 
     The sun also acts as a timing and directional orientation or spatial organisation mechanism. 
Biological rhythms such as diurnal and annual (or longer) cycles are determined by the sun’s 
gravitational effect and the rotation of the earth. Migration patterns or flowering seasons in 
some species in response to these cycles are examples of the role the sun (or the earth’s relative 
position to it) has in timing mechanisms in ecosystems. Many plants are able to sense the direc-
tion of the sun and therefore grow or move towards (or away) from it, enabling greater photo-
synthesis efficiency or other advantages (Benyus 1997).  Wind and rain patterns, are also indi-
rectly linked to solar radiation and are important organisational factors in ecosystems, 
determining where and in what formation organisms are able to inhabit a microclimate. 
     If the built environment was based on this one principle alone as is advocated by sustainable 
design theory in general, where it’s energy was derived from contemporary sunlight and it was 
sited and organised according to climate, detrimental environmental impacts would be consid-
erably less and there may be consequent significant positive physical and psychological health 
impacts (Kellert, 2005). 

 
 

6.2 System optimisation 
 
Ecosystems use energy and materials in a way that optimises the whole system rather than indi-
vidual components (Kelly, 1994). What would appear to be inefficiency in individual organisms 
can sometimes equate to effectiveness for the entire system (McDonough & Braungart, 2002). 
Ecosystems tend to cycle matter in large closed loop systems, where the wastes of one organism 
become the nourishment of the next, through connected food webs at different scales. Detritus 
becomes a fundamental part of the health of the system (Odum, 1969).  

Although matter can be cycled, energy will flow through a system (Korhonen, 2001). Benyus 
(1997) points out that ‘the pyramid of life is quite literately an energy distribution chart, a re-
cord of the sun’s movement through the system.’ Allen (2002) discusses the way that biological 
systems degrade energy in a large number of small steps, rather than in a small number of large 
steps, as tends to be the case in human systems and that these pathways of dissipation tend to be 
highly deliberate and important to the overall system. This allows energy that is left after one 
organism has done work to be utilised by another, so energy use is maximised.  



In an example of both materials and energy effectiveness, organisms in ecosystems tend to 
use materials for more than one function (Benyus, 1997). This means less energy is expended 
and can be used for other functions such as health, growth and reproduction for example. 

Reap et al. (2005) describe the characteristic of form fitting to function as ‘the use of limited 
materials and metabolic energy to create only structures and execute only processes necessary 
for the functions required of an organism in a particular environment.’ Geometry and relative 
proportions found in nature are further offered as examples of materials and energy efficiency 
by various authors (Vogel, 1998, Faludi, 2005).  

A built environment that mimicked this aspect of ecosystems through multifunctional use, 
closed loop functionality and overall system optimisation to ensure effective material cycles and 
careful energy flow would beneficially challenge conventional attitudes to building boundaries 
and the idea of waste.    

 
 

6.3 Local context. 
 
Species that make up ecosystems tend to be linked in various relationships with other organisms 
in close proximity (Allenby and Cooper, 1994, Korhonen, 2001). They typically utilise re-
sources and local abundances from their immediate range of influence, and tend to be well 
adapted to their specific microclimatic conditions (Reap et al., 2005).  

The Gaia hypothesis proposed by Lovelock posits that living communities may not be pas-
sively dependant on the local environment but may influence their microclimate as part of their 
initial adaptation to the environment (Harding, 2001). Both Gaian theory and the conventional 
ecology view that life adapts to local environment, point to ecosystems and the organisms in 
them seeming to be attuned to and suited to the climate and environment that they exist in.  

The functions required for an ecosystem to continue and remain in dynamic balance, includ-
ing the cycling and production of materials, are usually carried out by species within the system, 
existing in specific niches and linked with each other (Benyus, 1997).  The ecosystem as a 
whole is able to be responsive to local conditions through extensive feedback loops created by 
the relationships between these organisms. 

Incorporating this principle into the built environment implies that a thorough understanding 
of a particular place would be required of the design team and that local characteristics of ecol-
ogy and culture would be seen as drivers and opportunities in the creation of place.  

 
 

6.4 Diversity  
 
A diverse system is often described in biomimicry literature as a robust and stable one capable 
of adapting to change. In certain levels of ecosystems and in individual organisms there may be 
a level of redundancy to allow for adaptation to changing conditions at different rates. Some 
ecologists describe this as the ‘insurance effect’ (Shear McCann, 2000). This concept is usually 
expanded upon in ecology literature, and it should be noted that there is considerable historical 
debate about the relationship between diversity, complexity, resilience and stability  in ecosys-
tems. What is clear from the literature is that the number and strength of relationships between 
species in systems is more important to dynamic stability than actual numbers of species (Shear 
McCann, 2000). Through this kind of cooperative networking, one element (or organism) can 
fail without disrupting the entire system.  

Ecosystems are organised hierarchically (Kibert et al., 2002), and at different scales may be 
governed by different physics principles (Vogel, 1998, Thompson, 1942). In complex ecosys-
tems both cooperation and competition between individuals and species are important in the 
creation of ecosystem dynamics (Kibert et al., 2002).  Organisms will occupy non-competing 
niches and species in the same niche may use tactics such as defining territories or having non-
overlapping feeding times to avoid competition. Reap et al. (2005) discusses life existing in a 



cooperative framework as relating to ‘the diverse web of interactions that effect populations, fa-
cilitate resource transfers, ensure redundancy and generally maintain the biosphere.’ 

Emergence in ecosystems is the phenomena of novel and unexpected organisation in complex 
systems. Allen (2002) asserts that it is through new relationships of control and constraint that 
emergence appears, allowing systems to become more complex. Ecosystems tend to be made up 
of distributed and decentralised networks of feedback loops dependant on relationships between 
organisms, and between the living system and the rest of the environment, making them rapidly 
responsive and adaptable to change (Vincent et al., 2006). Kibert et al. (2002) describe this as-
pect of ecosystems as self-organisation. This kind of organisation, based on multiple feedback 
mechanisms, tends to incorporate high amounts and transfer rates of information (Allenby and 
Cooper, 1994).  

Translating this into the built environment implies a systems approach to architectural design 
where considering the facilitation of relationships between buildings or components is as impor-
tant as designing the individual buildings themselves.  

 
 

6.5 Life enhancement. 
 
The growth and activities of organisms tend not to damage the ability of the overall system they 
are a part of to exist and continue (Benyus, 1997, Rosemond and Anderson, 2003). Organisms 
must manufacture or process the materials or chemicals they need in the same environment that 
they live in and concentrated toxins, such as snake venom for example tend to be produced and 
used and locally (Kibert et al., 2002). This is in direct contrast to the typical human approach 
towards manufacturing. Allenby & Cooper (1994) point out that chemicals including nutrients 
are toxic in natural systems if in high concentrations, and that living systems typically do not  
have clusters of high energy and materials transformations and that high fluxes in the use of en-
ergy and materials are avoided. Natural materials are all produced at ambient temperature and 
often use water as the chemical medium (Reap et al., 2005). Benyus (1997), contrasts this with 
the human tendency to produce materials in high energy, pressure and chemically intensive 
conditions; the ‘heat beat and treat’ approach rather than allowing ‘the physics of falling to-
gether and falling apart – the natural drive towards self – assembly’ to do the work. 

Ecosystems may do more than avoid polluting and in fact may regenerate, and strengthen the 
system as organisms in it live and die.  ‘Life on Earth alters Earth to beget more life’ (Kelly, 
1994). Rosemond & Anderson (2003) point out that classifying the effects of species in ecosys-
tems as beneficial or detrimental is largely a subjective human interpretation, but may include 
facilitating the presence of other species and increasing nutrient cycling and mutually beneficial 
relationships. As ecosystems shift from development stages to more complex stages through 
time and through the combined activities and interactions of the organisms within them, the sys-
tem tends to become more adaptable to change and is able to support more organic matter and 
organisms with longer and more complex life cycles (Odum, 1969, Faludi, 2005).   

Mimicking this aspect of ecosystems would require the built environment to be considered as 
a producer of energy and resources and that it be designed to nurture increased biodiversity in 
the urban environment. An understanding of ecology in the creation of the built environment 
would form the basis of it being able to participate in the major planetary cycles (such as the 
hydrological and carbon cycle etc) in a way which reinforces and strengthens them rather than 
damages them.  

 
 

6.6 Adaptation and evolution 
 
Adaptation and evolution allow organisms and whole ecosystems to persist through the locally 
unique and constantly dynamic, cyclic environment they exist in. Reap et al. (2005) describe 
adaptation as the means by which an organism adjusts (behaviourally and physically) to change 



throughout a lifetime. Evolution is referred to as the process by which genetic changes happen 
though successive generations in species or ecosystems through the medium of the gene.  

Ecosystems are essentially in a constant state of flux and it is this very state of flux that keeps 
an ecosystem dynamically stable (Allen, 2002). Allenby & Cooper (1994) point out that ‘mature 
communities [are] highly dynamic systems, and many subsystems will be in flux at any given 
time (for example, exhibiting spatial ‘patch dynamics’). Maturity is not stasis’.  

Benyus (1997) touches on the idea that nature ‘curbs excesses’ from within systems (internal 
feedback) as well as from external events or changes (external feedback). Feedback mecha-
nisms, or the way that changes in one part of the ecosystem are communicated throughout the 
entire community are cited as a factor in the ability of ecosystems to adapt and evolve (Allenby 
and Cooper, 1994). Limits existing in ecosystems are also often discussed in terms of carrying 
capacity and intensity of flows of materials and energy (Berkebile & McLennan, 2004).  

The implications of applying this principle to architectural design could range from a re-
definition of when a building is considered to be finished, designing it to be more dynamic over 
time (applying techniques for additive and adaptable design and design for disassembly for ex-
ample), to designing systems that incorporate some level of redundancy to allow for added com-
plexity to evolve over time, increasing the ability of the built environment to be able to respond 
to new conditions and possibly to become self-maintaining. 

7 CONCLUSIONS 

Since the industrial revolution, esteemed examples of architecture have typically been based 
upon the metaphor of the machine of the industrial age as demonstrated by Le Corbusier’s fa-
mous quote: ‘The house is a machine for living in’. Korten, (2007) discusses the importance of 
changing the metaphors, or ‘stories’ cultures are based on, while Gould & Hosey (2007) elabo-
rate on the expansion of the conversations communities must have if humans are to become 
more sustainable. If ecosystems rather than machines are to become the philosophical design 
metaphor and the practical metric for architectural design, the built environment may come to 
be considered less as a collection of distinct buildings that behave like objects set in an arbitrary 
landscape, but rather as nodes in a system that become conduits, and ultimately producers of en-
ergy and nutrients (materials) in a complex, cyclic system. This is in contrast to the current 
status of the built environment as a heavy consumer and polluter. Such an approach is ultimately 
rooted in the design team having a deep and intimate understanding of the context of the place a 
design is sited in, as well as an understanding of basic ecology. 
     The importance of architectural design based on an understanding of ecology is discussed by 
researchers advocating a shift to regenerative design (Reed, 2006). This discourse tends to be 
theoretical at present and as such many of the ideas expressed in this paper have yet to be tested 
in realised built form.  
     Such an ecosystem based biomimicry is likely to be dependant on a collaborative approach 
to design that includes both design professionals and ecologists. Even with increased collabora-
tion, achieving success in such an approach may be dependant on design professionals under-
standing basic concepts of ecology and ecologists understanding basic concepts of design. Only 
then perhaps will designs based on ecosystem principles transcend the level of metaphor and in-
corporate a ‘deeper’ form of biomimicry, able to imbue buildings with the ability to become a 
functioning part of ecosystems.  

An ecosystem based biomimicry operating formatively in setting the initial goals and in es-
tablishing the performance standards by which the appropriateness of changes to the built envi-
ronment are evaluated, has the potential to create a significantly more sustainable and ultimately 
regenerative built environment, transforming ideas about what the built environment is and how 
it relates in a mutualistic way with the ecosystems it is part of, particularly if humans collec-
tively begin to behave like a species that intends to remain on earth. 
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1 RURAL LANDSCAPE AND NATURAL MATERIALS 

Each rural house leaves the traces of human being in the landscape. The houses and other rural 
constructions, which are linked with the housing, grow out by the working and the 
transformations of natural materials. These constructions can be considerate as the  result of bio-
ecological  and bioclimatic principles which are linked to the ancient working tradition.  
The rural landscape of Molise is the result of the interaction of stone, clay and wood  with 
environmental factors. In particular the rural house is characterised by economizing policy and 
environmental respect. Only the available natural resources are used on the building to 
guarantee the environmental preservation (Ausiello 2007). 
The white lime-stone is very common in countryside, both in the wood and on cultivate land. 
The Matese mountain is characterized by lime-stone crests; along the Biferno river valley there 
are a lot of rocks, so that each place could have been a pit. (Ausiello 2001) 
 
 

 
Fig. 1. Roof with limestone tile  and limestone rock stratification. 
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ABSTRACT: Rural landscape of Molise is defined by three natural materials: stone, wood and 
clay. Thick load-bearing walls capture light, sun and heat. Rural constructions are built 
according to a local tradition always respectful of natural environment, kept through time and 
space. Everything is made of poor materials, but, nevertheless, it is a system where environment 
and human presence are kept in balance. In a simple and natural way, landscape represents a 
“super-system” in which equilibrium is obtained by simple solutions, concerning as rural houses 
as landscape preservation. The study of small rural buildings and their environmental impact 
represents a preliminary step to a sustainable recovering. It gives us the chance to investigate 
bioclimatic principles which were the bases of cultural and traditional values. 
 



The farmer collected the erratic stones on the border of fields to build some dry-stone border 
walls or to reuse that stones on building. Around Frosolone (IS) there are particular sedimentary 
lime rock which are constituted  by different sedimentary layers of about 4 cm thick. These kind 
of stones were used as tiles on the roof. (Ausiello 2006) 
The rural construction is a system made by a constant equilibrium between the environment and 
the human activities. In the same way it is possible to say that the landscape is a super-system 
based on simple and sustainable building solutions: these principles are at the base of the 
landscape preservation.  
The study of the constructive solutions, which are respectful of the environment, is an 
introduction to the recovery of the landscape.  This has to start from cultural values and from 
examples which are liked with sustainable principles. Analyzing this aspect, it is possible to 
deduce the ancient bioclimatic principles which have been used by the farmer-builder to set up 
his constructions. 
 
 
2 BRICKS 

In the ancient rural houses there are different kind of bricks with different dimensional shape. 
The form changes during the time and mainly from a brick-kiln to another. The local standard 
form is founded out only after the second world war.  The most ancient is the handmade brick 
so called, in a local language, mattonaccio (about 13 x 26 x5,5 cm). It is very hard to recognise 
this brick: on the fracture surface it is possible to see bigger grain. It depends on handmade 
process. With modern industry the clay’s quality is improved, the grain in the brick has become 
thinner and the brick was produced in different shapes. The useful brick form is the pressato (13 
x 27 x 5,5 cm), then we have the occhialone or bucatone which is made with two cylindrical 
holes (29 x 26 x 12 cm), the bucatiello, with three longitudinal cylindrical or parallelepiped 
holes (10 x 20 x 4.5 cm), and the mattone quadro used as a tile-floor (20 x 20 x 1,5 cm). The 
old roofs are exclusively made of bent-tiles called pingi, the recent roof are made with a sort of 
plan tile called marsigliese.  
 
 

 
Fig.2. Bicks: occhialone, bucatiello, pressato, mattonaccio, mattone quadro and constructive scheme 
with occhialoni and pressati. 
 
 
The rural houses are built with poor materials, especially with lime-stones because they are 
already present in the environment and it needs less working time and cost than the brick. So 
that the use of the brick, in the bearing-wall, it is quite unusual and sometimes only the walls at 
first level are built with bricks. Usually the labels of the windows and doors are built with brick; 
it is used above all for decorative element on the walls. The bucatone is the main brick which is 



used in the bearing-walls because the assembling is easy and fast and the quantity of mortar 
needed is lower than the one required to build a wall with lime-stones. In the Fig.2 it is possible 
to see a particular wall-scheme with the occhialone and pressato which are assembled together.  
This scheme give the walls a major load resistance (Fig.2). The bucatiello is usually used to 
build the floor. It is built with double T-steel girders and little vault of perforated brick 
(bucatiello) which are linked with gypsum-mortar. This system is very fast because the gypsum-
mortar is a quick-setting mortar so that it is necessary to use just a little cradle to built the vault. 
(Fig.3.) At the extrados of the little vaults, a mixture of sand and lime completes the structure of 
the floor. On this surface is placed the square brick as tiled floor. This construction-system 
became very common since the second half of the XIX century: the wood-floor is changed with 
the steel-floor. The progress made during this century leaves this trace in the rural world too. 
 
 

Fig. 3. The intrados of a floor supported by steel girders and a wood-floor.  

 
 
3 BIOCLIMATIC PRINCIPLES OF THE RURAL HOUSE 

In the landscape of Molise Region, rural houses are built in a way to economize on building 
materials. On the other hand this kind of houses makes use of  material potentiality and each 
environmental available resource, especially with ancient bioclimatic principles (Olgyay, 1990). 
In this way the heat insulating problem is partially solved using the natural resources and 
minimizing the heat loss. Despite building of poor materials, it represents a particular system 
with necessary requirement and offered performance which is a connection almost all-
sufficiently. This way to built is very actual, especially because it is respectful of the sustainable 
principles. Thus the rural house is like an ancient prototype and, at same time, nowadays it is the 
demonstration that the bioclimatic principles are natural and they originate directly from the  
environment. In fact in the landscape the orientation of the rural houses is very particular.  
In the middle of Molise Region the climate is quite cold, especially in winter, so that it is natural 
choosing  the best exposition and preferring the position which offers more daily sunny hours. 
In this way, inside the dwelling, the comfort condition are quite improved. Usually along the 
south side of the hills it is possible to see the marks of  the human being with his rural 
constructions. The sunny heat is accumulated into the external south walls because of the low 
inclination  of the sun’s rays during the winter (the maximum inclination at solar noon is about 
25° during the winter solstice). Moreover the majority of the windows are situated on the south 
walls so that the sun’s rays can heat the rooms inside. Instead in the summer, the sun’s rays are 
more inclined (the maximum inclination at solar noon is about 72° during the summer solstice), 
so that the quantity of radiant energy, which goes inside the house through the windows, is 
lower than in winter (Duffie, 1978). When the ancient builder had to choose the best site to 
build his rural house, he has not used compass or particular instruments, he simply needed to 
look the sun at sunset in the winter and looked for the predominant direction of the cold wind. 
Therefore a lot of houses are built on the leeward side of the hill, in this way  the hill side 
becomes a particular barrier which preserves by cold wind from E-NE. Consequently the 
windows on are principally situated on the south walls.  



The ancient comfort-condition  inside the rural dwelling were very different from nowadays. 
Only the kitchen was heated by a big fireplace, whereas the bedrooms were heated with a 
typical brazier. However some little constructive expedients have limited the loss of the heat. 
Inside smaller houses, with one room, the fireplace is situated on the exterior wall, whereas 
inside bigger houses it is situated into party-bearing-wall, so that some part of the heat moves to 
the opposite side of the wall thanks to a radiant heating flux. The houses situated on the plain 
and two-storied,  have the fireplace  placed at the ground-floor and their flue is capable to 
generate, through its thin walls,  a radiant heating flux in the room upstairs. Instead in the 
houses built along a hill side, the stable was situated on the ground floor and on the first floor 
there is the living zone. In this case the heat product by cows was absorbed by the walls and the 
floor which exchanged radiant heat with the room upstairs.  
 
 

   
Fig. 4. South and north façade of a typical rural house. 
 
 
The thickness of the walls is oversized related to the static, however they have a good thermal 
inertia. They are commonly made of limestone and lime-mortar whose thickness is about 80 cm 
at the ground-floor and about 60 cm at first floor. This is a natural way to capture heat during a 
sunny day and give it back inside during the night.  The windows and the doors were very 
rudimentary with respect to the modern ones. Usually the main door is made of elm-tree wood 
or oak-tree wood; the thickness is up to 8 cm. The windows are made of chestnut-tree wood and 
they are made with two inside shutters which are closed at the evening (Fig.5) The reason of 
that is mainly the thermal insulation. Different solution are obtained with double windows: one 
internal and one external. The first one is made by two big and thick shouters; the second one is 
made of wood and glass and it is placed at the border of the wall. The thermal insulation is not a 
modern invention, there are a lot of natural materials which have insulating properties.  The ash, 
which is product by the firewood, is a good insulating material (Ausiello 2000). 
 
 

 
Fig. 5. Inside and outside view of a typical window and a double window. 



Each fireplace is built with a layer of ash (about 10 cm thick) below the fire-plan. In fact the ash 
is necessary to insulate the fireplace from the soil or the floor and the heat could be stored in the 
fire-plane who was made by a particular fire-brick (about 50 x 50 x 5h cm). 
The same technique is used to build the wood-oven, which is present in each kitchen. It is 
composed by an horizontal plan and a vault which are made by fire-brick. Below the plan and 
above the vault there is a layer of ash to avoid heating loss. In fact the wood is burnt inside the 
oven, as soon as the oven is over-heat, the fire is thrown away and the oven is ready. The food, 
especially bread, is baked by radiant-heat from vault and contact-heat from the horizontal plan. 
Usually the oven is beside the fireplace, so the flue of the oven is joined with the flue of the 
fireplace. (Fig.6).  

 
 

 
Fig. 6. A typical Kitchen: the wood-oven and fireplace system and the roll paint on the wall. 
 
 
4 THE COLORS OF THE RURAL HOUSES 

In the Molise Region, the rural architecture is distinguishable by light and pastel colours, while 
the landscape shows bright colours whose variations depend on the cultivations and the seasons: 
green in spring, yellow-ochre in  summer, brown in autumn and white in winter. Each rural 
construction is like a human mark which transform the natural landscape in an agrarian landsca-
pe. White, pink, light-blue, brick-colour, are the colour of rural construction which are the 
colours of the landscape at the same time.  And these colours are produced by natural processes  
and natural materials. Each part of the rural house is identified by a particular colour. The 
facade usually is pink or white, less frequently is light-blue. The warehouses, especially those 
for agricultural use, are made without a layer of plaster but just the joints between the stones are 
covered with a  small quantity of lime-mortar, so that it is possible to distinguish the lime stones 
in a light-grey colour.  
 
 

 
Fig.7. House with blue floor-tile under the eaves and house painted in pink colour with white bands. 

 



The corner-bands, the edge of doors and windows are white coloured. Sometimes the label of 
doors and windows are built with brick and painted in white with lime-paint.  The big aesthetic 
value of the rural house come from a traditional way to build, in fact on each ancient 
construction is it possible to see these particular aspects. Another characteristic  element is the 
eaves which are built with a particular system of bent-tile. This system is called Romanella and 
below it is painted a white or blue band. Sometimes this band is constituted by blue floor-tiles 
(Fig.8). 
 
 

 
Fig.8. The decoration on the facades and the typical eaves called Romanella. 
 
 

The inside space is painted in light colour, pink, green, blue. Very typical, especially in the 
kitchen, are the roll-paints which represent flowers painted in blue or green on the white 
background of the walls. The colours of the windows are brighter than the colour of wood. 
Nowadays it is difficult to find out the original colour, but the original windows are painted in 
green outside and in white inside. This rule is the same for the external doors, whereas inside 
the doors are painted in white or grey (Ausiello 2001). 

 
 

5 PAINTS 

The making of the paint are based on the use of natural element and professional secrets which 
are handed on from the farmer-builder.  
The paint is a fluid product which is made of water, lime-milk, animal glue and natural pigment. 
The paint is absorbed from the surface of walls and it creates a thin decorative and protective 
layer. The paints which are used to decorate the furniture are also made by natural oils.  
The most simple paint is made of lime-milk which is obtained adding a lot of water in the lime-
paste but it is impossible to preserve this kind of paint during the time. However it is used as 
disinfectant because of the lime’s natural bactericidal power. This property is very useful in the 
rural surroundings, in fact, at least one time a year, the walls of the stable were painted with this 
particular mixture using a rudimental brush. 
A more durable paint is made adding some gelatin as the fish-glue, a special animal glue which 
is obtained by the bladder of some fishes. This is a product which is possible to buy in tablet 
form and it needs to be melted in hot water for few minutes.  
Instead of the fish-glue, it is possible to use the casein which is a by-product of the milk. It is 
obtained by adding white vinegar or lemon juice to the milk after that  some flakes  appear 
floating on the milk. Thus the casein is the result of melting these flakes in tepid water. The 
gelatin is a good product to obtain a water-repellent paint. 
The colour is obtained with some pigments which are mixed whit the protein paint. The most 
common pigments are constituted by ochre, yellow or red clay. Maybe the blue was obtained 
with copper sulphate. 
 



6 CONCLUTIONS 

This paper is a part of a research, still in progress, and is aimed at the recovery of the landscape 
in the central part of Molise Region. Especially in the rural environment, each kind of 
constructions and materials has to be analyzed because of their intrinsic eco-compatible 
properties. These analysis is necessary before to indicate any preserving strategies and 
recovering techniques. Each modern technique is the result of ancient experiment, so that the 
modern designer have to apply the ancient bioclimatic and bio-ecological  principles in the same 
way. At the same time he has to choice the ancient constructive techniques which are actually. 
For example the choice of the orientation and the distribution of the windows are very important 
like so the choice of natural materials of the landscape is still sustainable. 
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Ausiello and the paragraphs Bioclimatic principles of the rural house and Paints have been 
assigned to D. Fornaro.  
 



 
 
 
1 GENERAL CONTEXT OF THE STUDY 

 
Since the launch of the programme “Ecology and Habitat” by the “Construction and Architec-
ture Plan” in 1993, operators in the field of construction have progressively mobilised to pro-
mote the environmental quality of buildings. Once the first completed projects finally saw the 
light of day and a very large number of operations were currently in the design or construction 
stage in France, the formalisation of a system of certification for these operations - HQE” - 
based on a clarified normative framework was called for and has been a tangible reality since 
2005. 

However, although the operators in the field of construction wish to make a real response to 
the challenges laid down during the United Nations Conference on the Environment and Devel-
opment held in Rio de Janeiro in 1992, the environmental management of HQE operations is 
no longer in itself sufficient at the level of buildings alone, but must perceive itself in a wider 
global concept of the “ habitat” at urban level. Our “Habitat” may indeed play a decisive role in 
bringing out new forms of association making it possible, on a daily basis, to reconcile preserva-
tion of the environment with economic efficiency and social equity. Such are the challenges that 
the 21st century habitat should be meeting. 
Taking into account the significant number of housing developments or Designated Develop-
ment Zones classed as “sustainable” currently being set up or under construction, recent years 
have seen an increase in the expectations of planners and municipalities that a systematic 
framework should be put forward, based on assessment tools adapted to suit the context of each 
urban project.   
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convergences or "interplays of co-operation" and divergences or "interplays of conflicts" be-
tween the main participants in urban development. The project group, as a sociological system, 
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verge. Individual strategies are analysed to determine the collective actions necessary for suc-
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ticipants’ inherent stopping points. Our approach places each player within the environmental 
management of an operation. The tool developed on this methodological basis makes it possible 
to display several sociograms representing direct influences between participants and the impact 
of each participant on the objectives of an operation. 



Our work places us at the meeting point of these expectations regarding: 
� the widening of the field of environmental quality in buildings at urban planning level, 
� the promotion of the consideration of environmental or socio-economic themes in de-

velopment projects, 
� the setting up of operational tools for assessing sustainability to be used by players in 

the field of urban planning 
The work presented within the framework of “SUSTAINABLE BUILDING 2007” forms part 
of the direct consequences of research developed from the project “ADEQUA “ and the expert 
reports commissioned by a number of municipalities. 

 
 

2 PROPOSAL FOR A SYSTEM OF MANAGEMENT BY PARTICIPANTS 

 
Many pieces of work have focused on the compilation of sets of indicators making it possible to 
assess the results obtained in quantitative or qualitative terms. Now, the initial feedback shows 
that obtaining these performance figures depends largely on the management of the operation. 
However, the methodological questions regarding urban management have hitherto rarely been 
approached. It therefore appears essential to consolidate a proposal for a system of management 
that is integrated, structured and organised so as to articulate the questions of sustainable devel-
opment during the various stages of a development operation  

Our initial investigations clearly highlight the importance of developing, within a context that 
is often contentious, tools making it possible to assist a municipality in its decisions or negotia-
tions. The proposed methodology aims to place the participants at the heart of our approach be-
fore moving on to the technical performance levels that are to be achieved within the framework 
of this type of operation. We will draw our inspiration from the theory of the strategic player as 
well as the strategic forecast. The strategic analysis proposed by Crozier and Friedberg allows 
us in effect to model the actions led collectively and individually by the project group. The indi-
vidual is here included as both the actual person and the body that he represents within the pro-
ject team. Each action or system of concrete action calls upon a set of mutually interdependent 
participants. The system exists through the very interdependence of actions and participants, 
whose own objectives may converge or diverge. Our method of analysis aims objectively to an-
ticipate the convergences or “interplays of cooperation” and the divergences or “interplays of 
conflicts” between the principal players in the urban development operation. This analysis 
therefore starts with each participant and their individual strategies, and then makes it possible 
to put together the collective actions necessary for the success of the operation. It must allow the 
municipality to organise the running of the project according to what are likely to be the partici-
pants’ inherent stopping points.  

By starting from the premise that each participant is a key element in the sociological organi-
sation of the urban development operation, we recognise that the project team is made up of in-
terdependent participants playing a role that is defined in contractual terms. The actions of each 
participant have a direct influence on those of the others, thus obliging everyone to adapt to new 
interactions. In this way, the action of some feeds the action of others, even if they have oppos-
ing interests. Divergence becomes complementary, which leads to some complexity and in-
volves new, endlessly repeated adaptation. As stated by P. BERNOUX in the sociology of or-
ganisations, each player is a strategic being seeking to satisfy his own needs. He acts according 
to his own logic, rationality, and individual strategy. By creating his own room for manoeuvre, 
he adapts his own resources to meet the expected objectives depending on the operational envi-
ronment in which he finds himself. It is because he is in a relationship with the other partici-
pants that he will conceive that he may have priorities (for example, between the short term, 
which concerns this project, and the long term regarding another project). 

The method of analysing the set of participants that we propose to use is based on the MAC-
TOR method developed at LIPSOR, (Laboratory for Investigation into Prospective Strategy and 
Organisation. This mathematical tool, that can be found in companies’ long-term planning, has 
the principal advantage of being highly operations-focused, even with a large number of partici-
pants, as is the case within the framework of a development operation. This tool makes it possi-
ble to display a number of sociograms, schematic representations of the relationships between 



the players, ie. disputes, alliances, dependences, etc. We should point out that the quality of the 
data provided through the goodwill of the participants has a strong influence on the results. For 
this reason, it seems to us essential to show a zone of uncertainty corresponding to the faults of 
the system and producing zero-quality results, whether this is due to the pressures and deadlocks 
involved in the project, to professional habits … or quite simply to the fact that a participant 
does not yet know how he will position himself. The use of this tool requires the collection and 
entry of the following data: 

� description and list of participants 
� description and list of objectives 
� entry of data in matrices for Direct Influence of Participants (MID) 
� entry of data in matrices for Participants’ Objectives (MAO). 

The application of the Mactor method makes it possible to obtain two types of information: the 
direct influences between players and the valency of each participant regarding the contractual 
objectives of the operation.  

The results drawn from the matrices of entered data are represented in the form of a matrix of 
Direct and Indirect Influences (MIDI) summarising the interactions between the participants. 
This matrix is obtained by taking into account both the degree of direct and indirect influence of 
each player by counting the direct and indirect influences of the player, and the degree of direct 
and indirect dependence of each player by counting the clear direct and indirect dependences of 
the player.  

By taking account of these influences and dependences, we can then determine the ‘balance 
of power’ held by each participant. Furthermore, it is also possible to describe the valency of 
each participant with regard to the objectives of the operation.  
 
 
3 CASE STUDY: THE MÉRIGOTTE NEIGHBORHOOD IN POITIERS 

 
The neighborhood of Mérigotte, figure 1, is situated close to the centre of Poitiers, between Ar-
tillery Park in the west and the railway and the slopes by the Clain to the south. The urban pro-
ject designed by AUP provides for several spaces that provide structure, reinforced pedestrian 
walkways, three viewpoints opening up the perspectives and, above all, a green corridor linking 
the town with the environment. 
 

 

Figure 1. Development plan produced by AUP in January 2006. 

 



 OBJECTIVES Conditions of contract for transfer/sale of land –  DDZ 

Energy efficiency HPE label (High Energy Efficiency) 

Management of water 
Management of waste water for each plot 
Promote reduction in consumption of drinking water 

Air quality / Health  

Choose products listed as Class F + (fungistatic) 
Class B+ (bacteriostatic) 
R+ (very low radioactive emissions) 
C+ (very low chemical emissions) 
Alkyd paints or those meeting French environmental norms 

“Green” building site  

Organisation of site 
Checks and monitoring 
Keeping riverside residents informed 
Ensuring personnel’s awareness 
Limitation of nuisance 
Limitation of health risks  
Limitation of pollution 
Selective handling of waste products 

Figure 2. Contractual objectives of the Mérigotte Neighborhood. 

In order to put together the table of players’ strategies, we have identified a number of 
participants and initial objectives: 

� The municipality, the Town of Poitiers (CP)  
� The developer, ATARAXIA Development (A)  
� A sample of private and public developers from amongst the principal players: OPARC, 

SIP, RAGONNEAU Foncier, FONCIER Service, ERMES,  (P1, P2, P3). 
Each player selected has been identified by means of a non-directive interview making it possi-
ble to specify his goals and objectives, plus his strengths and weaknesses.  

The first result that we can draw concerns the influences and dependences between the prin-
cipal players selected for the study. In Figure 3, we may observe a significant dispersal between 
the participants. Overall, the role played by the Town of Poitiers within the framework of this 
operation is highly decisive, more so than that observed on the part of the main or subsidiary 
developers. The coordination and monitoring of the sustainable development process is there-
fore wholly incumbent on the municipality. In contrast to other operations in which the devel-
oper plays the role of an intersecting player, in this case the Town of Poitiers combines the func-
tions of coordination, steering, negotiation, monitoring, etc., of the process that it plans to carry 
through itself. 
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Figure 3. Graph of convergences 



The net balance of direct and indirect influences places the developer in particular outside the 
other participants, taking into account his potential for influence. The graph of convergences be-
tween players, figure 3, also shows the closeness of interests shared by the municipality and the 
developers. This represents an important guarantee of success in all the objectives linked di-
rectly to the “building” level. What is more, divergences on this subject are zero! 

On the basis of non-directive interviews, we have also been able to draw up a histogram, fig-
ure 4, showing the involvement of all the participants in relation to the selected objectives. The 
favourable results obtained show a very good appropriation of the approach desired by the mu-
nicipality, above all in matters relating to water and energy. The measured divergences are here 
also negligible. This would seem to demonstrate a fairly good level of cohesion between the 
participants with regard to the approach proposed by the municipality. 
 

 

Figure 4. Histogram showing involvement of participants with regard to objectives 

We must also point out that here is no ambivalence on the part of any of the participants, which 
reinforces our reading of the above results. The level of convergence and the appropriation of 
the approach to sustainable development have brought all the participants together in a highly 
positive manner. 

 
 

4 CONCLUSIONS AND PROSPECTS 

 
This first application confirms our faith in the feasibility and relevance of our approach. We 
planned to model various development operations in this way in order to acquire and give struc-
ture to knowledge regarding the drawing-up of projects. Our objective is not to rationalise the 
action being taken. Modelling is not seen here as a predictive model, in other words for putting 
things in order. The objective is to acquire a better knowledge of the conditions under which the 
project is put together in order to improve organisation, in the knowledge that each project is 
unique. 

We are seeking to model practices, to understand how decisions are organised and what the 
rules are governing actions and deliberations. If, within a project, each participant has the right 
to speak, one may wonder about the value attributed to it according to its origin, about the hier-
archical structure and how it is constructed. 
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1 INTRODUCTION 

Theoretically a sustainable urban ecosystem should manage its natural resources in a “closed 
loop”, minimizing the risk of environmental damage and rupture, while controlling flows of re-
sources and reduce its losses (energy, materials and information). Urban sustainability assess-
ment should follow this general aim, also for the reality of contemporary urban systems based 
on nets of mobility, on new extensive housing and on new spaces for consume and leisure.  

The development of efficient tools to measure and to control materials and energy flows on 
the “urban ecosystem” demands technical knowledge about the basic biogeochemical cycles 
(carbon, water, soil, minerals) but also demands efficient political tools to inform decisions on 
planning and drawing future urban systems. Strategic indicators are precisely tools to translate 
technical knowledge into political decision, and allow clarifying costs and benefits of different 
urbanization solutions, as its impacts on the long term environmental quality of urbanized space, 
at its different scales.  

More than ever, infrastructure, urbanization, nets of mobility and housing are intense genera-
tors of unsustainable land uses and irreversible deterioration of the environment, threatening the 
reserves of low entropy from the biosphere and the eco-efficiency from the support systems 
(Naredo, 2003). The idea of “urban sustainable development”, in this sense, seems to be an 
oxymoron, seen that to increase population density where the resources are already dilapidated – 
the urban regions - can be incompatible with the idea of sustainability (Forman, 1995). 

Even that nowadays it’s from the common agreement that the concept of environmental sus-
tainability demands measurable parameters based on the biosphere cycles and its capacity to re-
generate life on Earth (Wackernagel, 1996), assessment on urban planning lacks the definition 
of what is “an environmentally sustainable urban system” (see point 3) and misses consensual 
rules for the relations that this urban system should establish with the ecosystem that supports it. 

Assessment on urban ecosystems? 
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ABSTRACT: Urbanization based on extensive consume of fossil fuels has long term environ-
mental costs that citizens and users of urbanized territories will soon pay with lost of life qual-
ity, as with limitation of access to natural resources. Nowadays, those costs are not included on 
territory management decisions, but academics agree that new sustainability assessment meth-
ods are needed to internalize them, to empower administration on the control from urban envi-
ronmental costs, measuring the sustainability of urban development on a certain territory and re-
thinking models and strategies. 
Recognizing that it is impossible to achieve all at once the long wished “sustainable city”, sev-
eral doubts emerge which will be discussed along this paper: How to define an urban ecosystem 
and within which territorial limits to control it? Which should be the “eco urban system” model 
behind sustainability assessment? And how to distribute environmental costs and benefits 
brought by certain sustainability strategies and measures?
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Without these definitions and rules, while working on a physical support where free-goods as 
air, water, and ecosystem stability are neglected (Martinez-Alier, 1998), neither strategic envi-
ronmental assessment (SEA) approach, neither urbanistic sciences, were able to produce tools to 
drive urban development and urban design into eco-efficiency objectives on a constructive and 
equal way for all the agents evolved, assuring a more sustainable urban environment.  

This paper recognizes and explains the need of such tools, and although not proposing still a 
new tool, it presents the fundamental doubts to face before producing it, clarifying the domain 
of urban ecology applied to urban planning. 

 
 

2 IS THERE AN URBAN-ECOSYSTEM; WITHIN WHICH LIMITS? 

Ecosystems are based in materials, energy and information, and its complexity depend on the 
“information” as form of organization of the system (Margalef, 1993). From the thermodynamic 
point of view natural ecosystems are systems away from equilibrium that auto organize them 
selves increasing the level of disorder, or entropy, on its surrounding environment (Terradas, 
2001). This means that they take continuously energy from its environment and dissipate it in 
non profitable ways. It means also that without the input of solar of energy they could not in-
crease its internal order, for what they are considerate dissipative structures.  

Cities and socio economical systems are also dissipative structures and its dissipation trans-
lates into increase of disorder in the natural environment that surrounds it, what means increase 
of entropy, and so increase of unsustainability (Idem). An urban system is one form of organiza-
tion of a group of flows similar with an ecological system (Margalef, 1993), existing a strong 
connection between economical flows and flows of materials, services and energy crossing the 
urban system (Georgescu-Roegen, 1996).  

One of the first authors who refers the city as an ecosystem is Odum, who defines it as a het-
erotrophic system depending on large areas, contiguous and not contiguous, to collect resources. 
According to this author, the city differs from a natural heterotrophic ecosystem because it pre-
sents a much more intense metabolic rate for unity of area, demanding a much higher concen-
trated supply of energy and producing much more waste (Odum, 1980 [1971]).  

Another difference between urban and natural systems is pointed by Margalef, when showing 
that urban ecosystems are horizontal transport depending, while on natural ones is the vertical 
transportations of organic materials that establishes the continuity of biogeochemical cycles, in 
flows that determinate the system productivity (Margalef, 1993). And in reality, on a globalised 
world, the complexity and extension of horizontal transport flows distort easily the limits from 
urban-ecosystems. 

Biogeochemical cycles produced on urban and rural industrialized environment are not com-
parable to the ones produced on natural ecosystems, for industrialized society is based on open 
cycles as biosphere on closed ones. Trying to capture and relate this open cycles, Odum refers 
that the city ecology depends on the country ecology, and that the urban ecosystem is only com-
plete when the “environments of entrance and exit” (areas of resources supply of and waste ab-
sorption) are included. This vision goes along with the opinion of Bettini who defends that until 
the dichotomy urban vs. rural won’t be broken; city ecosystem management will remain as pure 
theory (Bettini, 1998). This approach seems suitable to contemporary urban forms where the 
limit between city and country is long lost, as to the emergent polycentric urban structures 
where rural (productive) soil is mixed with urban soil (non productive) on a global territory, as 
at the old models of the garden cities (Howard, 1998 [1904]). However, the analysis and man-
agement from the areas of territorial resources supply of and waste absorption can turn unfeasi-
ble when rural areas which provide urban supply are spread all over the Planet, alongside exten-
sive nets.  

On the approach to landscapes and regions as “land mosaics” (Forman, 1995), and integrating 
equally urban and rural uses of soil as key areas to sustainability of environments and Land-
scapes, the problem of limits and dimensions also emerge: where does a green corridor start and 
finish? Where do the flows of resources enter or leave the system? Delimitating these “inter-
faces” areas is a complex task but essential to the study of material and energetic metabolism 
from ecosystems of any type. 
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On the urban field – a territory of crossings where a large quantity of information is trans-
ferred – the flows are regulated through decisions with several origins and scales, influenced by 
culture, by knowledge, by the relations and economical activities, making it even harder to un-
derstand than in natural ecosystems (Terradas, 2001).  

On Martinez-Alier vision there is a basic difference between human ecology and animal 
ecology: human territoriality, in its geographical distribution and its restrictions to migrations is 
not produced from nature and cannot be explained by ethologic analogies. And precisely due to 
the specificity of human territoriality and its “artificial” geographical distribution, the definition 
of carrying capacity as become irrelevant to human communities. This was not only caused by 
migration tendency, but also by the occurrence of international trade, which became an appro-
priation of the carrying capacity from other countries (Martinez-Alier, 1998).  

As synthesis, we can say that on a society detached from its physical “ground” urban-
ecosystems are diffuse and its delimitation should strategically identify boundaries and inter-
faces related to the environmental analysis and eco-efficiency purposes. 

 
 

3 WHAT IS AN ENVIRONMENTALLY SUSTAINABLE URBAN SYSTEM? 

The difference between natural and urban ecosystems sustainability relies on the fact that the 
biosphere is able to process the “restitution of order” only at the expenses of entropic degrada-
tion of sun, while conventional urban systems (and other humanized territorial systems as the 
intensive rural ones) cannot reorganize themselves without external resources as fossil fuels, 
and extensive production of waste and contamination, maximizing the increase of entropy on 
the receptive environment (Naredo; Valero, 1999).  
 If the resources consumed on an urban system would be used in closed cycles, with the 
minimum of losses, and controlled by the limits of the local biospheric support, its eco-
efficiency would be assured, the increase of entropy caused on the environment would be mini-
mized, and its environmental sustainability would achieve high levels. In reality, several tradi-
tional organic societies knew how to do it (Laureano, 1998).  

To discuss this model of environmentally sustainable urban system we should speak from 
eco-efficiency. Efficiency, as known, can be measured as the capacity to produce a utility with 
the minimum of resources. The difference between efficiency and eco-efficiency relies on the 
fact that only the last one aims to obtain “utility” assuring that the used resources are renewable 
in quality at long term, and at an equivalent rhythm to the one in which they are being con-
sumed. Since achieving conventional efficiency it’s possible only reducing resources consume 
in quantity, on a present moment, several authors sustain that conventional economy “discounts 
the future on the price of products” showing how wrong can be its bases (Wackernagel, 1996). 

Eco-efficiency of a system can only be evaluated if its “utility” is known. But which is the 
utility of an urban system? On what respects to buildings, “habitability” has been pointed as its 
utility, and so its eco-efficiency is measured comparing the natural resources consumed to ob-
tain this “habitability” in a continuous way (Cuchí, 2006). However, considering the urban sys-
tem, what is the “service” that it produces? Can this “service” be provided on a more or less 
eco-efficient way? 

Accessibility, agglomeration, spatial interaction, hierarchy and competitivety are the five 
principles of urban systems pointed by the recent urban economy (Camagni, 2003). Coincidence 
and difference are main qualities of the city, symbolized by the “urban corner” (Sola-Morales, 
2004). Are these the “services” that an urban system should produce on a sustainable way, con-
suming natural resources on a closed loop, assuring its renovation on short term and keeping the 
natural capital constant? Or such elements don’t depend directly of natural resources, rather than 
on people and on urban form and its uses?  

Urban systems are integrated into a transterritorial net of transactions moved by the physical 
net of transport and communication, where cities are the nodes. On this perspective, the utility, 
or the function, of urban system could be defined as “connectivity and accessibility to places, 
persons and resources”. If we agree that the urban artefact is an articulated space to provide 
people and activities interaction, we can say that urbanity is not a question of density, but a 
question of interdependency. In this sense, how to relate it to an efficient use of natural re-
sources? This would demand to replace “city” by “urbanization” as subject of environmental 
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evaluation, what means to replace social interdependency by physical infra structure. Indeed, 
even than partial, this seems the only possible way for an operative urban environmental sus-
tainability assessment. 

If we focus on the canonical city, there are several models available to base strategies of envi-
ronmental sustainability of urban projects. The most known examples are the North-European 
neighbourhoods produced on the context of the Agendas 21, namely the German cases of 
Kronsberg and Freiburg (LNEC, 2005), normally electing one specific theme inside the palette 
of environmental sustainability: water recycling; energetic optimization, public participation. 
These cases are interesting but don’t aim to offer a universal model, and it is hard to extract 
from them bases for assessment due to the particular contexts which had generate them. 

The Urban Ecology Agency of Barcelona, on the aim of the Local Agenda 21 from this city, 
has produced a model based on the agglomeration of nine blocks of the XIX century Cerdá grid, 
assuring sustainable mobility – walking, biking and public transports – on the central city 
(Rueda, 2006). Actually the Agency is trying to adapt this model to other Spanish cities, 
through the implementation of indicators that regulate urbanistic activities. This indicators result 
from the four principles of urban sustainability used by the Agency: compacity; diversity; effi-
ciency and stability, which can be synthesized on the sustainability guide function from the Ur-
ban Ecology Agency of Barcelona:  

Urban Efficiency = E/H 
 

E correspond to the resources consumed (converted in energy unities) and H to the complex-
ity achieved (H corresponds to the “information” defined by Margalef, measured in bytes). The 
first problem of this formula is how to measure H (complexity) and the second how to define its 
minimum value to considerer that there is an urban system to evaluate. At this point we would 
need to know which quantity of information and complexity distinguishes a village from a city, 
or a rural system from an urban one, and how to measure it at the contemporary city.  

Other approaches are necessary to generate a model of intervention more compatible with the 
non canonical city, on its diversified mosaic of patterns, able to base comparative analyses and 
constructive evaluations. The approach from the Environmental Assessment and its reports has 
shown to be still too distant from the work of the urban planner and designer and not able to op-
erate over critical urbanistic decisions as density and morphology of settlement. 

 The resources that should ground a model of environmentally sustainable urban system are 
quite clear: Water, carbon, soil, nitrogen and phosphor are the vital elements which circulate on 
the principal cycles of biosphere (Odum 1992). Without those elements and its continuous cy-
cles agriculture, population feeding and human activities would be no long possible and territo-
rial sustainability wouldn’t be even a theme. The next problem that strategic urban environ-
mental assessment has to face is to propose ways to manage such resources efficiently, as to 
measure and compare results. 

 
 

4 MEASURING AND ASSESSING ECO-EFFICIENCY OF URBAN PROJECTS 

As several professionals can confirm, environmental assessment and urbanism are complemen-
tary fields that still don’t have enough tools in common. Strategic environmental assessment 
(SEA) and urbanistic studies (Master and General Plans) lead some times to similar conclusions, 
even that without direct interaction. The opposite ideas that “nature should determinate urban-
ism” (Mchargh, 1971) or that urbanism should control nature are not any more at the extremes 
of this dialogue. However, on the Iberian context, neither the environmental evaluations, neither 
the urbanistic science achieved to produce more eco-efficient urban territories - on what con-
cerns to the reduction of natural resources requirements, with real consequences on the inputs 
and outputs of the urban metabolism and its sustainability.  

In Portugal, environmental evaluation and assessment is a practice with reduced impact on 
urban form and on urban design decisions, even with all the investments of the POLIS program 
and the context of the SEA Directive (2001/42/CE). SEA, as known, is a process to ensure that 
significant environmental effects arising from policies, plans and programmes are identified, as-
sessed, mitigated, communicated to decision-makers, monitored and that opportunities for pub-
lic involvement are provided. Its purpose is to ensure that environmental consequences of cer-
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tain plans and programmes are identified and assessed before their adoption. SEA was an im-
portant step further on the Environmental Impact Assessment (EIA) but it has still not the ability 
to generate forms of direct interaction with urban design. Although it has being used for several 
Land-use plans, applying indicators as soil quality, groundwater and surface water quality, air 
quality, noise, etc., it is not a tool addressed to “draw the sustainable city of tomorrow”. For 
such purpose complementary strategies of urban assessment are needed. 
 Measuring environmental sustainability of urban systems, or urban projects, means to relate 
the demand of resources, necessary to satisfy the needs of its inhabitants, with the capacity of 
natural capital to satisfy the demand from future times (Bettini, 1998). This capacity can be 
measured through the analyses of the biospheric support system, demanding information related 
to uses of soil, water, energy, materials and waste, and still to all the economical activities that 
take place on an urban region. This basic information, as the cartographic and numeric actual-
ized registration of all the uses of the territory, although still heterogenic available, is one ele-
mental step to approach urban sustainable assessment (Naredo; Valero, 1999).  

Further than the availability of basic data, two complementary needs emerge to control the 
sustainability of urbanized territories in advance: In one hand, the need of methods of reality 
analyses based on indicators dedicated to the environmental understanding of each territory, and 
to the identification of its natural resources (soil, water, energy sources); in the other hand, the 
need of plans and projects assessment methods based on key indicators able to capture the spe-
cific potential of each territory, as its pathologies and plus values, leading the strategies of urban 
system design to local solutions, more than to general models.  

On both kind of methods before asking the question “how to measure metabolism flows?” 
should be asked “what to measure for such flows?”. Measuring becomes an interesting and per-
tinent activity when its objectives are clear. More important than the list of indicators used by a 
certain urbanistic administration, are the methods and scales of its application and moderation. 
Not all the indicators have the same importance, the same applicability, the same qualities of 
measure, and not all are related to the same instruments of urban planning. What is more impor-
tant water, energy or biodiversity; mobility, density, typologies or constructive systems of build-
ings (LNEC, 2005)?  

On what concern to analyses indicators, several models are available which measure quality 
from soil, water and air, as biodiversity and levels of contamination and noise. However, on 
what concern to indicators for urbanization scenarios, the agreement about relevant parameters 
to measure is reduced, also due to the already discussed uncertainty about city limits and func-
tion. Strong indicators as the ecological footprint (Wackernagel, 1996) or incorporated CO2 
(Pagés; Cuchí, 2006) are conceptually interesting but its applicability to urban systems is dis-
cussable. On the first case because of the complexity of measurement, on the second case be-
cause of the partiality of the indicator (it excludes territorial problems as water and soil reposi-
tion). Urban indicators as land use, soil occupation, density of settlement and connectivity, 
attached to environmental indicators as water, energy, waste and minerals balances seem the 
most productive way to lead urban and territorial sustainability assessment. 

Although the carrying capacity from an urban system (in terms of density and pressure over 
the resources) is determined by the extension and productivity of the biospheric system from 
which it depends (Cuchí, 2006), urban projects are always developed into administrative or pro-
priety limits, more than within resources supply limits. In this way, urban projects are always 
partial in what relates to the urban and territorial system and fragmented in what considers to its 
biophysical support. However, it is becoming clear that several processes of regeneration of re-
sources are not possible inside the city as they are on enlarged territories. At this larger scale 
forestry, diffuse systems of depuration and other infrastructures can be planned, instead of just 
transferring concentrated contaminants from one side to the other how it has being done at the 
city scale, without solving its reutilization and elimination (Robin In Wackernagel, 1996).  

As the territory cannot be designed at once, the approaches to its organization should focus 
on its structuring elements, grounded on the nets of flows of resources, people and goods. Urban 
projects fail several times on identifying these elements, and are still more attached to the inter-
ests of the promoters that to the interests of the territories and its communities.  

So, measuring sustainability of urban systems through the evaluation from urban projects 
may not be the better route, for its starting point is already detached from a vision of strong sus-
tainability where natural capital should have a central role.  
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Furthermore, urban forms today are so different of each other that it becomes evident that dif-
ferent typologies of cities, or different scales of urban systems, demand different types of sus-
tainable ecosystems and different strategies of resources management. Measuring urban sustain-
ability at the metropolis can not be the same than on the metapolis, or at the conurbation, and 
much less on the canonical city.  

 
 

5 FACING URBAN (UN)SUSTAINABILITY COSTS  

It is known that to close the loop of the use/reuse of natural resources on a certain urban ecosys-
tem demands extra costs, from studies and projects to execution and maintenance. To invest on 
soil conservation and erosion control, local production of renewable energy, water recycling and 
waste management implies costs, with long term payback, that should not be simply allocated to 
the final consumer as it happens with other ecological products.  
 More sustainable urban systems have initial costs but bring durable environmental benefits, 
while conventional urban systems led without objectives of eco-efficiency, although “cheaper” 
can have high and irreversible environmental collective costs that are not internalized on urban 
management (as contamination, losses of soil or of biodiversity, unavailability of quality water, 
etc.). So, a balance between “costs of sustainability” (from investment on innovative infra-
structures and research) and “costs of unsustainability” (from fast and waste led urbanization) 
should base the discussion about an effective distribution of environmental costs and benefits of 
urbanization on a certain territory. On this field environmental analysis indicators are useful in-
struments, but for the intervention on an urban system demands key indicators that beyond 
measuring the state of the area in study, and establishing objectives of efficiency on the use of 
natural resources, can strategically capture the sustainability potential of a specific territory and 
manage the costs of its achievement.  

Joining objectives from urbanists and biologists, developers and public administrators, while 
leading to the best solution of intervention, is one big challenge for territory management. It 
leads us to the necessity of a tool to balance environmental costs, while assuring equity on the 
processes of transformation of land use. Such tool could internalize environmental costs from 
use of the collective natural capital in urban systems, as to include aims of strong sustainability 
on the compensations and redistribution of propriety and plus-values. This new tool could fi-
nally assure that eco-efficiency of the use of natural resources would be taken into account in 
the process of urbanistic management and metropolitan finance (Camagni, 2005). And in fact 
we should be conscientious that the challenge of increased self-reliance from urban regions 
won’t be possible to face apart from the urban economy and its financial bases (Wackernagel, 
1996). 

 
 

6 CONCLUSION 

In an era of increasing uncertainty and global change, dependent regions might strive both to in-
crease local production and reduce demand from external resources. For one economy based on 
self sustainable bioregions, with local economies at the right scale to satisfaction of population, 
there are needed massive improvements on the efficiency of economical activities, so that 
growth in consumption of goods and services would be detached from growth in the use of en-
ergy and material (Wackernagel, 1996). 
 One of our main economical activities is urbanization, and such activity has largely demon-
strated is environmental inefficiency, for what it needs to be submitted to new forms of regula-
tion based on urban ecology applied to urban planning. However, this paper showed that urban 
environmental assessment is not only a question of ecosystem analyses indicators – usable for 
existent urban systems but insufficient for the evaluation and comparison of urban projects and 
urban transformation scenarios, and it has underlined the need of adding it strong urbanistic in-
dicators as mediators between technical knowledge and political decision. 
 Several problems were showed while explaining that the urban-ecosystem is not an easily 
recognizable entity due to its intense metabolism; its dependency on horizontal transport; and its 
absence of limits.  
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 It was demonstrated that there are no consensual models of an environmentally sustainable 
urban system, and were discussed forms of measuring eco-efficiency of urban projects; finally, 
it was presented the problem of the distribution from urban sustainability costs. 
 With this overview, the paper aims to call the attention for the insufficiency from environ-
mental assessment on the regulation of urban projects eco-efficiency. Such insufficiency results 
of the domain of rightful objectives of environmental protection over the objectives of optimiza-
tion of resources consume. In fact, protection is a fundamental component from environmental 
analyses, and efficiency has being less taken into account. However, the detachment from urban 
activities from the growth in the use of energy and material represents a true and needed im-
provement on eco-efficiency which should be valorised by the instruments of management of 
the territory. As we know such “dematerialization” of economic goods and services must pro-
ceed faster than economic growth. Only in this way will be possible to produce the necessary 
reduction of humanity’s load on the ecosphere and then, to able a real territorial, as urban, as ru-
ral, sustainability. 
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1 INTRODUCTION 

In the debate on the subject of the cities and their impact, the question of forms and urban densi-
ties are the subject of sharp discussions. Indeed the urban density constitutes a fundamental ob-
ject of study, for it becomes one of the main pathways regarding durable urban development, 
considering its influence on: the consumption of energy and the emission of pollutants, urban 
spreading out, the land use and of resources, efficiency of the infrastructures and public trans-
port and finally urban climate. Urban forms involve a transformation of the characteristics of the 
surface of the ground, biosphere and climatic conditions. The latter, i.e. the involuntary modifi-
cation of the climatic conditions illustrates one of principal involuntary modifications of the at-
mosphere by man. And it appears on all scales: global, regional, local and micro scale. At the 
local scale, many factors contribute to modify the climate, among them: topography, ground, 
vegetation, as well as the city and the anthropic activities. (Goyette-Pernot & al, 2003) In the 
context of the arid areas in Algeria, the results of the last research, based on the analysis of the 
time series of the weather factors indicated the tendency of a climatic change in a number of ar-
id and semi arid cities. This change in the local climates of these cities is due to the intense ur-
banization which led to urban forms based on imported models unsuited to this context, charac-
terized by their low density, and resulting in a considerable urban spreading out. 

2 AMS OF THE STUDY 

Principal aims had by this study are: firstly, to give a size to the microclimatic modifications 
generated by urban forms presenting levels of urban density and varied built form compactness, 
for the case of the arid areas, with hot and dry climate. Secondly, to find out for the studied 
case, the most optimal level of density and compactness, which make it possible to mitigate the 
negative effects on the urban microclimate. And finally, to sketch the broad outline of an urban 
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morphology which can contribute to limit the negative effects of urbanization on local climate 
for the Saharan cities, and which can contribute to give birth to a sustainable city. 

3 CASE STUDY 

 
This research which will be based on a comparative study is applied to the case of the town of 
Biskra, pertaining to the arid areas with hot and dry climate in Algeria. Its arid climate (the Mar-
tonne index of aridity, for the last decade, is equal to: I = 4.43, indicating an absolute aridity i.e. 
a hyper aridity) is characterized by cold and dry winters and hot and dry summers; an annual 
average temperature of 22,3°C, with a minimum of 11,4°C in January and a maximum of 
34,2°C in July, very weak precipitations: 200mm/an maximum.  

The reading of the evolution of the process of urbanization in this city reveals an abrupt pas-
sage from traditional urban forms built in perfect harmony with the natural elements of the envi-
ronment and particularly with climate, the palm plantation and water, to new urban forms based 
on the ZHUN standardization system and the plots resulting from standardized schemes leading 
to loose urban fabrics, which had a relative impact on the climate. 

Along its representativeness of the arid cities, the case of the town of Biskra is selected for 
methodological. In fact, the realization of the study’s experimentation postulates varied samples 
of urban fabric with varied levels of density, but which are subject to the same climatic condi-
tions and showing similar topographic characteristics; thus the case of the town of Biskra is se-
lected, because it offers the morphological diversity requested within the same context. 

4 METHODOLOGY AND DESCRIPTION OF THE EXPERIMENT 

This research is based on a comparative study, using the experimental method, in the form of 
data acquisition by measurement campaigns. The objective of the experiment is to qualify the 
microclimatic modifications due to urban forms presenting different levels of density and com-
pactness.  

4.1 Typological study and sampling 

 
Table 1. Selected samples. 

Category Type of tissus Chosen districts Localization 

Very  
dense 

Traditional M’cid 
 In the South, in the old city, im-

mersed inside the palm plantation 

Unplanned self-
built 

Star Melouk district  The intermediate zone between the 
colonial district and the old city 

 
Dense 

Colonial The colonial District East side of the town centre. 

planned self- built 
(plots) 

Hay El Moudjahidine plot 
(270 plots). 

West part of the ZHUN. 

Release 
High rise (collec-
tive habitat) 

500 logements district Eastern  ZHUN. 
 

 
The sampling of this study is based on a typological analysis which includes three levels of clas-
sification. The first level: is a pre-classification on the scale of the city, various urban fabrics, 
according to criteria of order: urban, architectural, urbanization mode and production, as well as 
historical and legal criteria. The second level of classification and which will be useful for the 
choice of the samples, consists of assembling the types of habitat having a relatively similar 
density, according to standards defined by Zucchelli, and which distinguishes three cases: 
− The very dense urban fabrics  
− The dense urban fabrics  
− The loose Urban fabrics 



Thus according to a no probabilistic five typical samples were chosen, according to the estab-
lished classification, while taking into account the intermediate effect of the variables, such as 
the vegetation and the nature of the physical mass. 

Then for each selected sample, an inventory of external spaces representative of the fabric as 
a whole, was established according to morphological criteria of order (form, orientation, open-
ing to the sky, materials, etc), and climatic criteria (exposure on the ground and the winds). The 
delimited perimeters of study, gather the totality of the morphological aspects of the sample: 
such as the density of the frame, the form and proportions of the small islands and plots... etc. 
The traced routes thus pass by all the representative spaces of the sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Localization of the retained samples. 

4.2 Density parameters 

Being interested in the density of the built form at the urban fabric scale, i.e. with a density 
which introduces the system of open spaces (network of roadway system and urban spaces...), 
recourse was made to the land occupation coefficient of for its determination. And in order to 
complete the acquired information, a determination of the compactness of the built framework is 
provided by two indicators: on the one hand the coefficient of form, and on the other hand the 
ratio of the exposed surfaces to other surfaces, constituting two supplementary ratios, integrat-
ing very significant parameters in energy exchanges. (Cordier & al, 1989) The results of elabo-
rate calculations are presented in the following table. 
 
 
Table 2. Determination of the level of density and compactness of the built framework. 

 1st sample 2nd sample 3d sample 4th sample 5th sample 
Total surface of the zone covered by 

the study (m2) 
22 249.63 113 010 131 590 79 592.82 103 133.56 

Land occupation 

coefficient 

On the level of 

the plot (net) 
0.99 1 0.82 0.82 0.16 

On the level of 

the district (brut) 
0.69 0.64 0.51 0.42 0.09 

Form Coefficient (m2/m3) 0.29 0.25 0.37 0.35 0.40 

Ratio no exposed surfaces/ exposed 

surfaces 
1.92 1.05 2.58 2.37 5.53 



4.3 Climatic factors measurements and system of data acquisition 

The measured climatic factors are: air temperature, radiant temperature, relative humidity and 
air velocity. Measurements of the climatic factors are carried out by direct measurements, made 
using sensors located at the place where measurements are taken. The system of data acquisition 
is composed of a thermo hygrometer, an environment meter and an anemometer. 

4.4 Course of the experiment 

The measurement campaigns are carried out in three representative days of both seasons: spring 
and summer 2004, in five moments of the day. The selected moments are related to the daily 
temperature pattern: 

- Before sun rising: before any thermal gain. 
- After sun rising: beginning of heat gain.  
- At midday: when the sun is at the zenith. 
- Before sunset: after a maximum accumulated heat gain. 
- After sunset: start of stored heat restitution  
In order to minimize the time shift between the first and the last measurement, work was dis-

tributed over three days. While being based on ten days weather forecasting, three representa-
tive days of spring and summer seasons, were thus selected. 

The results obtained are compared with a site measurements in the immediate non urbanized 
setting- considered unchanged: the weather station, from which the energy balance is different 
from that of the city. The selected data for the comparison are those extracted at the measure-
ments times. 

For the two seasons 1055 measurements were taken, 620 measurements in summer and 435 
measurements in spring, bearing on 31 spaces in the city, in three representative days for each 
season. The experiment is made by a staff which is composed of three members - including the 
author -. Displacements of the team are ensured by a car. Measurements of the four examined 
climatic factors are made at the same moment, i.e. in parallel and they are taken with 1.60m 
high above the ground. 

5 PRESENTATION AND ANALYSIS OF THE RESULTS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Comparison between the absolute deviations of the climatic factors measured in the various dis-
tricts compared to the weather station (summer season). 
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Although the measurements days were carefully selected to represent one summer day, the fact 
remains that there were differences between climatic conditions in the three selected days. In 
order to have a reference mark of comparison, we have made recourse to the calculation of the 
absolute deviations of the values obtained with those recorded in the weather station, for each 
moment of the day (crossed courses). The variation with the value recorded in the station 
weather is equal to the arithmetic mean of the differences between the value recorded in each 
point and that recorded in the weather station. 

5.1 Comparison between the absolute deviations of the air temperatures 

What is ought to be said is that the progression of the average of the absolute deviations of Ait 
T° which goes hand in hand with the reduction in the density, as well as a progression of the av-
erage temperatures of the crossings of the post sunrise, until and before its sunset. 

Progression of the absolute deviations of radT (after sunrise and until sunset) and of their av-
erage which goes hand in hand with the reduction in the density, put aside the traditional district 
which makes the exception because of the recent tarring, as well as the difference in the protec-
tion offered by the foliar mass (shade + evapotranspiration). 

5.2 Comparison between the absolute deviations of the radiant temperatures 

Progression of the absolute deviations of radiant temperature (after sunrise and until sunset) and 
of their average which goes hand in hand with the reduction in the density, put aside the tradi-
tional district which makes the exception because of the recent tarring, as well as the difference 
in the protection offered by the foliar mass (shade + evapotranspiration). 

5.3 Comparison between the absolute deviations of the relative humidity 

The traditional district offers a hydrous contribution of 3.42% as an average summer day. And 
except the post sunset period the most important values are always recorded in this same district 
with a maximum value of 7% at 21h00. The classification of the remaining samples places the 
colonial district in the 2nd position, followed by Star Melouk district, then Hay Moudjahidine 
district and the 500 appartments. 

5.4 Comparison between the absolute deviations of air velocities 

In the fabrics where the built framework is very dense, the air velocity is altered. The first three 
samples present the most important reductions, but of more significant part in the district of 
Mcid where the effect of the density is combined with that of the palm plantation. 

The positive values of the absolute deviations indicate contrasting thermal effects from one 
place to the other, which cause a displacement of air masses from high pressure fresh zones - 
towards low pressure hot zones - of -. (Hamel & al, 2000) 

6 INTERPRETATION OF THE RESULTS 

6.1 Effect of urban density on air temperature and radiant temperature 

The first remark which one could draw from the study of the achieved results is that the city re-
mains hotter than its non urbanised immediate environment (the weather station). This study 
called into question certain assumptions saying that in arid areas, the city is fresher than its im-
mediate environment. For the summer season, the average values indicate a difference which 
can reach 3.54°C for air temperatures (with the 5th sample at 09h00) and 12.80°C for the radi-
ant temperatures (to the 4th sample at midday). However the maximum values show a differ-
ence reaching 4.70°C for air temperatures (the 4th sample at 09h00), and 14.3°C for the radiant 
temperatures (with the same district at midday). The results of the spring season underline of 
advantage these differences, with for the average temperature of the air a difference in 5.25°C 



(to the 4th sample with 09h00), and a maximum difference of 7.1°C, within the same district ( It 
should be noticed that a 2°C difference represents a climatic change equivalent similar to a 200 
km displacement towards the south, at the same altitude). One thus identifies an effect called 
urban heating effect, appearing in a difference between the temperatures observed in the city 
and the value recorded in the weather station. This phenomenon constitutes the principal mani-
festation of the modifications produced in the radiative and energy balance. 

In addition this reheating is not similar in all the samples. The handling of the density of the 
built framework influences it enormously. The outcome given by the comparative analysis of 
the results gives rise to a progression of the average daily air and radiant temperatures labourers 
of the which goes hand in hand with  density reduction; as well as a progression of the average 
temperatures of the crossings of the period post sunrise until before its sunset. 

For the average daily air temperatures, in summer season the weakest variation is that of the 
1st sample, followed by the 2nd and 3rd sample, then the 4th sample, and finally the 5th sample. 
And it is the same pattern in the spring, for the first four samples. 

With regard to the radiant average temperatures, the weakest variation is noted in the 2nd 
sample of the first category (very dense fabric), then there are  the two types of the 2nd category 
(dense fabric), and finally the type of the 3rd category (loose fabric). 

Nevertheless it is necessary to acknowledge that the 1st sample constitutes a particular case, 
because although the urban density is high, but the MRT remains more important compared to 
the case of the Colonial District. In fact, it appears that this characteristic is due to the recent tar-
ring of the Mcid streets ; as to the difference between the protection offered by the foliar mass in 
these two samples, which offers more important shade in the district (an important foliar mass 
of the groupings of trees), compared with Mcid district (palm trees). 

It was as noted that the average of the air and radiant temperatures, in some moments of the 
day, in season of summer, are more important in the 4th sample as in the 5th, although the urban 
density is more important. It seems here, that the choice of the points of measurement was de-
termining, because in Hay El Moudjahidine district, they are for most of the cases balanced by 
three active surfaces (ground and two frontages). Which is not the case with the 500 residences, 
where the separative distance between a point of measurement and the frontages which limit 
space is important. What occasioned that the influence of the radiative reflexions is accentuated 
in Hay El Moudjahidine and is masked with the 500 residences. Another particularity was de-
tected, it is the recourse to the means of air-conditioning in the 4th and the 5th sample, which 
appears that it had its contribution in the rise of the variations of the temperatures before the 
sunrise, because of the accumulated heat released during all the night. 

The very dense urban fabrics (Star Melouk, Mcid) by their low heat capacity due to an in-
creased urban reflectance and to a deteriorated thermal capacity, starts to cool down before even 
the sunset; this made so that towards the rising of the sun of the following day the terrestrial ra-
diative losses in these districts cease. When the solar radiation is intense, the effect of the 
evapotranspiration and materials become less sensitive, and it is the urban density which pre-
sides over microclimatic conditions on an urban fabric scale. 

Thus we can say starting from these conclusions that the first two samples: Mcid and Star 
Melouk constitute optimal cases from the point of view of microclimatic control, for this ex-
perimentation. The reduction of the reheating is due, in the first case, to the effect of the density 
and the insertion of the frame within the palm plantation; however in the second, it is with the 
frame alone due to its strong compactness. It comes out from that, f one manages to combine 
between the strong density and compactness of a planar frame and the suitable integration of the 
vegetable element, one will be able to obtain a perfect case from the point of view: of the urban 
heating effect attenuation, and the correction of the adverse effects on the microclimate of the 
city. (Hamel, 2005) 
 

6.2 Effect of urban density on the relative moisture 

The effect of the urban density on the relative humidity is also different according to the season 
as well as the moment from the day. Its effect cannot be dissociated from that of the air tem-
peratures. Generally, in the densest districts (Mcid and Star Melouk) and those containing the 
important parks (colonial District), relative humidity is more important than at the station. In 
low density districts (Hay El Moujahideen, 500 apartments) the relative humidity knows a re-



duction which can reach 9% in summer (with the 500 apartments with 09h00) and 15% in 
spring (in Hay El Moujahidine). 

According to the average of the absolute deviations of the relative humidity, the traditional 
district offers a hydrous contribution of 3.42% as a daily average summer day; and a part from  
after the sunrise, the most important values are always recorded in this same district with a 
maximum value of 7% with 21h00, and a difference compared to the other cases which can 
reach 6%. The classification of the remainder of the samples places the colonial district district 
in 2nd position followed by Star Melouk, then Hay El Moujahidine and the 500 apartments. For 
the spring season, the average values are generally lower than the values of the station, but more 
in the 4th sample. It thus appears that the first sample constitutes the most optimal case as far as 
humidity gain is concerned, in the summer season, where the need for cooling by humidification 
is necessary. (Hamel, 2005) 

 

6.3 Effect of urban density on the air velocity 

 

Table 3. Percentage of air velocity in each sample, of the value recorded in the weather station, and pro-

duced alteration. 

Sample 
Average Vair 
(m/s) 

Weather station 
Vair (m/s) 

Average Vair (%) Alteration (%)  

M’Cid district 0.64 4.6 13.91 86.09 

Star Melouk district 0.43 2.4 14.27 85.73 

Colonial district 0.17 2.4 7.17 92.83 

Hay El Moudjahidine 
district 

0.87 4.6 18.96 81.04 

500 apartments 0.84 10.2 27.80 72.19 

 
The air flow is influenced by the density of urban fabric, green surfaces as well as thermal con-
trasts from one place to another. In the fabrics where the built framework is very dense the air 
velocity is faded. The first three samples present the most important reductions, but of more 
significant part is in the Mcid district where the effect of the density is associated to that of the 
palm plantation. The effect of the thermal breezes which consists of a displacement of the 
masses of air from the fresh zone of high pressure, towards the hot zone of low pressure, is per-
ceptible in the Star Melouk district and with the Colonial District before the sunset and with the 
500 residences before the sunrise. It thus appears, that the urban heating effect is not without 
impact on the air circulation. The phenomenon of the thermal breezes constitutes an important 
aspect of cooling by convection which can be exploited for a better ventilation of the city. In 
addition the direction of the wind is very fluctuating and depends on the one hand on local 
winds (speed and direction) and on the other hand of the direction of the network of roadway 
system. (Hamel, 2005) 

7 CONCLUSION 

A sustainable urban form is the result of a compromise between the most decisive aspects from 
a point of view environmental, economic, social, and cultural, with a rational arbitration be-
tween them.  In the context of the arid areas, the most decisive elements seem to belong to the 
climatic aspect. The control of the urban climate and the fight against the reheating in the cities 
of the arid areas with hot and dry climate, can be reached only through the attenuation of the 
exposure to the solar radiation, the reduction of the temperature of the air, the improvement of 
the levels of moisture and the conditions of air flow, as well as the control of pollution. These 
strategies can be carried out by a compact urban design. 

In addition, it appears that the compact city responds better to economic, social and cultural 
constraints. Nevertheless the high density is not an absolute concept, it remains relative, because 
it is related to many factors, such as  the size of the city, the type of layout, the form of the 
buildings, the parks and opened spaces, etc. As well as functional co-education and processes of 
intensification and decentralization. (Jenk & al, 2000) 



By admitting that the size of the cities of arid areas will be limited - considering the natural 
environment of the desert unable to support over-populated urban centres- one concludes that 
the sustainable city in this context, will be a denser city, with more compact forms of the new 
development, and a thickening of the existing urban surfaces. 

We do not tend in any manner, to propose a model of city, and to fall into the temptation 
to create an idealistic model - as one tends to often think of it -. The suggestion of a  compact 
city is, mainly,  to adopt it not like an absolute model, but rather like an abstract concept, which 
requires to be revalorized and developed, in order to be able to benefit from opportunities a 
compact urban form can offer, without falling into a passeism. In addition, if the concept of 
compact city currently answers the environmental concerns (climate, pollution, reheating, etc), 
it is currently impossible to circumvent that it is re-examined, in the sight of a satisfaction of the 
evolution of the economic, social and cultural processes, in progress, in order to be able to be 
combined in adequacy with the sustainable development. 

Finally, to build sustainable human establishments for the future, it is necessary initially to re-
conceive the existing urban forms, by considering the utility of the multi-field studies, in plan-
ning and in urban design, so that they can be sustainable. 
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THE MATA DE SESIMBRA / ONE PLANET LIVING PIONEER PROJECT 
 
“The natural environment we treat with such unnecessary ignorance and recklessness was our 

cradle and nursery, our school, and remains our one and only home … . That is the essence of 
environmentalism. It is the guiding principle of those devoted to the health of the planet.” - Ed-
ward O. Wilson, ‘The Future of Life’. 

 
PROJECT SUMMARY 
 
The development is part of an overall project that covers an area of 5,300 hectares and brings 

together sustainable housing, nature conservation, reforestation and ecofriendly transport. Work 
will begin on the 6,000-house, €1 billion scheme just south of Lisbon during the first quarter of 
2006. 

 
The development, which replaces a proposal to build a conventional tourist resort, will be 

completely powered by renewable energy, dramatically reduce waste to landfill – to just 5 per 
cent of the Portuguese national average – and use rainwater collection and waste water recycling 
systems to achieve huge cuts in domestic water consumption and irrigation. 

 
More than half the food served in tourist facilities will come from local resources. The plans 

include creating a sustainable transport network – featuring for example shared and non-petrol 

One Planet Living Pioneer Project 

Paulo Reis Silva 
Project Director PELICANO Real Estate Investments 

ABSTRACT: 

The plan includes concentrating the proposed development area into one unit. The team plans to 
use the receipts from the development as a form of a ‘green tax’ to fund conservation measures 
throughout the area eg. forest replanting and restoration, creating closed-off protected areas for 
vulnerable nesting birds, recovering wetland and other important riverine and coastal habitats.  

The plan also proposes to be innovative and ecological in it’s development e.g. use of sustain-
able building materials and solar power. WWF partners BioRegional are helping to integrate ef-
fective energy and water efficient designs into the Portuguese plan.  



vehicles, and a cycle route encompassing the entire site. The aim is to eliminate the need for 
private cars the area. 

 
The project includes a 4,800-hectare nature reserve in which habitat corridors, linking sur-

rounding protected areas will create safe havens for vulnerable nesting birds such as the 
Bonelli´s Eagle. The site will also be home to one of Europe’s biggest privately financed forest 
restoration projects which aims to recreate native indigenous woodland – mainly cork oak and 
umbrella pine – replacing the existing eucalyptus and non native pine forest. 

 
Figures suggest that over the next 20 years, tourism in the Mediterranean will rise by 50 per 

cent to an estimated 350 million people visiting the region each year. Conventional, mass tour-
ism has been identified as one of the major threats to the “natural capital” of the Mediterranean 
region, through high consumption and waste levels, and also direct destruction of natural areas. 
In a country where tourism represents 10 per cent of national GDP, the alternative model of sus-
tainable tourism being developed as part of the Mata de Sesimbra OPL project if tourism is to 
go hand in hand with sustainable development.      

 
THE PHILOSOPHY BEHIND “ONE PLANET LIVING” 
 
WWF´s Living Planet Report suggests that if everyone on the planet were to consume natural 

resources and pollute the environment as we currently do in Europe and North America, we 
would need between 3 and 5 planets to support us¹. 

 
The challenge that faces us all is: how can people everywhere enjoy a high quality of life, 

within the carrying capacity of one planet?  
 
One Planet Living must be affordable, for both people and the planet, and it must be attrac-

tive to a wide range of people, with divergent cultural backgrounds, living in different parts of 
the world. 

 
One Planet Living must address the “basket of human need’s including housing, clothing, 

food, healthcare, education, energy, mobility and leisure. 
 
One Planet Living must also be simple. Currently it is too easy for people to make decisions 

that are unsustainable; One Planet Living means changing the “default” of our daily lifestyle de-
cisions to ones which are sustainable.  

 
WWF International and BioRegional are partners in the UK’s largest eco-village, the Bed-

dington Zero Energy Development (BedZED) consisting of 100 homes and workspace for 100 
people. BedZED’s design is multi-award winning and the site is frequently visited by Housing 
and Environment Ministers from around the world. BedZED is helping residents to lead a life-
style which is kinder to the planet, without having to make lifestyle sacrifices.  

 
The effectiveness of the ZED (Zero (fossil) Energy Development) design pioneered by Bio-

Regional can be further increased as the scale of development is increased. This is because 
shared facilities and infrastructure can start to be addressed too.  

 
The “Mata de Sesimbra” development in Portugal aims to go a significant step further than 

BedZED by having the 20 year target of having ‘zero waste’ – but reaching a massive 75% of 
landfill diversion in the first year. ‘Waste’ will be utilized for horticulture purposes. The type of 
recreational activities will be diversified e.g. horse-riding, cultural centres, whilst facilities such 
as the golf course will be fed only by treated waste water and low/no use of pesticides. 

 
 



APPLYING THE ONE PLANET LIVING APPROACH 
 
“One Planet Living” is an initiative designed to help people, businesses and local and na-

tional authorities live and work within the natural limits of our One Planet. 
 
It presents an integrated strategy that helps make “sustainable development” a reality, by set-

ting targets for the following 10 principles:  
 
1. Zero Carbon 
2. Zero Waste 
3. Sustainable Transport  
4. Local and Sustainable Materials  
5. Local and Sustainable Food 
6. Sustainable Water  
7. Natural Habitats and Wildlife   
8. Culture and Heritage 
9. Quality and Fair Trade  
10. Health and Happiness 
 
PUTTING ONE PLANET LIVING AND SUSTAINABLE DEVELOPMENT INTO PRACTICE 
 
In order to ensure the project meets the demanding aspirations and objectives of the One 

Planet Living initiative, a Sustainable Action Plan based on the 10 principles has been devel-
oped AND INDEPENDENTLY APPROVED. From this Plan, a series of Specific Sustainability 
Business Plans, and a Sustainability Action Review process, have been developed. 

 
The Mata de Sesimbra OPL “Pioneer Project” sustainability action plan includes the follow-

ing specific actions plans:  
 
USE OF SUSTAINABLE BUILDING MATERIALS 

• sustainable materials and construction methods  

• exclusion of toxic materials 

• highest possible use of reclaimed, recycled and certified materials (eg. FSC) and 
products (eg. Fair Trade) 

 
ZERO CARBON PLAN 

• green transport system 

• renewable energy and energy efficiency 

• renaturalisation of surrounding environment 

• bio-climatic architecture and high thermal performance of buildings 

• installation and use of A-rated appliances only 
 
ZERO WASTE PLAN 

• reduction, reuse and recycling strategies 

• composting of organic waste  

• reduce landfill  

• use of recycled goods 
 
RENEWABLE ENERGY AND ENERGY EFFICIENCY 

• energy conservation through design 

• use of solar energy 
 
 



USE OF LOCAL RESOURCES 

• Cut food miles pollution, and revive traditional local industries and crafts 

• ensure minimum percentage of goods and services come from within 50 km range 
 
SUSTAINABLE TRANSPORT PLAN 

• reduce car use in urbanized areas 

• promotion of cycling and walking 

• provision of public and shared transport options eg. Car club 

• promote alternative tourist transport eg. train 

• support WWF campaigns eg. Aviation taxes 
 
CONSERVATION PLAN FOR FAUNA AND FLORA 

• natural habitat restoration eg. Replace exotic species with native woodland and 
shrubs 

• increase overall biodiversity 

• create new local habitat corridors, and link to regional corridors 

• conservation plans and funds for threatened species and protected areas in the region 
 
WATER CONSERVATION PLAN 

• reduce domestic water consumption rates 

• achieve major savings in water use for leisure eg. garden irrigation, swimming pools 
and golf courses  

 
QUALITY OF LIFE PLAN 

• Promoting social identity and community-building measures 

• Showing how it is possible for social and ecological development to support sustain-
able local economic growth 

 
HERITAGE PLAN 

• preserve and promote the area’s cultural, natural and historical values and environ-
mental assets 

• provide environmental awareness-raising, training, and promoting the philosophy of 
‘One Planet Living’ 

 
These actions plans have been developed into a programme with specific set targets that 

must be met and independently verified. 
 
SUSTAINABLE MATERIALS 

• Min. 50% use of recycled materials eg. Cement 

• Min. 90% elimination of toxic materials 

• Min. 50% of materials from 50km radius 

• Min. 30% reduction in embodied CO2 in construction, transport and use of mate-
rials 

 
ZERO CARBON 

• Reduce energy use of lights and appliances by 40% by installation of A-rated ap-
pliances and designing buildings to maximise daylight 

• Reduce ventilation by 44% by use of natural wind-driven solutions 

• Reduce water heating energy use by 60% through use of flow restrictors, spray 
taps, efficient shower fittings, and use of solar water heating 

• Reduce space heat/cooling by 95% by use of passive solar heat, glazing and insu-
lation, and south-facing facades and shading solutions 



 
ZERO WASTE 

• Reduce waste production by 25% by elimination and reuse of food packaging, 
promoting reusable packaging and discriminate against disposable products 

• Ensure minimum 25% of waste is recycled, and 0% incinerated  

• Compost over 90% of organic waste 

• Reduce landfill to 5% of national average 
 
RENEWABLE ENERGY/EFFICIENCY 

• Achieve 100% renewable, non-fossil energy production by including photo-
voltaics in architectural design, include solar thermal design, use small-scale bio-
mass heating, and water ponds for space cool system 

 
LOCAL RESOURCES 

• Minimum 25% of food consumed within the development to have come from 
50km radius, by organising network of local product and service suppliers 

• Minimum 15% of key services provided locally, by offering preferential con-
tracts for purchasing and hiring of local services, and supporting the development 
of those not currently available 

• Employ 6,000 people from local area in order to reduce unemployment, and de-
velop skills enhancement programmes 

• SUSTAINABLE TRANSPORT 

• Reduce car use to 0% in urbanised areas  through hard barriers and promoting al-
ternatives such as walking and cycling 

• Implement €100 million public transport and road network 

• Increase average number of passengers per car to 3-per-vehicle through a car-
sharing scheme 

 
FAUNA & FLORA CONSERVATION 

• Convert existing degraded monoculture forest, consisting 90% of exotic eucalyp-
tus and pine, to native oak woodlands 

• Implement €20 million conservation strategy 

• Create local habitat corridors, and connect to regional ones; and conserve and in-
crease sensitive wetlands and dunes 

• Conserve and improve conservation status of target and vulnerable species, such 
as Bonelli’s Eagle; and protect and regenerate pockets of biodiversity eg. Cork 
forest and Mediterranean maquis, and important habitats (eg. Bird of prey nesting 
sites) from disturbance 

 
WATER CONSERVATION 

• Reduce overall water consumption by 25% by use of greywater recycling, low-
flush systems, low-flow taps, and rainwater catchment 

• Apply EGA Ecology Unit/Audobon Society rules to achieve major savings in 
sports and leisure-related water consumption 

 
QUALITY OF LIFE PLAN 

• Apply environmental quality indicators, such as air and noise pollution 

• Enact €100 million programme of sports, leisure, cultural and educational facili-
ties 

• Minimum area of social facilities, open spaces and green areas per capita 



• Achieve positive values for attitudes to facilities and the community, and nega-
tive values for stress levels,  through communication and participation pro-
grammes 

 
HERITAGE PLAN 

• Preservation and educational programmes, and supported programmes to pro-
mote local heritage through strategy to promote natural, cultural and historic val-
ues 

• Advertising of local heritage, facilities, products eg. Crafts 

• Promote OPL awareness through One Planet Living Centre 
 

 
HOW DOES ONE PLANET LIVING DEFINE SUSTAINABLE LIVING? 
 
Ecological footprinting analysis is an accounting tool that represents the environment impacts 

of a process or person’s lifestyle in terms of the area required to produce a particular natural re-
source or to absorb waste from consumption. It is a measure of the area of biologically produc-
tive land, sea and freshwater that is required to produce a good or service, or meet the needs of a 
person or population. It compares this area with the actual available area on earth and informs 
us whether we are living within the earth’s regenerative capacity. 

 
A person’s ecological footprint is made up the footprints of all their activities, products con-

sumed and waste produced. It includes the area of forest required to sequester the CO2 emis-
sions attributed to that person, and a share of the area taken up by infrastructure and the produc-
tion of goods and services. A person’s energy consumption has an ecological footprint, as do 
their food consumption, transport, work activities and leisure activities. 

 
Ecological Footprinting figures in WWF´s Living Planet Report 2002, inform us that it takes 

a biologically productive area around 5.35 global hectares to support each person in Europe, 
whereas the actual available productive area on Earth is 1.9 global hectares per person³. Hence, 
it can be concluded that if everyone on the planet consumed as much as the average person in 
Europe, we would need tree planets to support us.   

This analysis suggests that Europe needs to reduce its consumption of fossil fuels and virgin 
materials by two-thirds to be environmentally sustainable within a concept of living within a fair 
share of the Earth’s resources. To achieve this reduction in consumption we need to develop 
sustainable ways of living. 

 
The implications of not achieving this two-thirds reduction are substantial and bleak for the 

future of planet earth and its inhabitants. We will not be able to live sustainably on a small 
planet with divisions between rich and poor, where the rich are destroying the planet through 
over consumption and the poor through desperation. If we do not change the way we live, we 
will continue to cause environmental damage and store-up long term social, economic and 
health consequences.    

 
HOW DOES ONE PLANET LIVING DEFINE SUSTAINABLE DEVELOPMENT? 
 
A wider definition of sustainability covers more than environment impact. It is frequently de-

fined in terms of the “triple bottom line” comprising social, environmental and economic sus-
tainability. For our future developments and communities to be truly sustainable, we must ad-
dress social amenity, creating sustainable communities with spaces people want to live and 
work in. 

 



Developments must also offer financially sustainable solutions that are viable within a market 
economy. 

 
The environmental, social and financial issues surrounding sustainable development are par-

ticularly closely inter-linked in the housing sector. Ensuring access to appropriate, efficient and 
safe homes plays an important role in community well-being and regeneration, as does ensuring 
that such homes are affordable to build, buy and run, in addition to being designed to tackle is-
sues such as fuel poverty.   

 
IMPORTANCE OF LIFESTYLES 
 
Addressing the environmental sustainability of the construction and occupation of buildings 

is of great importance if we accepted that we need to meet a two-thirds ecological footprint re-
duction target. However, in creating sustainable homes we should not only to consider the 
houses themselves, but also their relationship to the infrastructure that supports them, e.g. trans-
port, work, leisure, food supply and waste recycling. 

 
Carbon Dioxide emissions have a major impact on our ecological footprints, and the area of 

forest required to sequester CO2 emissions is included in our total ecological footprint. As ap-
proximately two-thirds of our individual CO2 emissions in Europe are attributable to our life-
style more generally, including food and transport4, it is desirable that a future eco-rating label 
for homes should assess more than energy efficiency alone, if it is to represent a more accurate 
picture of sustainability. For example, is an energy efficient home that can only be accessed by a 
20 mile car journey really sustainable? 

 
Environmental analysis, including Ecological Footprint assessment, highlights the fact that 

the majority of our environmental impacts as consumers, and hence potential savings, are attrib-
utable to lifestyle decisions and not the materials used in the products themselves. This logic can 
be applied to homes as products, and although houses builders cannot control how the consumer 
uses their product and whether their use patterns are sustainable, the way a product is designed 
can certainly encourage a particular lifestyle or behavior. 

 
CONCLUSION: THE CHALLENGE 
 
The One Planet Living Communities program is abut choices - choices that allow us to close 

the loop. Choices and challenges we all face if we want to live a high quality of life within the 
resources of our planet. Everybody is committed to the need for change, but do they want to 
change? 

 
One Planet Living is an opportunity to design developments that will enhance a sense of 

place for all that live there, and to promote social and economic interaction. The creation of 
these communities implies responsible leadership not only to deliver an attractive project, per-
haps an outstanding one, but ensure that the management of the community is done in an inte-
grated way. 

 
The greatest impacts occur during the life cycle of the communities and it's during this time 

that we must offer the choices, making easier to make responsible and sustainable choices. We 
can establish goals to minimize the use of renewable resources, the production of waste and 
emissions, efficient use of energy, but we also have to ensure that will be social interaction, lo-
cal economic activity and provide financial sustainability of all activities because if the "pro-
ject" we create is too expensive it will not be a good example and we will not achieve a high 
quality of life within the resources of our planet. 

 



1 REFLECTING ABOUT THE EMERGENCE OF SUSTAINABLE URBAN 
COMMUNITIES – A SOCIAL POINT OF VIEW 

This communication presents a social ecological perspective about sustainability in the con-
text of urban planning and building construction. The social ecological perspective states that 
the emergence of sustainable urban communities is crucial to the survival of the social and envi-
ronmental world we have gained which is presently characterized by a deep ecological crisis 
and the lack of sustainable solutions. Moreover, the social ecological perspective also posits that 
the promotion of sustainability has to imply a discussion about the environmental, technical and 
scientific ethics and the mechanisms of the citizens' democratic participation, to ensure that the 
world of tomorrow will be economically more balanced, socially less unfair and much more 
feasible, Thus, sustainability could be understood as a political value, that influences the 
strength of the policies to change the places we leave on and the societies we belong to. 

The role of technology to achieve these goals is unique. However, sustainability can not be 
limited to a technical solution or a technical intervention. Indeed, it is necessary to also consider 
the consequences of territorial changes. In fact, the main issue is strengthening environmental 
ethics which appeals to the public suffrage of public works. Additionally, we suggest that deci-
sions regarding infrastructure and human construction do not raise technical problems, but in-
stead they are a result of political processes. Thus, the study of political decision-making proc-
esses is indeed key element for the analysis of how societies can achieve sustainability.  

We also propose that public participation is another important topic regarding sustainability. 
Buildings’ sustainability integrates several dimensions, namely natural resources, social equity 
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and economical development. Thus, a strategic planning, that fits to the reality, can constitute an 
essential tool to achieve sustainability. Technical solutions toward indoor comfort, urban mobil-
ity and communications as well as generalized access to environmental data must be taken into 
account by users. That is, decision-making processes must consider the public participation 
component since its starting phases.  

Built environment, human mobility and sociabilities are important issues in what regards to 
sustainability. In this paper, we emphasize the role that public participation (Munier, 2006) and 
environmental ethics play on the debate regarding the social consequences of technical applica-
tions in a time shaped by ecological scarcity (Soromenho-Marques, 2003). In Portugal, like 
where else, this topic is particularly relevant, especially because we are still building basic infra-
structures (airports, roadways, and railways) or rehabilitating older ones. 

Ecological scarcity challenges the discussion about the division between human culture and 
nature that architecture reproduced in built environments (Rodeia 2006). Inner city inhabitants 
lost the notion of environmental dependencies. The types of construction and domestic comfort 
are centred in technological and legal aspects, and often subordinated to market trends. Charac-
terizing populations, attitudes and demands, as well as analyzing the way public participation 
integrates decision-making processes, is demanding to define a methodology to assess urban 
sustainability, even when implemented actions trigger unfavourable public opinion and/or pub-
lic dislike. Urban sustainability also influences population’s feelings of insecurity and the way 
individuals participate in the decision-making processes. Thus, the major question is to preserve 
a strategic alliance between technology and citizenship, which implies an interdisciplinary dis-
cussion (see Figure 1).  

In fact, what is the purpose of adequate technical decisions that do not take into account the 
concept of ecological complex (see above) ? A sustainable construction project must consider 
dimensions like public participation and community safety. Also, methodologies that account 
for the processes of social impact assessment (Craveiro, 2004) are useful to urban sustainability 
analysis if we believe that built environment has consequences on human communities’ safety 
and also on its relation with technical and political decisions. In fact, a set of social indicators 
must be considered regarding the social characterization of populations, its habits and demand 
expectations, attitudes toward the environment, sense of insecurity or ways of public participa-
tion which, among other aspects, already integrate processes of social impact assessment. 

Altogether, urban planning and building construction involve an array of practitioners and 
users, each one confronted with specific challenges that are vital to face the contemporary social 
and environmental challenges. Certainly, all of them have a sense that sustainability is a good 
thing (and that being unsustainable is a bad thing), but will they know it when they see it? Do 
they share a common view about sustainability and underlying principles? A common criticism 
is that different meanings and definitions have been attached to the term sustainability over the 
years. Based on a critical overview of this multiplicity of meanings, we propose what we call an 
operative conception of sustainability.  

This operational conception of sustainability takes into account the already identified aspects 
involving social impacts evaluation, highlighting the importance of water and energy demands 
and solid waste production (Vasconcelos Paiva et al., 2006), not only in the construction phase 
but also in the using and occupation phases. Sustainability must be deeply discussed in order to 
undo the easy achieved consensus regarding its own definition (Redclift, 1992). There is no ur-
ban sustainability without public participation and without an alliance between technology and 
the exercise of citizenship. This led us to the analysis of the current environmental legislation 
and its application in the different regional contexts. It is also important to take into account the 
population level of environmental awareness and its relation with education levels, urbanity and 
public participation. Urban built environment is related to inner city inhabitants and ultimately 
urban built environment depends on the uses that inner city inhabitants do toward population’s 
well-being. The issue here is to know if the environmental legislation can be adopted in social 
and regional disadvantaged areas where the receptiveness of public policies can be more diffi-
cult. We refer to less developed countries, technologically speaking, where traditional commu-
nities react awkwardly to political regulation. This discussion refers to the political institutions 



competences to promote sustainability. Finally, It is also important to state that one of the more 
demanding challenges is to achieve public receptiveness, because institutions might have to deal 
with few gains if individual action do not act in a collective way. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Sustainable construction: human and technical dimensions 

The application of the concept of sustainability to cities and urban settlements faces particular 
difficulties. If it is rather consensual that current patterns and forms of urban development are 
not long-term sustainable, which concept of sustainability and idea of sustainable urban com-
munity could serve as basis for the systematic identification? What are the changes in the ways 
people habit a city and use its common and private spaces and resources that could interfere 
with the ideal-type of sustainability? In fact, we have also to consider that the way people live 
interferes, obviously, with the environmental quality. Are we all conscious of this? 

Currently, several common features related to the mean of sustainable urban communities 
have been referred to in the literature: the more efficient use of land and space; the emphasis on 
the redevelopment of underutilized urban areas; turning communities more green and more 
amenable to walking; the investment on renewable energies and low pollution; the investment 
on public transportation and reduction of dependency on individual private transportation; and, 
more recently, enhancing resilience of communities to natural disasters. Are these challenges 
common to any kind of urban settlements in the world or do they reflect the worries of devel-
oped societies? Do the cities and settlements of the developing world pose specific challenges? 
Could we imagine a sustainable social an urban development in a world split between rich and 
poor societies, without a strong going back in what regards our cultural and political achieve-
ments? 

The social ecological perspective aims to take into account all the questions above men-
tioned, and thus contributing to the emergence of (real) sustainable urban communities. In order 
to guarantee that this social ecological perspective is effective and socially useful, it is crucial 
that this approach is integrated in an urban change evaluation programme, capturing the signifi-
cant changes in the social factors (population, technology, culture, social structure, personality), 
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as well as capturing the relations between those factors and the different existing environments 
(social, modified, natural and built). That is, we intent to give answers and promote solutions 
rather than stay in the diagnosis stage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

Figure 2 – Ecological complex – revisited version (Catton e Dunlap, 1978) 
Source: adapted from Martell, 1994. 

Legend: 
* Social relations 
** Houses, cities, roads, dams, etc. 
*** Environmental conditions not modified by the human action (e.g. natural climate 

conditions of a region) 
**** Environmental conditions changed by human intervention (e.g. atmospheric con-

tamination, land drainage, swamp drainage, ground levelling, etc.) 
 

The urban change evaluation programme should an effective battery of urban development 
indicators. With those indicators, local governments and stakeholders could know the critical is-
sues they face, the undesirable changes occurring, and the impact of the carried on policies. 
Moreover, they should be aware of the priority decisions (investments, legislation, organiza-
tional procedures) they have to take.   

Last, but not least, if the ecological complex means the search for a dynamic balance between 
the social factors identified at the urban milieu, then this dynamic balance could be the pro-
grammatic target of social change. The sustainable urban communities of tomorrow should 
benefit from the procedures we put in action today. 

Social players (City Hall, decision-makers, politicians, technical staff, investors, residents, 
other stakeholders) could benefit from a strategic perspective that sees sustainability as a socie-
tal goal. This should mean that the urban and social development could be able to respond to so-
cial needs of the present, using the best scientific and technical knowledge available – without 
disrespecting the good traditions and the good practices of the past -, not jeopardising the needs 
of future generations and achieving the balance between the economic interests, social aims, en-
vironmental challenges and technological opportunities, as well as the incorporation, above all, 
of a set of ethical values. 
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1 INTRODUCTION 

1.1 Evolution of the Sustainable Tourism concept and the Sustainability Objectives 
In 1978, the OMT recognizes the importance of the environmental impacts of the tourism and 
establishes in 1981, the first Environmental Committee. Nevertheless, in the earlier Nineties is 
when Sustainability is considered for the tourism development. In 1991, in the 41 Congress of 
the Association the International of Scientific Experts in Tourism (AIEST) (Kaspar, et al, 1991) 
named "Qualitative Tourism" settles down the complexity del study of the sustainability and 
tourism. So, the sustainable tourism was described like "a tourism that maintains a balance 
between the social, economic and ecological needs. The tourism must integrate the economic 
and recreational activities with the objective to look for the conservation of the natural and 
cultural values." 

A lot of information and contributions from all the scopes (politician, enterprise scientist and) 
in relation with the tourism and the sustainability have been written since the Earth Summit, in 
Rio de Janeiro in 1992. The sustainable development is the axis for any economic strategy and 
in this case for Tourism. Later, World Wildlife Fund (WWF), the Tourism Concern and the 
European Union, focused on Tourism and sustainable development, reinforcing the importance 
of the Agenda 21. Thus, in September of 1993 the Agenda 21 application process and 
Sustainability were at the tourist scope with the Euromediterranean Conference on Tourism and 
Sustainable Development (Hyeres-Les Palmiers, France), summoned by the OMT and the 
countries of the Mediterranean Sea. 

In 1994, the World-wide Organization del Tourism, published "For the Travel and Tourism 
Industry. Sustainable Towards environmentally development ", document in which basic 
principles in relation to tourism and environment are integrated. In the same year (1994), the 
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OMT published the document "Indicators of Sustainable for Development Tourism 
Destinations". This one will be the first methodological guide to measure the evolution of the 
tourist activity in emergent and mature destinies. The World-wide Letter of the Sustainable 
Tourism or Letter of Lanzarote was the emanated document of the World-wide Conference of 
Sustainable Tourism made in the Canary Islands in April,1995. It established 18 principles for a 
world-wide tourism strategy, sustainable development based. The Letter of Lanzarote supposes 
the definitive meaning of the bows of Sustainability, the conservation and the development of 
the resources, and the central paper of Tourism for the development of many localities at of the 
world-wide geography and very particularly of the developed countries less with one varied 
cultural wealth of flora, fauna, landscapes and elements. 

The Conference HABITAT II (Istambul, 1996) was focused on the urban conditions and 
services which necessary for a worthy house, as a human right. It extends this characteristics to 
the tourist destinies because of  inhabitable surroundings. The Mediterranean Action Plan was 
elaborated in the Meeting of Malta (1999). The Spanish and Greek delegations displayed a 
proposal for the sustainable tourism in the Mediterranean Coasts. because this region 
environmental conditions. The coasts receive to more than 150 million tourists per year with 
forecasts of 3 percent an annual growth until the 2020. In 1996 a joint Seminary OMT - ETAG 
was celebrated in Heilderberg on "Tourism and Environment". The OMT, (World-wide 
Organization of the Tourism) and the ETAG have come together for the first time in a scientific 
meeting, (European Group of Tourist Action). Positive is that these two organizations have met 
to treat, from different scopes, one public and the other private one, the sustainable tourism 
development and its behaviour towards the Environment. Also, the tourist cities and the spaces 
natural and rural, bewared or not, but considered inexcusably value(Borrell, 2005). 

The Calvià Conference in 1997, reinforces the importance of the Agenda 21 application and 
the active collaboration between the Mediterranean countries, involving to the local authorities, 
the social agents and organizations, to preserve the natural and built patrimony. It is important 
that these regions have reactivated their economic and social development in the last 40 years 
throughout the tourism industry. The civil participation in the planning and management of the 
tourist resources with the A21 implantation, is the main subject del Congress the International 
of Sant Feliu de Guixols, denominated "Sustainable Tourism in the Mediterranean", celebrated 
in Catalonia in 1998 in the frame of the Ulixes 21 project. In May of 1999 the Commission of 
Sustainable Development of the UN (CSD-7), in his 7ª carried out Session in New York, 
emphasized the value of the tourism like decisive sector to improve the management of the 
resources. According to the OMT, in the "for Guide Local Authorities on Sustainable Tourism 
Development", published in 1999, the sustainable tourist development must satisfy the 
necessities with the present tourists and those of the vacation destinies residents, while 
environment is protected and the opportunities for the future are increased. 

The development of a sustainable tourism implies the following requirements: The tourist 
resources (natural, historical, cultural and others) are preserved so that they allow to be used in 
the future, simultaneously that benefit the present society. The planning and management of the 
tourist development will be directed to avoid the ecological depredation or social problems in 
the region in which it will be carried out. The global quality of the tourist region environment is 
due to preserve and if it is necessary, to improve it. The satisfaction level would be assured to 
attract  and maintain their commercial potential in the time. The tourism will have to benefit to 
all the members of the society. That is to say, that the tourism must assure its intrinsic 
sustainability to the time that must be a powerful development tool to fight the poverty and the 
inequality in the world. To catalyze this industry, to improve the conditions of life in the 
countries in disadvantage (OMT, 2002). 

In the same year (1999) part of the Agreement of Barcelona is ratified to reduce the 
contamination in the zone of the Mediterranean Sea and to protect and to improve the marine 
surroundings of that zone. The protocol has special importance that declares like protected 
zones several natural surroundings of the Spanish Mediterranean and which they are defined in 
the European Strategy for the Integrated Management of the Coastal Zones of the 
Mediterranean (ICZM, 2000). 

Promoted within the United Nations for the Environment Program (UNEP) and in 
collaboration with UNESCO and the OMT, in March of 2000, was signed in Berlin, the 
"Initiative for tour operators towards the Sustainable Tourism development", designed by the 



own enterprise sector. This is a voluntary initiative opened to all tour operators, for best 
practices in the environmental management, cradles in the information and interchange of 
experiences, implantation of new technologies, the accomplishment of environmental audits and 
the collaboration with the governments, the tourism industry and other agents (Lopez 2001). 

In 2001 the International Conference for the Sustainable Tourism in Rimini, Italy, with the 
European Union Countries participation, was celebrated the "Network of cities for a sustainable 
tourism". In the Letter of Rimini is relevant the use of Aids for Assessment and Support to the 
decision and the action, such as: Analysis of the tourist destiny carrying capacity. Instruments of 
forecast and tourist evaluation like LCA (local and strategic impact of the services and 
products), the SEIA (Systems of Evaluation of the Environmental Impact). Multidimensional 
indicators of Sustainability (economic, social and ecological or environmental) to control the 
permanent and changing tendencies, in the time and the space, the definitive results of the 
integrated programs and the processes of A21L. 

These instruments will have to be based on the participation of all the implied agents to 
define and to support the actions for the sustainable tourism, with information sustained and 
scientifically comprehensible for the end users. One sets out to reinforce the activities oriented 
to sensitize the tourist company, tour operators and the tourists to exert an active roll in the 
attraction preservation and to guarantee the satisfaction. 

It goes mainly directed to the regeneration and management of mature destinies, where the 
concentration of the tourist supply and the overcrowding are accelerating their  declivity (La 
Carta di Rimini, 2001). In 2001, in Gijón, the Congress was carried out III the International of 
Arrangement del Territory, promoted by the Department of Urbanism and Arrangement del 
Territory of the Technical University of Valencia. In its chapter "Development, Tourism and 
Environment in the Territory Arrangement" is also spoken of the implementation of Instruments 
and Methods for the territorial arrangement emphasizing the importance of the Indicators of 
Sustainability and the different methodologies for its development and control, the Ecological 
Footprint and the territory Carrying Capacity, concluding that the second residences are 
promotional of  non sustainability (Serrano, 2001). 

As far as the Sustainable Development in the European scope, in June of 2001 the European 
Union Strategy  for the Sustainable Development is approved during the Summit of Gotemburg, 
with annual revisions in each Summit of spring, named “Synthesis Information”. This strategy, 
with about 40 indicators covering the social, economic and environmental dimensions from 
"sustainable development" or desirable development, tries to be a certain progress measure in 
the attainment of a greater quality of life for all (fairness principle), with a smaller use and 
degradation of the natural resources (principles of effectiveness and effectiveness). 

Considered the "sustainable development" like a management and programming instrument 
in the mid term, through Local Agenda 21, the municipalities have caused even a 
competitiveness between cities and the companies, in reference to the triple social dimension, 
economic and environmental of a business that aspires to be lasting or sustainable (Jiménez, 
2001). 

In the homologous document "Spanish Strategy for the Sustainable Development" (EEDS), 
published in 2002, the Sustainability is remarked as a synonymous of continuity guarantee and 
permanence in which it talks about at desirable levels of quality of life and relation. One ties in 
addition, to the capacity of the average one to regenerate and to serve as drain and considers 
social and institutional variables to which the economic and physical implications are added. 

One of the activities that display a more strategic character for the sustainable development is 
the complex of activities related to the tourism, remarks the EEDS, by its narrow 
interdependence with the natural and cultural territory, pressure on the environment and 
resources that is derived from its degree of concentration, the strong entailments with other 
branches of activity (transport, feeding, construction, PS, etc.) and the high degree of opening. 
Denunciation that the untenable tendencies in the tourist places of Spain are: 



1. Overcrowded beaches 
2. Highways and public services Congestion 
3. Potable water shortage (Islands and the Mediterranean) 
4. Ecosystem degradation Increasing 
5. Pressure on the protected territories 
6. Disordered occupation of the territory 

Before these realities, the face objectives al sustainable development del tourism in Spain, 
according to the EEDS are: 

1. The management integrated of the coastal tourist zones, planning as far as the impact of 
the tourism on the Territory, use and Resources consumption and its spatial, temporal and 
motivational concentration. 

2. The rationalization of the tourist supply, betting by the quality. 
3. Advantage of synergies between the Tourist Activity and the Environment (EEDS, 2001). 
In order to elaborate the information required for the planners of the development of the 

tourist destinies, the Ministry of the Spanish Environment (MMA, 2000) through his Main 
directorate of Environmental Quality Evaluation, it has developed a Spanish System of 
Indicators of ecological and as much global the Tourist Sector of scopes social, economic, as. 
By this route, it is tried to contribute to follow and to evaluate the environmental situation of the 
Spanish destinies by means of dedicated displays in areas such as the Atmosphere, the 
Remainders, the Urban Zones and the Natural Resources. 

In 2004, the UNWOT presented to this respect, the "Guidebook on Indicators of Sustainable 
for Development Tourism Destinations" designed to help to identify the key points and the 
indicators that can help to the planners the management of the tourist sites, of way which they 
can maintain his attractive and his viability economic, environmental and social. The indicators 
are defined in this guide, like "measures of the existence and severity of the present tactically 
important points, coming signals of situations and problems, measures del risk and of the 
potential necessity of action and serve to identify and to measure the results of our actions. The 
indicators provide information that are used formally to measure the changes that are of 
importance for the sustainable development and his management" (UNWOT, 2004). 

1.2 Definitions of sustainable tourism indicators  
Most definitions of sustainable tourism reflected the idea of balancing the needs of the 
environment, the economy and the local community (i.e. the ‘triple bottom line’ approach). 
However, relating to the choice of indicators and important aspects to measure in monitoring 
sustainable tourism, the researchers suggested that these initial responses glossed over a wide 
spectrum of views; from perspectives that prioritised the economic viability of existing tourism 
enterprises to those that were more concerned about the impacts of tourism on environmental 
and social resources in the Mediterranean coasts, the definitions tended to overlook issues of 
responsibility within and between generations; and few indicators highlighted behavioural 
change by individuals and organisations. These findings highlight a gap between the rhetoric of 
sustainable tourism development and diverse views of how to operationalise it. 

Indicators are to help measure change in order to make decisions. Thus, indicators need to 
measure changes that reflect the ‘triple bottom line’ approach that underpins the definition of 
sustainable tourism. This means that having a shared understanding of sustainable tourism is a 
pre-requisite before indicators can be selected. Highlighting, what issues the indicators ought to 
measure and what indicators currently suggested in the Sustainable Tourism Strategy  

An indicator is something that points to an issue or condition. Its purpose is to show you how 
well a system is working. If there is a problem, an indicator can help you determine what 
direction to take to address the issue. Indicators are as varied as the types of systems they 
monitor. However, there are certain characteristics that effective indicators have in common: 



1. Effective indicators are relevant; they show you something about the system that you 
need to know. 

2. Effective indicators are easy to understand, even by people who are not experts. 
3. Effective indicators are reliable; you can trust the information that the indicator is 

providing. 
Lastly, effective indicators are based on accessible data; the information is available or can be 

gathered while there is still time to act. 
Indicators of sustainability are different from traditional indicators of economic, social, and 

environmental progress. Traditional indicators -such as stockholder profits, asthma rates, and 
water quality - measure changes in one part of a community as if they were entirely independent 
of the other parts. Sustainability indicators reflect the reality that the three different segments 
are very tightly interconnected. (figure 1) 

 
 

Figure 1. The interconnection of the three dimension of the sustainability 
 
 
As this figure illustrates, the natural resource base provides the materials for production on 

which jobs and stockholder profits depend. Jobs affect the poverty rate and the poverty rate is 
related to crime. Air quality, water quality and materials used for production have an effect on 
health. They may also have an effect on stockholder profits: if a process requires clean water as 
an input, cleaning up poor quality water prior to processing is an extra expense, which reduces 
profits. Likewise, health problems, whether due to general air quality problems or exposure to 
toxic materials, have an effect on worker productivity and contribute to the rising costs of health 
insurance. 

Sustainability requires this type of integrated view of the world – it requires multidimensional 
indicators that show the links among a community's economy, environment, and society.  For 
example, the Gross Domestic Product (GDP), a well-publicized traditional indicator, measures 
the amount of money being spent in a country. It is generally reported as a measure of the 
country's economic well- being: the more money being spent, the higher the GDP and the better 
the overall economic well-being is assumed to be. However, because GDP reflects only the 
amount of economic activity, regardless of the effect of that activity on the community's social 
and environmental health, GDP can go up when overall community health goes down. For 
example, when there is a ten-car pileup on the highway, the GDP goes up because of the money 
spent on medical fees and repair costs. On the other hand, if ten people decide not to buy cars 
and instead walk to work, their health and wealth may increase but the GDP goes down. 

In contrast, a comparable sustainability indicator is the Index of Sustainable Economic 
Welfare. In order to get a more complete picture of what is economic progress, the ISEW 
subtracts from the GDP corrections for harmful bases or consequences of economic activity and 
adds to the GDP corrections for  significant activities such as unpaid domestic labour. For 
instance, the ISEW accounts for air pollution by estimating the cost of damage per ton of five 
key air pollutants. It accounts for depletion of resources by estimating the cost to replace a 
barrel of oil equivalent with the same amount of energy from a renewable source. It estimates 
the cost of climate change due to greenhouse gas emissions per ton of emissions. The cost of 



ozone depletion is also calculated per ton of ozone depleting substance produced.  Additionally, 
adjustments are made to reflect concern about unequal income distribution. The correction for 
unpaid domestic labour is based on the average domestic pay rate. 

2 LITERATURE REVIEW ON INDICATORS 

It was researched a number of peer reviewed and published documents regarding sustainable 
development frameworks, indicator theory, sustainable tourism management and sustainable 
tourism indicators. The literature review considers the debates over the definition and 
operationalization of sustainable tourism and the relationship between sustainable tourism and 
sustainable development. Fundamentally, sustainable tourism development requires an 
integrated view of the world that recognizes inter-relationships between environmental, 
economic and social aspects and how these relationships change over time. As such, sustainable 
tourism requires an adaptive management approach, whereby monitoring progress is an 
opportunity for reflection, learning and re-orientating courses of action. 

The literature highlights the large number of existing indicator sets but very few evaluations 
of their implementation. A review of these examples stresses the importance of creating a 
coherent group as opposed to ad-hoc selection of individual indicators to ensure they provide a 
clear picture of progress. Selecting indicators often requires a compromise between relevance, 
scientific validity and measurability. They are always partial and subject to interpretation. The 
literature suggests that the process of implementing and using indicators is more important than 
seeking technically perfect individual indicators; and this philosophy underpins our checklist. It 
also highlights the importance of stakeholder and public consultation in the development of any 
set of indicators and in their application and interpretation. 

2.1 Indicator frameworks 
A wide variety of indicators exist, but it is hard to know which of these to use and why. 
Although many indicator sets have been developed, there is very little published evaluation on 
their effectiveness. The few examples that have applied and evaluated indicator sets for 
sustainable tourism make a strong case for adopting a framework. A framework guides the 
choice of inter-related indicators to help target indicators most effectively. Indicators for 
sustainable tourism in coastal vacation destinations are required to manage changes along the 
beaches and the natural landscape in order to protect its special qualities. They must cover the 
key ‘domains’ -or themes-: volume and spread of tourism; visitor satisfaction; tourism 
enterprise performance and satisfaction; community reaction; and environmental impact. 
However, they should also measure the multiple dimensions of change in a way that links cause 
and effect together.  

3 SUSTAINABILITY INDICATORS FOR TOURISM AND BUILDING USE 

A key objective of the development of Environmental Indicators for Tourism is to facilitate the 
communication of environmental information between the different decision-makers involved in 
the course of a tourist destination’s life cycle and to foster the consideration of environmental 
aspects. The sustainability indicators for buildings, the related to the Materials Flows, by 
assessing and measuring the consumption patterns. This type of indicators (input-output 
indicators) (Jensen, 1999) describe flows (of energy, matter and water) through a building in the 
building’s use phase by measuring (and calculating) the flows that enter the building (input) and 
the flows that exit the building (output) (Figure 2). 

Whether a flow is measured at the input side or at the output side, will depend on pragmatic 
reasons. In some cases it is easier to ‘take the pulse’ of a flow at the input side, for example in 
the case of energy, were consumptions are measured as part of the energy billing, while 
emissions (CO2, NOx, SO2,…) are easier to calculate on the basis of the input  than to measure. 
In other cases it is easier to measure on the output side: 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Principle figure showing how matter and energy flow through a (building) or a residential area 
(Jensen, 1999) 
 
 
The material flow during the use phase of a building, for example, is measured regularly in 
connection with the billing for waste disposal and is thus an indicator that already exists, is 
rather familiar and, accordingly, easier to communicate. Apart from this somewhat pragmatic 
choice of indicators, the input-output concept draws attention to the fact that ‘[…] 
environmental figures, in the form of materials and energy, cannot leave a system (output), 
unless materials and energy have already been brought into the system (input). Nothing is lost 
in the process. […] Our statement of accounts reflects how a residence or residential area 
forms part of local and global material and energy flows.’(Jensen, 1999.)  

In the form of ‘Green accounting’ (Jensen, 1999) input-output indicators are an established 
system for environmental monitoring in the use phase of a building. Even though the use phase 
is not within the scope of this study, input- output indicators are relevant, because the flows 
monitored by them constitute a major contribution to the environmental impact of a building 
throughout its life cycle. 

3.1 Indicators derived from environmental accounting 
Environmental indicators are also derived from the broader area of environmental accounting, in 
both physical and monetary terms. The OECD work focuses, on material flow accounts as a tool 
for monitoring the efficiency and productivity of material resource use, as well as on 
expenditure for pollution abatement and control and other environmental measures. Work is 
also done on the use of accounting frameworks as a tool for sustainable development statistics. 

The WTO (UNWOT, 2004) has developed a suggested short-list of key baseline issues and 
baseline indicators, and more specific indicators for application at different destinations.   

3.2 Baseline Issues and Indicators 
 

Table 1. Baseline issues and indicators 
Energy management  1. Per capita consumption of energy from all sources (overall, 

and by tourist sector- per person day)  
2. % businesses participating in energy conservation programs, 

or applying energy saving policy and techniques  
3. % of energy consumption from renewable resources (at 

destinations, establishments)  
Water availability and con-
servation  

1. Water use (total volume consumed and litres per tourist per 
day)  

2. Water saving (% reduced, recaptured or recycled)  
Drinking water quality  1. % of tourism establishments with water treated to 

international potable standards  
2. Frequency of water-borne diseases: number / % of visitors 

reporting water-borne illnesses during their stay  



Sewage treatment (waste 
water management)  

1. % of sewage from site receiving treatment (to primary, 
secondary and tertiary levels)  

2. % of tourism establishments (or accommodation) on treatment 
system(s)  

Solid waste management  1. Waste volume produced by the destination (tonnes) by month  
2. Volume of waste recycled (m3) / Total volume of waste (m3) 

(specify by different types)  
3. Quantity of waste strewn in public areas (litter counts)  

Development control  1. Existence of a land use or development planning process, 
including tourism  

2. % of area subject to control (density, design, etc)  
Controlling use intensity  1. Total number of tourist arrivals  

2. Number of tourists per square metre of the site (per square 
3. kilometre of the destination)-mean number/peak period 

average  

4 CONCLUSION 

The background of the further research is to develop a tool of aid (using basic and linked 
sustainability and material flows indicators) for planning the sustainable development of the 
tourist destinations in the Mediterranean region. Because the significant environmental impacts 
deriving from the construction sector linked to the tourist activity by the consumption patterns. 

The various environmentally relevant aspects of a building in its entire life cycle and the 
relationships between the tourist behavior, are summed up in a limited number of indicators. 
These serve to formulate environmental requirements to buildings or groups of buildings and to 
evaluate existing buildings and alternative solutions for new houses. These indicators allow 
measure the current state of a system (visitors, residents, consumption) and monitor its 
evolution in a period, in order to plan the actions to achieve the sustainability goals for a coastal 
destination and the community (people) settled on. 
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1 PURPOSE OF THE PAPER

The present paper focuses on design guidelines of a thermally comfortable urban street, illus-
trated by a few examples to show their applicability. Indeed, the street appears as the interface
of urban and architectural scales, as it consists on “shared” active facets between the building
envelope and the open urban canopy. Designing the street is, hence, a key issue in a global ap-
proach for an environmental urban design (Table 1, see also Ali-Toudert 2000, Ali-Toudert and
Bensalem 2001). The shape of the street canyon has been reported to influence both outdoor and
indoor environments, i.e. the potential for passive solar gains inside and outside the buildings,
the permeability to wind flow for internal and urban ventilation, the urban absorption versus
reflectance of radiation as well as the potential for cooling of the whole system By implication,
the street affects the thermal sensation of people as well as the global energy consumption of
urban buildings. The strategic importance of the street is also attributable to its function: the
street network of an urban entity has, from a design point of view, a structural role and accounts
for the main support for mobility, urban activity, social life, and even reflects cultural specifici-
ties (e.g. Mounghtin 2003)
The guidelines discussed here are based on a study which dealt with outdoor thermal comfort in
dependence upon street geometry under summertime conditions (Ali-Toudert 2005). The street
properties investigated in that study included the aspect ratio H/W, street orientation and a num-

1 Current affiliation.

Sustainability and Human Comfort at urban level: Evaluation and
Design Guidelines

F. Ali-Toudert
Centre Scientifique et Technique du Bâtiment CSTB, Marne-la-Vallée, France1

ABSTRACT: The transfer of the theoretical knowledge on urban climate and microclimate to-
ward operational design guidelines is a critical issue for reaching sustainability for both cities
and buildings. The present paper underlines the benefits of a “green” methodology evolving
from urban planning phases to architectural design of urban spaces. It seeks to answer the fol-
lowing questions: At which levels of urban planning and urban design should the climate (i.e.
natural energy) be integrated, and in which form? What is the contribution of urban geometry
toward the development of thermal comfort conditions outdoors for the pedestrians? What are
the most decisive design aspects to consider for meeting this comfort while keeping the best
conditions for implementing sustainable buildings?
Findings from personal studies are summarized including numerical results and on-site meas-
urements on outdoor thermal comfort methods and on the dependence of comfort upon the ur-
ban structure. Street design recommendations are outlined, supported by a number of examples
in order to illustrate their applicability. The most decisive urban describers on human outdoor
comfort include the vertical street profile, solar orientation and further design details of the fa-
çades and complementary arrangements of the pedestrian areas.



ber of details, i.e. the use of galleries, rows of trees, and overhanging façades. The full results
are available in (Ali-Toudert et al 2005, Ali-Toudert and Mayer 2006, Ali-Toudert and Mayer
2007a, Ali-Toudert and Mayer 2007b). So, the present paper does not intent to duplicate them,
and the reader is advised to refer to them when necessary.

Table 1: A conceptualized climatic-conscious urban design methodology (Ali-Toudert and Ben-
salem 2001)

Concept Objectives Indicators Observations

Solar access Street profile H/W
Orientation / Sun
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Nocturnal
cooling

street profile H/W

- The depth of a street canyon H/W depends on the
solar orientation: E-W allows better penetration of
the solar radiation in the canyon volume. N-S
streets are more or less exposed around noon de-
pending on H/W.

- The choice of a symmetrical or asymmetrical
street profile depends on the orientation / sun.

- Distinction between street level and building level
according to indoor or outdoor issues.
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Reflection of the
solar radiation

Plan density (roof
surface / total sur-
face)
H/W (secondary)

- The higher the plan density the larger the urban
reflectance, e.g. the compact desert cities.

- The street profile has a secondary effect/ Deep
streets catch more irradiation, and hence heat.

Urban ventila-
tion (outdoors)

Dilution of
pollutants

Plan density
Spacing between
buildings (H/W,
H/L)
Wind incidence
angle
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Indoor ventila-
tion potential

see outdoor ventila-
tion
+ building geometry

- Large spacing between buildings promotes urban
ventilation.

- The transversal H/W (perpendicular incidence) is
decisive in the flow regime: isolated, interfering or
skimming flow.

- Oblique direction improves the wind flow in the
urban fabric and offers the best potential for in-
door ventilation (high pressure differences).

- Indoor ventilation depends strongly on outdoor
ventilation

- Shallow building geometries allow good cross
ventilation and buildings with atrium are preferred
to patio building in case of compact forms (venti-
lation through roof under negative pressure)
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To determine the orien-
tation of the urban
street network accord-
ing to a compromise
between sun and wind
orientation

Orientation / sun
Orientation / wind

- Solar orientation is more coercive than orientation
/ wind and might be more decisive.

- The optimal oblique wind incidence depends on
the geometry of the open space( mean value: 30°)

- The street network orientation must take into
account the major climatic design recommenda-
tions (solar access or ventilation)
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To evaluate the “cli-
matic” performance of
the building (energy
efficiency, comfort
issues, etc.)
To evaluate the inci-
dence of architectural
choice on urban fabric

Geometry of the
building: H, W, L
Surface to volume
ratio: S/V

- The larger S/V the smaller the compacity of the
building and the larger the exposure of the build-
ing to the external environment (passive areas vs.
active areas)

- A building geometry determines the urban fabric
typology and hence influences the openness to the
sky, urban porosity and directionality.
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To ameliorate the
urban microclimate
through shading,
evapo-transpiration and
wind break

Location of the
green: trees, bushes,
etc.
Specie of the tree,
density, form, Size,
etc.

- These strategies are complementary to the geomet-
rical choices

- The vegetation must keep solar access and ventila-
tion when necessary.

H: Height, W: Width, L: Length



2 METHODS

An extensive literature review on the effects of urban geometry on the microclimate was carried
out as theoretical background (Ali-Toudert 2005). The methodology was mainly based on nu-
merical modelling at a microscale level (Ali-Toudert and Mayer 2006, Ali-Toudert and Mayer
2007a). The simulations results were supplemented by two short-term on-site measurements
under typical hot summers: i) the subtropical location of Ghardaia, Algeria (Ali-Toudert et al
2005) and ii) in the mid-latitude location of Freiburg, Germany (Ali-Toudert and Mayer 2007b).
A human-biometeorological method for the assessment of the thermal comfort was used, and
expressed by the energy-based index Physiologically Equivalent Temperature PET (Figure 1).

(a)

(b)
Figure 1: (a) The components of the human heat balance (Houghton 1985) and (b) a scheme of
the calculation terms of the Physiologically Equivalent Temperature PET.

3 RESULTS

1.1 Outdoor thermal comfort

In short, the main findings are as follows (see references cited above for details):
1. Air temperature Ta was found to decrease moderately with the increase of H/W. The

warming rate of the canyon air follows the irradiances patterns of the canyon facets. As a
relatively inert quantity in relation to urban geometry variations, Ta can only be consid-
ered as secondary indicator for thermal comfort outdoors.



2. The simulations showed that the thermal comfort is difficult to reach passively in a sub-
tropical hot-dry climate. The duration and period of day of extreme heat stress, as well as
the spatial distribution of PET across the canyon depend strongly on aspect ratio and
street orientation. Wide streets (H/W 1) are highly uncomfortable for both orientations.
Yet, N-S streets have some advantage over E-W streets as the thermal conditions at their
edges along the walls are thermally less stressful. Increasing the aspect ratio improves the
thermal comfort for both E-W and N-S orientations, but the N-S orientation still offers
better thermal situation. For shallow canyons, implementing shading strategies at street
level (galleries, trees, etc.) is the only way to improve substantially the thermal comfort.

3. The differentiated thermal situation observed across the street (centre and edges) is also
worthy of note since this will directly influence the design choices in relation to street
use, e.g. streets exclusively planned for pedestrians or including motor traffic, and also in-
fluence the time of frequentation of urban spaces.

4. These results also confirmed the dominant role of the sun exposure, i.e. the radiation
fluxes expressed by the mean radiant temperature Tmrt under summer conditions. The heat
gained by a standing person outdoors depends strongly on the exposure to direct solar ra-
diation of:
- the body itself, given by the projection factor fp and solar intensity G.
- the surrounding surfaces, which provide additional radiant heat to the body.

5. The maximal amount of heat gain estimated for a pedestrian is recorded for irradiated lo-
cations, especially in the early morning and late afternoon, because of the high value of
the projection factor fp as the sun position is relatively low, leading to a large amount of
direct solar radiation absorbed by a standing person. This thermal stress is amplified
when the air temperature reaches its maximum, typically in the afternoon. Moreover, the
standing person absorbs more energy as long-wave irradiance than shortwave irradiance:
as a first approximation from measurements about 70 % against 30% in an E-W street
with H/W = 1. A strong correlation was found between the total long-wave irradiance
absorbed by a standing person and the long-wave irradiation emitted by nearby sunlit sur-
faces and confirms that the ground surface is particularly important as suggested by Wat-
son and Johnson (1988).

6. Hence, shading is the main strategy for keeping the street area in comfort range because
of shading the person itself as well as because it keeps the surrounding surfaces cooler.
This was confirmed by simulations as well as by experiments.

7. Using galleries revealed to be beneficial for mitigating thermal stress. This is due to the
reduced direct solar radiation received by a human body and to less long-wave irradiation
emitted by the surrounding surfaces, in particular the ground. However, discomfort can
shortly extend under galleries when the sun is low and reaches the pedestrian and the
ground surface. This is more marked for wide canyons and depends on street orientation
and gallery’s dimensions, i.e. height and width.

8. The asymmetry, as expected, increased the sun exposure of the street in comparison to a
symmetrical canyon and hence the thermal stress. Yet, the asymmetrical profile investi-
gated (H1/W = 2, H2/W = 1) showed a better thermal situation than a symmetrical street
with H/W = 1 in the morning and late afternoon and a trend to cool faster than a canyon
with H/W = 2.

9. Overhanging façades as horizontal shading devices (can also be balconies) help to in-
crease substantially the area and duration of shade at street level and reduce further the
heat stress. This design solution is advisable for ensuring more shading at street level in
the summer and more internal solar access in the winter. Moreover, these “self-shading”
façades are expected to reduce the overheating of indoor spaces.

10. The use of a row of trees improves the thermal comfort situation within the canyon,
mostly because the direct solar radiation under the tree crowns is strongly decreased. The
air temperature Ta in presence of trees is also decreased (by about 1.5 K), That is more
than by increasing the aspect ratio. So, here again, shading is the main property of the



vegetation that leads to heat stress mitigation. However, almost no extent of these advan-
tages could be observed in the surrounding space.

1.2 Street design guidelines : a few examples

Shading is the key strategy for promoting comfort in hot-dry climate because it leads to a reduc-
tion of i) the direct solar radiation absorbed by a pedestrian, ii) the heat released by the sur-
roundings, in particular the ground, and iii) the air temperature as a secondary effect.
Manifold design possibilities based on promoting shade can be suggested for controlling the
microclimate, and hence, the human comfort outdoors: i) a judicious combination of aspect
ratios and orientation, ii) by arranging galleries, planting trees, greening the façades or by using
other shading devices on the walls and over ground surfaces.
The examples below seek to illustrate realistic situations and support the following discussion.
Although, the reference study was mostly completed for a subtropical location with extreme
hot-dry climate for summer conditions, it is believed that the design recommendations discussed
here can be as efficient as for transitional seasons and also applicable to less extreme climates
such as mid-latitudes with typical hot summers (e.g. Freiburg). The Mediterranean basin, for
instance, experiences to a large extent similar irradiation potentials in the hot season (see Arn-
field 1990). Obviously, adjustments related to sun course geometry (zenith and azimuth angles)
accounting for latitude differences have to be considered (Arnfield 1990).
Designing an urban street is primarily conditioned by:
1. Street utility: including the structural role of the street in the whole urban plan, implying

scale (i.e. absolute dimensions: width and height), activity, and use (pedestrian streets or in-
cluding motor traffic). This has a direct impact on the period of time at which comfort is es-
sential (frequentation time by people) and also the area of the street where comfort is at
most required (whole area, street edges versus centre, etc.).

2. Building use: domestic (housing) or non-domestic (offices, schools, etc.). Domestic build-
ings are concerned with comfort the day round and require passive solar gains. South,
south-east or east exposures of the façades are the most suitable. In non-domestic buildings,
comfort is mostly crucial during the daytime where day-lighting is the main concern. The
potential of natural light is almost equal for all solar orientations and is much more sensitive
to the sky view, i.e. aspect ratio.

Usually, the street orientation is chosen first and the aspect ratio is set according to the orienta-
tion. The street orientation, if not already determined by non-climatic arguments (site con-
straints, surrounding built environment, regulations, etc.) should take into account the needs for
solar energy inside the buildings and as much as possible pay attention to the dominant wind
directions for promoting ventilation or protecting from cold winds. An E-W orientation is well
known to be preferable if solar gains have to be maximized. Intermediate orientations are less
optimal but still provide a good potential of sunlight and daylight. N-S orientation is appropriate
for daylight issues but requires a good protection of the façades from the sun in the summer.
As a first rule of thumb, the urban canyon can be divided into two parts: i) street level and ii)
building part (Figure 2), which refer to outdoor and indoor issues, respectively. The street area
is in turn subdivided into 3 sub-spaces: the central part, the edges and possible extensions in the
building basement in form of galleries.
Given that the passive solar gains are needed only in the upper building part, then, the “effec-
tive” aspect ratios for the façades (expressed by 1 and 2) are less restrictive than the absolute
aspect ratios, applicable for the street area (1 and2). Secondly, it is advisable to offer a diver-
sity of arrangements at street level in order to increase the probability for a sustained frequenta-
tion of an outdoor space. Published results put forward the necessity of differentiating between
wide and deep streets (H/W 1 versus H/W 1) as a first approximation.



Wide streets allow a good solar access in the winter but are highly uncomfortable in the summer
at street level. Detail arrangements are thus required. Deep streets are better protected in the
summer but do not support winter issues.
Figure 3a shows a typical wide street flanked by 2 rows of trees on both sides, either oriented N-
S. Large and high trees act for shading on the lateral sides while the central part is foreseen for
motor traffic and kept untreated. In case of E-W orientation, adding galleries is advisable. De-
ciduous species with sufficient distance from the south wall avoid the obstruction of desirable
solar gains in the winter.
Figure 3b shows another example of a wide street canyon of H/W = 0.6. The street is E-W ori-
ented and allows optimal internal solar gains on the south façade. In this case, the largest part of
the street would be highly uncomfortable if no shading strategies are planned.

indoor
climate indoor

climate

street
climate

3 2 1 32

1. centre

2. sidewalk

3. gallery

1

12

2

Figure 2: Scheme on the subdivision of a street canyon volume according to climatic design
needs

The street area is divided in sub-spaces consisting of pedestrian areas and motor traffic areas.
Pedestrian areas are placed on the southern half part of the street, arranged under galleries or
protected by vegetation. Trees are planned so that they maximize shade through their large
crowns and high size. At the same time they are at some distance from the south facade to pre-
vent overshadowing in the winter. Trees are preferably deciduous in order to save solar access
indoors in winter and for people sitting outdoors in the winter.
Motor traffic is also located on the north side on the potentially less comfortable location. On
the south side a deciduous tree can be added to prevent from overheat in the early morning and
late afternoon in the summer season if required by the activity taking place at that part of the
canyon. The relatively large aspect ratio promotes a rapid nocturnal cooling.
Figure 3c shows an example of higher aspect ratio with an asymmetrical geometry especially
advisable when high plan density is required. The walls have to face the sun, i.e. street axis pre-
ferably oriented E-W, NE-SW or NW-SE. The flanking buildings have different heights. The
wall facing the sun predominates with a large openness to sky of the building part promoted by
the lower height of the opposite building.

At street level, horizontal overhangs, e.g. in form of galleries and trees are planned to keep the
whole space comfortable since exclusively foreseen for pedestrian use. Moreover, a special
attention has to be given to the surfaces themselves. Ground pavements should be preferably of
light colour, porous and/or of thin layer materials to keep lower surface temperatures. Pave-
ments mixed to green surfaces for promoting evaporation from underground are also advisable
(Asaeda et al 1996, Ca et al. 1998), especially in latitudes where summers are not dry. Building
materials also play a role: High thermal capacity and high albedos help to reduce the surface
temperatures further and thus the heat released (Rosenfeld et al. 1995).
An urban structure composed of small size buildings and possibly staggered in a checker-board
pattern, may be preferred, as this promotes a much uniform wind flow and eliminate stagnant air
zones. Since ventilation is strongly reduced even for wide canyons in case of perpendicular



flow, it is suggested that buildings of medium height with moderate aspect ratios provide better
ventilation than low-rise buildings with small aspect ratios, due to stronger convergent flow
from the sides and higher wind speeds. An oblique incidence of wind (see Freiburger’s canyon)
offers good ventilation potential at street level.

(a)

(b)

(c)
Figure 3: Some examples of urban streets (a) a wide canyon combining motor traffic and pedes-
trian areas protected by deciduous trees. (b) a wide street canyon oriented E-W, combining com-
fortable pedestrian zones and motor traffic. (c) an asymmetrical canyon combining summer
comfort at street level, winter solar access and high density.

4 CONCLUSION

A number of interesting questions arise in the course of this study:
1. More field measurements are required for validating numerical results, from which the ef-

fects of the urban parameters investigated in this study, i.e. aspect ratio, orientation, vegeta-
tion, galleries and self-shading façades. This is particularly sensible for a better estimation
of the energy gained by a human body (and consequently Tmrt), which can improve model-
ling parameterisations.

2. To extend the study to night-time situation by investigating the effects of urban geometry on
the nocturnal cooling (of the street and buildings).

3. Human comfort is a multifaceted issue which combines physical, physiological and psycho-
logical dimensions. Yet, important methodological differences in assessing comfort were



observed. It is still difficult to interpret the actual human thermal sensation from the cur-
rently used thermal indices. Complementing energy-based methods with adaptive methods
(social survey’s) is necessary as a next research stage for a better understanding of human
comfort and eventually setting a universally applicable tool for comfort evaluation.

4. More connection between architectural and urban scale is highly advisable, since urban
buildings are in the practice primarily conceived to cope with indoor comfort. Developing
microscale numerical tools which assess simultaneously the effects of urban geometry on
outdoor and indoor climate (i.e. energy efficiency of buildings) is a promising alternative.

5. The outdoor thermal comfort is one but important issue in a sustainable urban design. Fur-
ther aspects including health and well-being issues, energy and resource savings, reduction
of environmental loadings, etc. are required to build a comprehensive sustainable urban de-
sign method. This latter topic is handled in another contribution to this conference.
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1 INTRODUCTION – THE PROBLEM OF SHRINKING CITIES AND THE 
OPPORTUNITY FOR SUSTAINABLE DEVELOPMENT 

The phenomenon of shrinking cities is not new. It is not limited to regions—indeed it affects all 
industrial countries. Demographic, societal and economic changes alter cities and quarters. Ex-
isting urban structures must adapt to those new challenges. Especially pronounced is the phe-
nomenon of the new German federal countries caused by the upheaval following German reuni-
fication. 

Two problems caused by the process of urban shrinking are essential for the understanding of 
our work: Whenever the population of a quarter drops significantly to a certain level, the con-
ventional central technical infrastructure breaks down. An example in the field of water supply 
and disposal are drain lines becoming over dimensioned with those changed conditions. Either 
fresh- or wastewater remains in the pipes for too long, so hygienic standards are endangered. 
For a few years already some East German cities have had to flush their pipe system with 
freshwater as a short term solution—an effort that is financially and ecologically prohibitive. In 
the long run conversion of the existing pipe work is inevitable. The problem is, that financial re-
quirements are confronted with a decreasing population which reduces the city’s tax base. The 
possibility to react sinks dramatically. 

The second aspect of the urban shrinking process is the overcapacity of the housing market 
especially in Eastern Germany as a result of the residential building politics of the former GDR. 
Because of this, the major focus of the urban restructuring has been deconstruction. Wherever 
buildings are torn down open wounds remain—new free spaces emerge that, due to lack of 
funds, become makeshift grassy areas without aesthetic or functional qualities, but nevertheless 
are a burden to maintain. 

reCHARGEDcity21+ - from a perforated, shrinking city to a 
energy-self-sufficient town 

F. Lüter & T. Meinberg 
Technical University Darmstadt, faculty of architecture, department of energy efficient building 
design, department of landscape architecture and design, Darmstadt, Hessen, Germany 

ABSTRACT: The diploma thesis reCHARGEDcity21+ sketches a vision for an energy self-
sufficient, climate adapted urbanism in a post-fossil age. Potentials for sustainability, image and 
quality of life of the urban space of a shrinking city will be shown. 
A scenario was developed for a gradual conversion of the city’s technical infrastructure into de-
centralised regenerative systems, illustrated by the example of treating waste water locally 
through a reed bed treatment system and decentralising electricity and heat production with fuel 
cells (combined heat and power units (CHPs)). An almost complete water cycle as well as a 
completely self-sufficient energy supply within the former city-area will be achieved. The usage 
of decentralised, regenerative supply and disposal tools offers a range of synergetic advantages: 
revitalisation of fallow areas and refurbishment of free spaces opened up by demolition with at-
tractive and financially viable elements that are able to replace the successive breakdown of the 
city’s central technical infrastructure.  



 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Typical atmosphere in a shrinking city with its fallow areas 
 
 
A further base of the thesis is the global debate about sustainability and climate change. The 

authors are convinced that a move towards sustainable structures is especially inevitable in the 
field of architecture and urbanism and must be intensified promptly. It is this actuality that we 
see opportunities for shrinking towns and cities that we would like to further illustrate.  

2 ELUCIDATION OF THE DIPLOMA reCHARGEDcity21+ 

2.1 Development of scenarios and explanation of the main urbanistic elements 
The gradual conversion of the city’s technical infrastructure into decentralised regenerative sys-
tems is exemplified by Köthen in Saxony-Anhalt, a medium-sized town of 30.000 inhabitants, 
situated 25 km southwest of Dessau. The process of city conversion, shown in this paper is sub-
divided into three phases, with a target comletion date of 2050 – a time without fossil energy. 
Starting with the current status quo the major fundamentals of the project’s further development 
will be realised by 2015. In the scenario shown, a one hundred percent supply of electricity and 
heat for within today’s city limits will be achieved by 2030. By 2050, it can be increased to a 
125 % supply, which means that Köthen will then become a surplus-energy-city by that time. 

In order to start drafting a scenario encompassing now until 2050, a differentiated examina-
tion of relevant -tendencies of delevopment is necessary. The authors therefore created a com-
prehensive storyboard taking into account developments in the fields of society, demography, 
sociology, climate, energy, technology, mobility, agriculture and medicine. In this paper only 
the most important factors for the design will be mentioned. 

Forecasts of regional climate changes predict, that the average summer in the year 2050 in 
central germany will be much hotter and drier than today, comparable to an average summer of 
present-days in Southern Europe. That means, that a huge problem of sufficient water supply 
during summertimes will develop. On the other hand it is expected that the average winter will 
become milder than today, comparable with the winter of 2006/2007. Additionally there will be 
more frequent occurances of intense rain and, in consequence, the area will have to deal with 
floods. 

The authors act on the assumption, that we will have reached the postfossil age to a large ex-
tent by the year 2030. Because of the increasing shortage of fossil resources, especially petro-
leum, these will be nearly exclusively provided for chemical industries and no longer used as 
cheap fuels like today. Decentralised and regenerative energy-production- and distribution-
systems will dominate the future’s energymix, not least, because the costs for energy will rise 
excessively. Similarily, changes in the transport sector are another fundamental determinant. In-
creasing efficiency, and the reduction of private transport are the main factors in that sector. In 
the fields of demography and sociology the current gap between the rich and the poor is ex-
pected to widen. New target groups,which are in the process of forming,, for example “young 
elderly people”, will become the dominant societal group. A massive reduction of public wel-
fare funds and a corresponding growth of self-organized networks will be mentioned as the last 



determinant in that sector. Essentially for the design of urban development, will be a concentra-
tion of the population in cities over 20,000 inhabitants, and as a consequence a disappearance of 
villages in rural areas. 

Another base for the scenario designs for the city of Köthen until 2050 is formed by the simu-
lation of the development of the city’s population. This simulation is based on a hypothetical ex-
trapolation of today’s prognosis, combined with relevant factors from the afore-mentioned 
storyboard and influences from a differentiated examination of the city’s districts and its en-
dogenous development potentials. 

It is assumed, that there will be a halving of the city’s population figure by 2050 – from 
30,000 inhabitants in 2006 to 17,000 inhabitants in 2050. That might seem shocking, but in fact 
it is a boom-scenario, expecting a strengthening of the existing and a development of new po-
tentials. In chapter 3, the authors will report about the contributions, which a sustainable urban 
development process might provide to this scenario. 

The setting of the shrinking process is also based on a detailed analysis of the city’s district-
potential. In respect of factors like proprietary structures, life-cycle-statuses, the sustainability of 
building typologies, target group analysis and age distributions retrogression of the cropped ar-
eas into three core-zones has been suggested. Therefore, today’s city limits remain clearly ac-
centuated from the surrounding areas. 

The first core-zone consists of the oldtown quarter with the adjacent Wilhelminian style dis-
tricts, with a broad range of societal and demographic target groups. The second core-zone is 
formed by a garden city-district with detached and semi-detached houses, which focuses on fu-
ture self-sufficient inhabitants. Finally, the third core-zone is constituted by the youngest and 
smallest part of the existing precast concrete slab building district, which will accomodate the 
need for low price housing in the future, just as it does today. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Over-all plan of the converted city of Köthen in 2050 
 
 

The new free spaces, resulting from demolition within the city’s current limits, entitled “ex-
urban” areas by the authors, will be converted into new types of urban agricultural spaces and 
will be uniformly designed with agroforestry. Agroforestry means in this case, that a cultivation 
of biomass in the form of fast growing, perennial herbage (Sudan grass (sorghum sudanense), 



Szervasi, Miscanthus and ryegrass (lolium)) is combined with rows of trees, which are situated 
in the herbage. With this combined cultivation method, a yield increase of up to 30% can be 
achieved. Additionally, the trees provide shelter against the increasing climate extremes, for ex-
ample as a shade-dispenser or as a wind shield. 

A differentiation of the planting density, the cultivation of different kinds of herbage and 
trees and a change in the orientation of rows of trees will instigate a new kind of urban 
freespace, with a diversified appearance, high functual and asthetic qualities with a good level 
of biodiversity. These exurban areas serve as a spacial element, which interconnects the core-
zones and helps to let the city’s outline remain clearly accentuated from the surrounding. 

Beside the exurban areas another typ of new urban freespace forms the cities future appear-
ance. As initial-areas for the regenerative urban development process, today’s numerous fallow 
areas, situated mostly inside the housing-blocks of the Wilhelminian style-core-zone, will be 
opened promptly to the city and will become revitalized with new functions and a new appear-
ance. A reliefied mosaic arises, which is scaled in height and adapted to the natural devolution 
of the topography. The four major elements of this freespace-mosaic are: Firstly the reed bed 
treatment systems, serving as a decentralised waste water treatment, close to the buildings, 
which are integrated in a cyclic system of reuse of the treated greywater. 

Secondly to mention, there are the areas for retention. Their duty is to work as a buffer for in-
tense rain occurences. The rainwater can be collected in these spaces and drain naturally. 
Through this, a major contribution to the support of the ground-water table can be made during 
the winter periods, attenuating the periods of drought throughout the summertime. Thus, the 
groundwater-regeneration-rate can be raised strongly. The retention-spaces are as well situated 
inside the housing-blocks and they are integrated in an over-all-system of open trenches, These 
trenches serve primarily as a drainage system for surplus-water from the water-usage-cycle, but 
they can be used as well for the drainage of remaining rainwaters. The offtake of the waters is 
adjacing the natural incline and forms a zoning-criterion for the exurban freespaces: In areas, 
watered with the inflow of the trenchsystem from the remaining settlement districts, the agro-
forestry-tree-rows are planted in double-rows. A plantation of alimental crops takes place in the 
interspace between the trees.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Atmosphere of every day life in Köthen in 2050 
 
 
Further components of the freespace-mosaic inside the housing-blocks are fruitgroves, with 

specific fruits for each housing-block and the afore explained energy-herbages, serving as ele-
ments of design and identification. 

The major existing areas of recreation and parks in the innercity are not endangered by this 
approach of establishing new urban freespaces in the exurban and core-zone areas. Quite the 
contrary, these existing parks are embedded in a network of new functional freespaces. 

Talking about the spatial organization of the city, the areas inside the housing-blocks in the 
Wilhelminian-style-core-zone are combined in groups of four to six housing-blocks, which are 



arranged around newly developed quarter-centres – so called hubs. These hubs serve as the so-
cial “heart” – multifunctional venues, where urban functions are concentrated punctual, which 
generates a stimulation of public spaces in these areas. 

The third component of spatial changes in the cityscape, beside the revitalised fallow areas 
and the hubs, are formed by newly developed multifunctional zones in the streets. Under estima-
tion of a reduced traffic-emergence with optimized vehicles, thinking about new concepts of us-
ing and stimulation of the streets, which are in average 15 meters in width is mandatory. The 
new multifunctional zone, consists of the mentioned open watertrenches, which expand punctu-
ally into basins. Adjacent to these basins, tiny places are designed, each related to a group of 
houses. The surface of the water support a positive shaping of the microclimate during the 
summer, as they serve as evaporation-spaces. The future forms of parking-spaces are integrated 
in the multifunctional zone as well. They are called “docking-stations”, because parked hybrid-
vehicles will be charged with electricity and gas. Subterraneous dustbins will eliminate today’s 
appearance of dustbins in the cityscape. Partly, they are interlinked directly with the over-all-
system of the urban cycles of matter. Trees are used as a throughpassing element of design and 
as shade-dispenser. 

2.2 Elucidation of the over-all energy-concept 
In this scenario, a major base of the urban energy-supply is formed by the cultivated biomass, 
planted within the today’s city-limits in the exurban areas. 

Due to the cultivation-method of agroforestry, explained in chapter 2.1 yields of 25 tonnes of 
biomass per hectar and year can be achieved. The biomass will be harvested once a year, and 
will be transformed and purified into timbergas, as a secondary energy source. Additional to the 
specially cultivated energyplants, the already accumulating biomass, like loppings, the city’s or-
ganic waste, and so on will be used for production of timbergas as well. This is a special syner-
getic effect. Aroused by the usage of the garbage, the cycle of matter can be closed locally and 
the ressources remain on-site. The timbergas, produced this way can be supplied to the gas dis-
tribution system without any difficulty, it can be allocated in any order and it can be stored, 
nearly without any losses. The ability to be stored nearly without any losses is a great advantage 
of gas in contrast to the difficulties of storing heat. 

Another major component of the energy-concept is formed by the city’s differentiation into 
two parts with different enegergetic needs and different urban development-potentials. On the 
one hand, there are the core-zones, which will still be in existence in 2050, and on the other 
hand, there are the so called “observation areas” in the exurban spaces. The development of 
these areas is difficult to estimate and not planable in depth. Therefore, the buildings in the ob-
servation areas will each get single heating systems, powered by timbergas, which will be deliv-
ered by the existing gas distribution system. A single building control system, as well for heat-
ing as for the hot water supply provides high flexibility and good adjustment options to 
changing conditions, so a flexible process of shrinkage is possible in these areas. Nevertheless, a 
sustainable and carbon dioxide neutral energy-supply is given, resulting from the supply with 
timbergas. 
In the core-zone of present-day’s city center a gradual development of a local solar generated 
heat network is initiated. This system consists of the addition of many individual local heat net-
works, each of them with the dimension of a housing block and in principle beeing able to work 
self-sufficient. The buildings in this local heat network are supplied with energy and heat, pro-
duced locally in timbergas powered fuel cell CHP`s. In addition, solar generated heat, produced 
by building-integrated plane solar thermal panels is supplied into the grid. The annual solar cov-
erage reachs 65%, both for heating and hot water preparation. Through this a respectabel 
amount of timbergas and therefore finally a lot of biomass can be saved. The surplus amount of 
heat, produced during the summer months is stored in permanent storage tanks for an use during 
the winter. This is mandatory to get into the position to reach the afore-mentioned high solar 
coverage. The permanent storage tanks consists of phase changing materials (PCM), so they are 
able to work very efficient with just a marginal loss of energy. 
To cover the electricity demand, a gradual development of a building-integrated solar power 
plant fleet is essential, using photovoltaik (PV) panels. The extensive facades of the precast 
concrete slabs are very suitable for this demand. Covering them with PV-panels, they become 



energy-collectors, producing more energy, than they need themselves, supplying the produced 
electricity into the excisting grid, so they can cover the demand of the surrounding buildings as 
well. 

Over-all, a close meshed supply-grid with a multitude of producers and consumers is in-
stalled. The minimization of circuit and storage losses is a benefit of the decentralized struc-
tures. The efficiency of the complete system will be raised by using building-specific potentials. 
The presented future energy-supply-concept consists of a decentralized regenerative network 
and a crosslinking of the consumers and producers, aiming on an efficient supply and use of en-
ergy. The intensification of synergetic effects in interrelation between the participants of the in-
stalled network will be used to boost efficiency both in producing and supplying processes. The 
material flows of the supply and disposal systems are accounted with a holistic viewpoint and 
are integrated in an over-all concept. 
 
Energetic assumptions 
 
Biomass production annual yield benefit of 25 t/ha, 
 heat value: 4,5 kWh/kg 
solar thermal panels: solarisation: 350kWh/m2 a 
photovoltaics: solarisation: 350kWh/m2 a 
storage storage of the solar generated heat in special permanent PCM -  

storage tanks.  
 loss of circuit and storage: 15%/a 
fuel cell CHP hours of operation: the high average output of 4000h/a can be 

reached, because the surplus amount of heat is stored in the per-
manent PCM storage tanks 

 

3 SUMMARY – CHANCES AND ADVANTAGES 

The authors wish to link the diploma now in the following with the situation in 2007, and on in 
addition they want to take the chance to resume all the synergetic advantages of the presented 
urban development strategy. 

First of all, it should be refered to the tendencies of the current global warming debate. In 
May 2007, the UN-climate report reminds that vigorous changes in association with carbon di-
oxide emitating processes are mandatory by 2015, if human mankind wants to avoid a massive 
climate change. At the end of 2006, the stern-report argues, that the implementation of prompt 
action to reduce the output of carbon dioxide is economically much cheaper than later reactions. 
By the time, the consequential and adjustment costs will rise strongly. In March 2007, the Euro-
pean Union agrees on an over-all carbon dioxide reduction of 30 % until 2020, in comparison 
with 1990. Germany commits itself even on 40 % reduction during the same period of time. 
European-wide and national agendas of implementation will follow. 

Listing these facts, it should not be constructed a scenario of harassment. Quite the contrary, 
the presented diploma tries to show exemplary ways to deal in an innovative way with the chal-
lenges. The current situation offers chances and options – for example for local authorities, 
whom decide precociously to follow a consequent development and conversion strategy. 

The paper reCHARGEDcity21+ recommends a two-way strategy in relation to climate change. 
On the one hand, a prompt conversion can contain the effects of and a further increasing of the 
changes. In addition, it is advisable, to incorporate the predicted changes into the urban planning 
process at an early stage, so that it is possible, to react calmly and tactical. In both cases, an 
early action means an advance in time. 

The afore-highlighted combination of the topics city shrinkage and sustainable urban devel-
opment, with a focus on the conversion of urban supply and disposal tools into decentralized 
systems overs a range of synergetic advantages. They should be explained here in an overview. 
Planned at an early stage, together with relevant actors, like urban planning departments, supply 
companys and housing societys, inevitable investments in new systems can be made at most, 
while already life-cycle dependend modernizations of the infrastructure are pending. The chance 



of displacing expensive and complex conversions of the old, centralized supply and dispossal 
structures with the installation of decentralized, regenerative systems appears in cities, affected 
by shrinkage. Mandatory investments, as a reaction to the dicline of population figures, can be 
channeled to climate neutral progressive technologies. Resulting from their decentralized net-
work structure, they are better capable to react flexible to fluctuations of the local demand and 
so, they are better qualified for dynamic altering cities. In ideal cases, a fortunate combination 
of users and producers in such a network can arrange a minimization of peaks and depressions. 

Decentralized technologies, like the presented reed bed treatment systems and the cultivation 
of biomass, got a high space requirement. That means a big chance for the design and reutiliza-
tion of new arising or already existing and orphaned urban free spaces in shrinking cities. In 
contrast to unused spaces with ongoing maintenance costs, the new urban free spaces are eco-
nomically self-sufficient, resulting from their technical function, which means that they deliver 
simultaneously an important infrastructural contribution to the persistance of the city. There ex-
ists a big synergetic surplus value in the chance to form new livable and appealing “green” city-
scapes, if the new land utilisations are implemented with a holistic viewpoint, for example by 
carefully chosing water- and biomassplants under a creative viewpoint and integrating them aes-
theticly and harmonicly into the cityscape. 

In addition, there are chances for housing societys and supply companys to built up new al-
ternative sources of income if they invest in decentralized regenerative technologies, for exam-
ple in the role of an energyproducer or a wastewaterdiposer. These sources can become impor-
tant in times of changes. Above all, there is a chance for housing societys, to offer their 
customers a rollback of the auxiliary costs, if they join such projects as operators ot the infra-
structural systems. A reduction of the auxiliary costs is often the only chance to tie tenants with 
price advantages in areas, where the squaremeter-prices at the residential market are run down. 

A precocious and consequent adjustment of urban planning strategies towards a sustainable 
development, which is shown in the cityscape and communicated offensively can create a new 
urban identity, as well as it can strengthen already existing identitys in a fruitful manner. Think-
ing about the communication with it’s inhabitants, a clear and consequent pursuit of such a pro-
gressive development perspective can create a positive disposition in an effective way, so that 
the often observed lethargy and the loss of perspective can be broke through. Competing with 
other cities a resolute action might become a unique selling point and a temporal advantage.  

Research and development in the field of decentralized infrastructural systems might 
strengthen existing infrastructures, like in the case of Köthen the branch of the FH Anhalt (uni-
versity of applied sciences) and an existing technology centre, as well as it can forward the set-
tlement of new institutes and companys. KnowHow might be tied on-site, the settlement of pro-
ducers of regenerative technologies might be forwarded. 

Finally, a new typ of city arises, a “green” city with new kinds of functional and attractive 
freespaces and a quite high over-all quality of life. Keyfunctions of a medium-sized town can be 
combined with progressive forms of green space residentials, right in the centre of the city, 
without breaking apart the city’s structure. 

4 OUTLOOK – FURTHER ADVANCEMENT 

The authors are working on a progressive conversion of the diploma thesis on different lev-
els. Research on the setup of decentralised, regenerative power grids is expected to be con-
ducted by January 2008. Projects for base work and prototypes are in the preparatory stage: for 
example, all-encompassing feasibility studies and CO² balancing form the base of further steps 
for the conversion to an energy self-sufficient city. Negotiations are in process regarding proto-
types of energy reconstitution of city quarters in combination with the set-up of urban biomass 
production and utilisation cycles. 
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1. INTRODUCTION – THE SUSTAINABLE DEVELOPMENT THROUGH THE 
PLANNING PROCESS 

The appliance of the Sustainable Development concept, have been increasing in the last dec-
ades, and nowadays it is an important preoccupation in the processes involving interventions on 
the territory, once that it constitutes the support for human activities. The Sustainable Develop-
ment concept was first introduced in two United Nations conferences about environment and 
development (WCED, 1987), where the need of new global and local development strategies 
was recognized.   

Through the Sustainable Development concept it is intended to “meet the needs of the pre-
sent, without compromising the ability of the future generations to meet their own needs”, by 
guarantying the environmental quality, economic development, and social equity, in an inter-
generation perspective. Through the Sustainability concept, the planning interventions, must 
balance the environmental, economic, social and cultural factors. This concept can only be fully 
operationalized through an integrated approach of these factors.      

The planning process is the base to land use changes and the support to human activities. By 
acting in the management of the territory, at environmental, economic and social levels, it 
brings up the possibility to satisfy the population needs and to promote conformity between the 
main stakeholders. Has it’s been mentioned in the Green Book for The Urban Environment (UE, 
1990), the city should start to be seen has the driving force toward the actions leading to the 
Sustainable Development. 

The complete implementation of the Sustainable Development principles, will only be possi-
ble through territorial planning “…the regional and urban planning is directed to the communi-
ties, its population and for the use of the land and economics’ structures, through processes of 

Methods in sustainable urban process  

M.P. Amado, A.J. Pinto, C.V. Santos & A. Cruz 
Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa, Lisboa, Portugal 

 

ABSTRACT: The urban planning process is the base to land use changes and the support to 
human activities. By acting in the management of the territory, at environmental, economic and 
social levels, it brings up the possibility to satisfy the population needs and promote conformity 
between the stakeholders. The planning process is a privileged tool to operationalize the sus-
tainable development principles. Therefore it is needed to create an operative methodology to 
achieve an efficient Sustainable Planning Process, interfering in both temporal and territorial 
scales, and finding the right balance between the sustainability factors. It is proposed a theory 
model that leads to the Sustainable Planning Process, and also its practical appliance to the case 
study “Casas de Sto. António”, located in the Barreiro’s municipality, and integrated in Lisbon 
Metropolitan Area. It is demonstrated how the process can be operationalized, by presenting the 
verified results of its implementation in the study area.      

 



goals definition, planning actions and rules…" (Slocombe. 1993). Therefore the urban planning 
process has a fundamental role in the carrying out of the Sustainability principles and goals. 

The Sustainable Urban Process should guide the intervention actions to efficiency, acting in 
both temporal (short, medium and long term) and territorial (local, regional, global levels) 
scales, in new construction areas, or in existing urban areas. 

In order to implement the sustainable principles in an efficient way, it becomes necessary to 
develop a new operative methodology, which leads to the Sustainable Urban Planning Process. 

2. THE SUSTAINABLE URBAN PLANNING PROCESS 

The promotion and real implementation of the Sustainable Development concept is possible 
through the urban planning process, which has to guarantee the equitable integration between 
the Sustainability factors (environmental, economical and social). The link, that is necessary to 
achieve, between the Sustainable Development principles, and the planning process, gives the 
key to the urban development success.   

The nowadays planning process has already showed its disarticulation with the charge capac-
ity of the territory, and also with the contentment of the population needs (sometimes placed by 
the intentions of the enterprises promoters). As well, the current process does not correctly fit in 
the Sustainable Development concept, once that the environmental and social issues not always 
have the same attention than the economic ones. The maintenance of the present urban planning 
process will have serious consequences for the future generations, once that it is consuming the 
natural resources, consequently damaging the natural environment, inevitably influencing the 
social level interventions.      

For these reasons, becomes necessary to create a “new” operative urban planning process, 
which by its integrated approach, leads to Sustainable Development. This “new” process should 
be based in strategies that promote improvement in the quality of population’s life, efficiency in 
the urban infrastructures network, enhancement in the urbanity relations, the same with better 
efficiency in the interactions with the natural environment. It is required that the process also 
answers the challenge to land use transformations, social relations and to urban space environ-
ments, promoted by Sustainable Development.                                             

In the way to achieve sustainability through planning interventions, it is necessary to consider 
numerous variables (depending on the site specifications), treat them in a skilful way and be cer-
tain that the population, as well as the other stakeholders, follow all this process. Only trough 
the effective participation of the population is possible to build an efficient and clear urban 
process. 

The process’s structure should provide the necessary flexibility and adaptability, so that it can 
be easily applicable to different intervention dimensions and realities. It structure must as well 
be enough inclusive to enclose all the intervention course of action, from the goals definition to 
the evaluation and validation process. 

3. THE SUSTAINABLE URBAN PLANNING PROCESS METHODOLOGY 

As it was mentioned before, it is necessary to build an operative methodology, leading to Sus-
tainable Planning, by promoting territorial approaches that do not compromise the future gen-
eration’s expectations, and encourage the natural resources sustainable management. The Sus-
tainable Planning Process specifications demand a global view through all the involved issues, 
and consequently a holistic design of the project. These specifications require a methodology of 
easy appliance in the different intervention levels, from the Project – establishing the conceptual 
model to urban quality solutions – to the Construction – defining the technologic processes and 
the constructive materials, in order to minimize environmental impacts – and the Use – control-
ling use procedures of spaces and resources. 

This “new” method must be specific and easily applicable, supported on the options reversi-
bility and flexibility, being possible to adapt them to each case study characteristics, always re-
garding the Sustainable Development strategic goals. The Sustainability strategic principles 
witch directly influence the urban planning process are: 



− Sustainable use of natural resources; 
− Control of the disordered urbanization; 
− Satisfaction of  the population needs and expectations; 
− Reduction of the waste and consumption; 
− Promotion of local economy and employment; 
− Preservation of natural, economic, social and cultural diversity; 
− Promotion of energetic efficiency, and renewal energies use; 
− Encouragement of new mobility modes; 
− Involvement of the local population in the urban planning process.       

From this method should also result the promotion of land use changes fundamental princi-
ples, witch provides: 
− Social welfare – by including natural leisure areas; 
− Environmental efficiency – by minimizing the environmental impacts; 
− Economic efficiency – by improving the durability of urban systems; 
− Inclusive urban design – by creating conditions of total accessibility to the new urban areas. 

Considering this principles through an operative urban planning process it is possible to guar-
antee that the implementation result fits in the Sustainable Development concept. 

The Sustainable Urban Planning, next presented, is constituted by four sequential stages, in-
cluded in the normal development of an urbanistic intervention.     

1. Intervention aims definition – strategic goals  
2. Reference situation analysis – environmental, economic, social and urban analysis, restraints 

and potentialities recognition, criteria definition  
3. Plan design - survey and rearrange of urban/rural property limits, selection of the restraining 

elements, strategies and sustainability factors, public spaces and facilities location, road de-
sign, buildings setting, conclusion of the project’s proposal 

4. Implementation – design of implementation technical sheets, and evaluation processes. 
 



Figure 1. Sustainable Urban Planning Process methodology 
 
 
The process (during all its stages) must have the population and other intervenient entities 

participation, should be validated and constantly evaluated, so that the involvement of the inter-
ested stakeholders and its identification with the final urban proposal can be really guaranteed.       

4. APPLICATION TO THE CASE STUDY “CASAS DE STO. ANTÓNIO” 

It is intended to show the operational working of the sustainable planning process and the flexi-
bility of its methodology through the application to a specific case study: the project “Casas de 
Sto. António”. This urban expansion project intervenes in a site lacking the existence of infra-
structures or previous building, in the outskirts of a small locality - Sto. António da Charneca, 
located in the municipality of Barreiro. This site is included in Lisbon Metropolitan Area, pre-
senting good accessibility to the highways A2 and A12, and placing itself next to the IC21, be-
ing also located next to the road of Mata Nacional da Machada. 

In this project, it was intended to apply the previously presented urban process, in order to 
guarantee an equal treatment of all the sustainability components. Its program includes a com-



pound of functions, mixing residential, commercial and equipment areas, on the basis of a strat-
egy defined by the project team and the commercial promoter. 

4.1. Intervention aims definition 
In this stage, a joint of the sustainability basic principles and the recognition of specific goals 
for the intervention area must be established, based on the identification of local expectations. A 
table of programmatic principles was defined as the project’s conceptual direction, in which the 
necessity to guarantee an equality of balance between the environmental, economical and social 
components is implicit for the intervention over the territory: 
− Respect for the natural environment’s charge capacity and safeguard of the ecological struc-

ture; 
− Meeting the people’s needs and expectations; 
− Accomplishment of the requirements of the promoter, and of the project’s economical sus-

tainability; 
− Execution of the urban parameters defined by the Municipality Master Plan [PDM] for the 

intervention area;    
− Fulfilment of the infrastructures guidelines defined by the Municipality of Barreiro; 
− Achievement of a greater use of public space, by an inductive urban design, including a con-

tinuous structure of free areas, and taking advantage of the site’s natural elements; 
− Outset of the program on the basis of a model of integrated project, with balance and com-

plementarity of urban functions;   
− Intervention according to the sustainable development and sustainable building concepts; 
− Inclusive design of public spaces and fulfilment of the legal recommendations on accessibil-

ity for people with disabilities;   
− Encouragement of the use of alternative transports to the automobile, and the creation of 

conditions for collective public transports. 

4.2. Reference situation analysis   

Aiming the identification of criteria with influence in the project’s conception, in this stage it’s 
possible and expected to elaborate a crossing table of all the elements potentially persuading ur-
ban design, the recognition of local weaknesses and potentialities and the definition of operative 
criteria of intervention. The recognition and interpretation of all the area’s analysis and diagno-
sis factors are essential at this point, under the perspective of the complementary vectors of sus-
tainability, considered in its whole diversity. The legal urbanistic constraints of the intervention 
area are also essential, so it is required to survey all the administrative servitudes and the appli-
cable legal constrictions. In the case study, the following factors of diagnosis had been essential: 

Environmental analysis:    
− Identification of biophysical (geologic, climatic) and landscape features; 
− Dominant winds and solar orientation;  
− Levels of atmospheric pollution and noise;  
− Recognition of biotopes, as well as landscape and environmental values - like the Mata Na-

tional da Machada, forest area located southwest of the project’s area, with its visual rela-
tions, and ecological corridors under the roadway; 

− Identification of local species to protect in the area (spot of pines next to the south-western 
limit and isolated specimens of sobreiro – protected specie), and region’s native species.   
Economical analysis: 

− Functional characterization of the area, including economic activity sectors and relative data 
about employment and mobility;    

− Interdependence interactions with the involving areas. 
Social and Cultural analysis: 

− Demographic portrayal of the population, and relative data about lodging and house prop-
erty, in the area’s territorial statistic unit;   

− Evaluation of availability and access to public and private equipment; 
− Accurate knowledge about the needs and expectations of local population.  

Urbanistic constraints:   



− The Municipality of Barreiro Master Plan defines for the zone an urban occupation of aver-
age density, with limit of floor number. 

4.3. Plan design 
Plan design stage will have in consideration the goals previously defined for the intervention, as 
well as all the conclusions of the studies developed in the reference situation analysis. This stage 
comprises different actions, one of the most important being the definition of strategies and fac-
tors for the intervention’s sustainability, framing the project in the concept lines of Sustainable 
Development. The case study’s urban design plan had been taken into account options that re-
flect the concern about the intervention’s sustainability factors. 

The plan design proposal had the concern to preserve the identified biotope next to the south-
western limit with pine spots, strengthening the landscape and ecological interaction to the 
“Mata da Machada”, and acting like an acoustic, visual and atmospheric pollution barrier to the 
motorway delimiting the southwest area of project’s site. In this area, leisure activities and in 
touch with the natural environment was valued, installing an ecological pedestrian pathway, ac-
cessible both to local and of involving areas inhabitants. This solution, increasing the dimension 
of public spaces contributes also to the population’s socialization.  

The project’s functional program was balanced, and foresees the inclusion of residential and 
commercial mixed buildings, as well as services and equipment areas, including a children’s 
playground, articulating both economical and social features of the urban plan, aiming the satis-
faction of the population needs and the quality of life. It also guarantees different housing possi-
bilities to different social and economic stratus, promoting social cohesion and the economical 
sustainability of the intervention.  

This project’s planning design integrates the required connection between the process of sus-
tainable planning and that of sustainable construction. In all conception of plan design is im-
plicit the outline of buildings setting, thus being necessary to have in account the dominant 
winds and the solar exposition already in the urban project stage. Optimization of the available 
space was gotten, attending to:   
− Solar exposure of property limits; 
− Configuration of implantation polygon, its volume and number of floors - knowing that a 

compact building presents advantages in thermal exchanges, and that built volume shapes 
play important effects to ventilation and wind conduction patterns, as well to the chances of 
use of natural illumination; 

− Land division’s layout – location of buildings within property limits [isolated or stripe like], 
and streets traced according to solar and wind exposure;   

− Creation of pedestrian pathways and public squares for all the intervention area..  
Predefined urbanistic parameters of average density were satisfied, joining different densities, 

mixing buildings of plurifamiliar dwelling with several floors and areas of unifamiliar dwellings 
of low density, promoting greater diversity of urban and social space and reducing simultane-
ously the amount of waterproofed ground area.  

Regarding the project’s infrastructures, a system of pluvial water retention was foreseen, 
making possible a maximum tax of infiltration in the water cycle and simultaneously guaranty-
ing that the excess can contribute to the reduction of the public net dependence, as irrigation wa-
ter of green spaces. Concerning hydrologic balance, it was considered the underground infiltra-
tion of pluvial waters, and its connection to the water lines of “Mata da Machada”, aiming to 
reload the aquifer levels. The installation of the totality of infrastructures was coordinated and 
executed simultaneously under pedestrian pavement, to ease maintenance procedures and to 
prevent the partial reconstruction of the motorway. 

4.4. Implementation 
It is intended to guarantee that the final project proposal is efficiently implemented, respecting 
the predefined aims and giving fulfilment to the sustainability principles. All the implementa-
tion process is watched, evaluated and validated, in order that all the project’s details and meas-
ures are effectively put in to practice.  



During Construction stage, building options and procedures, as well as materials selection 
play an important role in the evaluation of the project’s global sustainability. In the present sus-
tainable urban process, it is given preference to local products, of low energy and water con-
sumption, in its production or transport, preventing the use of non-renewable natural resources.  

The implementation of an environmental management process is foreseen during the phase of 
project’s construction. This acts as a guideline to the building work, prescribing procedures of 
environmental economy, like the reuse of materials waste in the composition of specific con-
crete works, and the existence of containers for recycling purposes.  

It’s equally foreseen the definition of measures regarding the phase of project’s Use and 
Maintenance. The choice of constructive techniques and materials of high durability guarantees 
the extension of buildings and infrastructures life cycle, reducing the need of additional mainte-
nance actions, and improving its sustainability. In this phase, it is also essential the definition 
and execution of applicable procedures to exterior spaces, concerning maintenance and use as-
pects, under the form of manuals and technical sheets. 

5. CONCLUSION 

The standard planning process over the last few decades, based in the strict application of urban-
istic indicators and parameters, has shown its lack of efficiency in the implementation of the 
sustainability criteria, not taking care of the territorial specific characteristics or its load capac-
ity, and not answering to the population’s real needs. Only through a new planning process ap-
proach, it is possible to walk in the path of Sustainable Development. Given the diversity and 
specificity of the natural and urban environment, planning solutions must always be adapted to 
each case. Therefore, a sustainable urban planning process has to show an open and flexible 
methodology, always guided by the principles and strategic goals leading to sustainable devel-
opment.  

The presented Sustainable Urban Process, given its open structure, permits interventions on 
different realities and site dimensions, allowing to analyze the characteristics of each case, its  
potentialities, weaknesses and opportunities, guiding the project’s planning process. The result 
of sustainable planning process will thus allow singular and differentiated urban solutions, tak-
ing care of all characteristics of local diversity and environmental sensitivity.  

The application of this process to an existing case study turns evident, in terms of regulating 
and urban planning methodology, the advantages of sustainable planning process in comparison 
with the mere application of urbanistic parameters, introducing to urban space design a wealth 
of evaluation factors, and contributing this way to a greater sustainability of urban proposals. On 
the other hand, in “Casas de Sto António” project, the real execution of  procedures allow us to 
verify the operational working validity of sustainable planning process, as well as all practical 
features included in the intervention’s different phases and stages.  

It is possible to conclude, that it is not through the widespread simplification of the planning 
process that it’s possible to reach urban sustainability, but through a complete survey of all the 
features and site characteristics, as well as of an integrated analysis of all these factors support-
ing urban planning design. In this process, the population’s involvement and the clear responsi-
bilities of all the intervening actors are especially important, thus only this way it is possible to 
reach simultaneously the project’s efficiency, promoting the improvement of population’s qual-
ity of life, not compromising the future generations, and materializing a balanced treatment of 
all the Sustainability features. 
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Towards Urban Sustainability: Trends and Challenges of Building 
Environmental Assessment Methods  
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ABSTRACT: Many countries have developed their own building environmental assessment 
methods or customized existing ones. International standardization is also underway to ensure a 
common framework.  
These methods present some similarities in scope, intent and structure; yet they may differ sub-
stantially in many core aspects including the environmental criteria considered, the quantifica-
tion of performance, and the management of the whole assessment process. 
The present paper compares, both in form and technical content, a number of these systems (e.g. 
HQE®, BREEAM, LEED®, CASBEE, GBTool) with focus on their trends and perspectives and 
their capacity to move to the ultimate target of urban sustainability. This paper addresses the 
critical and current issue to know how to manage increasing complexity, i.e. induced by the 
extension from a single building to urban scale and by including the socio-economic dimension, 
together with ensuring more transparency, accuracy and reliability within simple assessment 
schemes. 

1 INTRODUCTION 

Numerous studies have been dedicated to building environmental assessment methods, either by 
comparing several methods or by analysing thoroughly one specific method (e.g. GBC). The 
focus was put alternatively on their relevance, content, initial and evolving intentions and roles, 
differences, perspectives, etc. (see e.g. Cole 2005). The author justly addressed a number of 
critical issues in the essence of such tools which are as many paths for re-thinking them. He 
states that current rating systems are facing the challenge to evolve in terms of simplicity, refin-
ing performance measures and indicators, improving verification methods, streamlining the 
certification process, the necessary support documentation together with their capability to man-
age more complexity in a simple and practical form. So, the present paper will not duplicate 
such studies but focuses on one of the most unaddressed challenging issues: The urban scale as 
new emphasis.  
 
 
2 BUILDING ENVIRONMENTAL ASSESSMENTS METHODS 

Prior to handle the urban issue, a brief review of the most mature and successful assessment 
methods was exemplarily undertaken, together with the French method HQE® tertiaire. These 
are the British, American, Japanese and international reference products, respectively: 
BREEAM, LEED®, CASBEE, GBC (GBTool). In the following analysis, the focus is put on the 
structuring of criteria because of their profound implications on the process and final evaluation 
of the building as an “ecological” product. A short statement of the convergences vs. diver-
gences of these systems is drawn, with the ultimate task to commit a reflection whether it is 

 



relevant to extend these tools to urban scales and if so, how to achieve that goal. The review 
criteria were:  
i. Applicability: Scope & Scale, Type of Project / Building. 
ii. Development Approach: Intention, Update and Management of the method. 
iii. System Maturity: Age, Stability, Representativeness, Versatility. 
iv. Technical Content: Performance Topics, Thoroughness, End User, Aim of the tool, Deci-

sion Aid Means.   
v. Communicability: Rating System’s anatomy, Performance criteria’s anatomy, Clarity. 
vi. Measurability: Quantification, Benchmark, Weighting, Results Representation. 
vii. Usability: Availability of Information, Assistance to user, Cost of assessment. 
viii. Verification & Certification: The assessor, Required Documentation, Phases of assess-

ment, Final Report & Certification. 
Only a few of them are discussed here. More details are available from the author on request1.  
 

2.1 Applicability: Scope and Type of projects and buildings 

The building is the main object of study of these methods. However, a noticeable trend for an 
extension to an urban scale is visible:   

- The GBC takes into account explicitly the urban issue in one specific topic of its building 
assessment scheme i.e. “Site selection, project planning and development”.  

- HQE® and LEED® are developing new independent rating systems exclusively dedicated to 
the neighbourhood scale, i.e. HQE aménagement and LEED-ND. 

- CASBEE : i) by extending comfort and well-being issues to the open spaces surrounding 
the building, ii) in CASBEE-H (where H refers to Heat Island) which is an adjusted version 
of CASBEE applied to large cities like Tokyo or Osaka, and iii) in "CASBEE for districts 
and regions" which is under development. 

- "BREEAM Developments", on the other hand, provides an assessment framework to guide 
the sustainable design of developments, to allow developers to demonstrate the sustainabil-
ity features of their proposals to the local planning authority.  

At a national level, the building rating systems are differentiated depending on i) building type 
(residential, offices, schools, etc.) or on ii) the life phase of the building (planning, operation & 
maintenance, etc.): 
− CASBEE differentiates between each phase of building life in form of Tools 0 to Tool 3 

(pre-design, new construction, existing building, renovation), however all building types are 
taken into account in one tool.   

− BREEAM handles all building life phases in one rating system; whereas each rating system 
is dedicated to one building type.  

− LEED® portfolio includes i) rating systems for specific building types, and ii) for new and 
existing buildings.  

− HQE® tertiaire approach is dedicated to tertiary activity including offices and educational 
buildings. Further tools are under development. 

By contrast, the GBC (GBTool), which is exclusively academic and not commercial, has devel-
oped a generic system such, which explicitly recognizes regional specificities and offers a versa-
tile possibility of use. 
 

2.2 Development Approach 

All investigated national rating systems (HQE®, BREEAM, LEED®, CASBEE) are commercial 
tools. They are more or less supported by their governments or private industry, sometimes 
within an academic frame. Their sensitivity to market imperatives explains the multiplicity of 
use-specific tools as mentioned above. By contrast, GBC is a primarily research project and by 
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implication a voluntary tool. GBC suffers no limitations induced by marketing considerations. 
For instance, the strong commitment of the industry and federal agencies in the LEED project, 
explains partly its rapid growth and expansion in comparison to other tools. CASBEE in turn 
clearly displays the aim of its implementation in Asia. This calls attention to the necessity of a 
careful analysis according to market contexts. BREEAM as well as LEED® are particularly 
effective in the management of their products thanks to numerous technical committees and in 
the latter case to the consensual approach based on the vote of the large LEED-membership.  
 

2.3 Technical Content and Management 

Figure 1 shows a comparison of the structure, i.e. the main topics of each of the environmental 
assessment methods under consideration. The two columns on the right side show respectively 
i) a summary of the analysed methods and ii) the draft proposed by the international Standard 
ISO under development on the subject. 
Basically all these systems handle the major environmental issues of Energy, Water, Materials 
& Waste and Indoor Environmental Quality.  However, differences are noticeable from one 
system to another in the consideration of the: 
− Physical context (site, land use, open spaces, transport, etc.) 
− Quality of service (Functionality, durability, long-term performance & maintenance, etc.) 
− Human dimension in terms of social and economic aspects. 
− Environmental loadings as main indicators of performance (greenhouse gases, pollution). 
 
For example, BREEAM focuses on the environmental loading indicators favoured by the con-
sideration of topics such as "transport", "land Use & ecology" rather than solely in terms of 
energy consumption. The HQE® approach is structured in 14 targets which is a more frag-
mented scheme in comparison to other systems, yet still covering the main performance issues. 
GBC is a more flexible tool and the successive versions may vary largely as can be noticed be-
tween GBTool 2000 and GBTool 2005 as no trademark stability concern exists. 
CASBEE applies the recent ideas introduced by GBC 2000 of differentiating between the build-
ing as product and as services, by evaluating separately the environmental loadings on one hand 
and the quality of services on the other hand. CASBEE also pays more attention to the sur-
roundings of the buildings and to socio-economic dimensions and hence initiates, at a national 
level, the extent of assessment boundaries to urban scale and sustainability matters as a whole. 
The Management of the project involves more stakeholders than the only design team and re-
quires an explicit commitment. This issue is included differently depending on the system: 
− As a separate topic such in BREEAM, including all pre-design, construction, operation & 

maintenance. 
− Included in the main topics of the rating systems such in LEED® (e.g. commissioning in the 

topic Energy). Yet, all management aspects are not taken into account. 
− As a combination between a chapter “Environmental Management System: EMS” and sin-

gle environmental targets (e.g. Targets 3 and 7). 
 

2.4 Communicability 

Two main types of structure were identified: 
− A linear structure, as in BREEAM or LEED® where environmental performance is listed in 

form of individual checklists. Each of them consists of the aim or intent, awarded credits, 
compliance requirements and necessary documentation. This structure presents the advan-
tage of clarity and ease of use.  

− An arborescent structure as in GBC project, where the performance criteria are organised in 
a series of topics and sub-topics. First intended for versatility, this structure presents the dis-
advantage to be less transparent. Both HQE® and CASBEE are inspired from this model. 



GBTool 2000 GBTool 2005
 

M
Management 

(pre-operations)

E
Functionality

S
Quality of Service

F
Long-Term 

Performance

Target 1
Surrounding Environment

LE
Land Use & Ecology

SS
Sustainable Sites

Q3
Outdoor 

Environment on 
Site

A
Sie selection, 

Project Planning
& Development

Urban Design Sustainable Sites

T
Transport Transport 

Indoor 
Environment C Comfort Targets [8, 9, 10, 11] 

Health Targets [12, 13]
HW

Health & Wellbeing

IEQ
Indoor 

Environmental 
Quality

Q1
Indoor Environment

Q
Indoor 

Environmental 
Quality

D
Indoor Environmental 

Quality

Target 4 - Energy E
Energy

EA
Energy & 

Atmosphere

LR1
Energy 

Primary 
Energy Use

Waste 
production

Target 5 & 14 - Water W
Water

WE
Water efficiency Water Use Land Use

Target 2 - Products 
Target 6- Waste 

MW
Materials & Waste

MR
Materials & 
Resources

Material Use Local Impacts

Environmental loadings E see  Target 4 Energy
Pollution

+ see  Land use & 
Ecology

LR3
Off-Site 

environment

L
Loadings

C
Environmental 

Loadings

Socio-Economic aspects F see Q3
Quality of Service Economics

G
Social & Economic 

Aspects
Social Dimension Economic Dimension

Creativity
System's Openness G

Innovation & 
Design process 
(Bonus points)

(*) EMS : Environmental Management System

Topics

Comparative analysis of the structure of building environmental assessment methods

Management 

Energy

Water
R

Ressource 
consumption

distributed 
into the 4 main 

topics

Management
[Commitment, 

Construction Site
Operation & Maintenance] 

Quality of Service 

B
Energy & Resource 

Consumption 
(Materials & Water)

Indoor Environmental Quality

Materials & Waste

Transport

Building Management

(+) Performance / Life Cycle

GBC Synthesis 
for the Building

ISO/TS 21931-1
(ISO / TC59 / SC17)HQE® BREEAM LEED® CASBEE-NC

M
Management

Indoor Environment

Env.Managt.Sys: EMS(*)

Target 3 - Construction site
Target 7 - Maintenance 

Resource 
Consumption D

Q2
Quality of ServiceA

B

LR2
(Water) Resources 

& Materials

Site 

Dotlines state for issues which are implicitly taken into account or parts of other topics

Environmental Loadings Environmental Impacts

Innovation & Design
Eco-Education, etc.

 
Figure 1: Comparative analysis of the structure of building environmental assessment methods, together with the related ISO project

 



2.5 Measurability 

All systems combine quantifiable and prescriptive criteria. All systems but HQE® tertiaire use a 
quantitative scale in form of cumulative points achieved for each performance criterion. In 
GBTool and CASBEE two partial totals are calculated which correspond to i) Quality and ii) 
Loadings, respectively. CASBEE reports a final score which is a ratio of both. This gives the 
possibility to a finer analysis of the building real impacts. A ranking or a building profile is then 
used to communicate final results. 
In GBTool the interpretation takes into account the regional and local specificities, since the 
benchmarks can be managed separately by national teams, with the assessment system remain-
ing identical. Several levels of weightings are also possible in GBTool. This issue is critical, yet 
variable from one system to another and confirms the relative value of the final results provided 
by each method. In order to guarantee the compliance to performance criteria, the verification 
means must be explicitly defined. Here, the British and American tools provide more links to 
decision-aid sources. As well, the clear formulation of the required documentation makes the 
assessment easier and more reliable. This latter point also suffers some divergences from one 
system to another. All these aspects are major improvement areas of these tools. 
 

2.6 Trends and perspectives 

The issue of sustainability assessment is strategic, either in Europe or at a wider international 
level. Most countries have developed their own tools or adjusted existing ones to their specific 
context. Yet, a common language is lacking, and several projects are underway which seeks to 
act as a common theoretical background for forthcoming methods. Figure 2 shows the two main 
frameworks presently under development: ISO/TC59/SC 17 and CEN TC 350 projects, together 
with one example of country local standards, i.e. France. These projects are still limited to the 
building scale. 
 

 
3 SUSTAINABILTY ASSESSMENT AT AN URBAN SCALE  

3.1 A climate-conscious urban design method 

One main issue of increased complexity in assessment methods is the extension of their scope to 
urban context. The concern of sustainability of cities has focused the interest of several research 
fields for decades. Yet, the lack of a framework which coordinates all findings in readily under-
standable performance criteria prevents their effective implementation. Hence, the proposal of 
an “urban sustainability assessment method” inspired from existing building assessment meth-
ods is one way for bridging the gap between theory and practice at urban level, and between 
diverse disciplines on sustainability matters. The following material discusses some relevant 
points to build this new methodology. 

 
The starting point in building environmental design (1970’s) was the concern for optimising the 
use of natural energies, the so-called bioclimatic architecture. Later in the assessment methods, 
the importance of energy is confirmed by its high weighting (For energy criteria: BREEAM 15 
points, LEED® 10 points and HQE® high or very high level).  
Similarly, at urban level, the first attempts for structured design methods also dealt primarily 
with the climate and energy, see e.g. Ali-Toudert (2000) for a review of published methods. 
This is because of the critical issues of energy savings, human comfort, health and safety issues, 
all related to the availability of solar and wind access which are compromised by the urban den-
sity and to the formation of particular urban microclimates, etc. For instance, Ali-Toudert 
(2000) proposed a conceptualized methodology for integrating the climate in urban planning 
and urban design.  
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 Type III environmental declarations

GPA 01 - 030 (06/2003)
Environmental Management System

Framework forthe planning and 
implementation of the HQE® approach

NF EN ISO 14031:1999 (03/2000)
Environmental management - Environmental performance 

evaluation - Guidelines

NF P 01-010 (12/2004)
Environmental quality of construction products -

Environmental and health declaration of 
construction products

see also  XP P 01-010-1 and XP P 01-010-2 

CEN TC 350 (WG1, WG2, WG)
1. CEN/TS 15643-1 : Sustainability of construction 
works - Framework for assessment of integrated 
performance - Part 1 : Environmental, Health and 

Comfort and Life Cycle Cost performances.
2. Part 2 : Calculation methods

3. Part 3 : Environmental product declarations - 
Product category rules (under development)
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g ISO/TS 21931-1 (03/2006)
Sustainability in building construction — 

Framework for methods of assessment for 
environmental performance of construction 

works — Part 1: Buildings
ISO 16814*

Indoor Air Quality 
Methods of expressing the quality of indoor air for human 

occupancy
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ISO 21930*
Sustainability in Building Construction — 

Environmental declaration of building 
products1)

Specific to Building Assessment Methods: ISO & EN

ISO/TS 21929-1 (03/2006)
Sustainanbility in Building Construction - Sustainability Indicators
 Part1: Framework for the development of indicators for buildings

1) The asterisk * refers to standards still under development.
2) In the project ISO/TC 59 SC 17: ISO/TS 21931-1 and ISO 21930 consider 
only the environmental dimension, whereas  ISO/TS 21929-1 and ISO 21932 
seek to include social and economic aspects to meet the ultimate traget of 
sustainability.
3) The CEN project is under development, with the part 1 planned to be 
available in 09/2007.

NF P 01-020-1 (03/2005)
Environmental quality of construction products 

& buildings 
Part 1: Framework for the description of the 
environmental and sanitary performances of 

Buildings ; see also  XP P 01-020-2

NF P 01-020-2* 
Evaluation methodology of 
environmental and sanitary 
performances of buildings

ISO15392*
General principles

France: NF
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Figure 2: Standardization of environmental issues applied to the building: ISO - EN – NF 

 
1. Urban Planning : 

i. The Climate at regional & local levels to determine the basic design recommendations. 
ii. Site Selection to gain the optimal advantages from appropriate urban locations.   
iii. Urban Permeability (to wind) to keep connection with the natural environment and ener-

gies, and avoid the overheating of the city (Urban Heat Island UHI mitigation). 
iv. Land Use in terms of integration versus segregation of activities (residential, working ar-

eas, leisure, industry, etc.) 
v. Landscaping which summarizes the positive effects of green at a large scale. 
vi. Urban geometry as a link to the next design stage, as follows: 

 
2. Urban design : 

i. Openness to the Sky for solar and energetic control, i.e. to ensure solar access / protection.  
ii. Urban Porosity which governs the ventilation rates in the urban spaces and hence indoors.  
iii. Directionality which discusses the optimal orientation of the street and buildings according 

to solar and wind needs. 
iv. Urban Reflectance which governs the heat storage potential in the urban fabric: Buildings 

& surfaces (UHI mitigation) 
v. Building Envelope which acts as an interface between architectural and urban design 

strategies: 
vi. Urban Vegetation which explains how the green may be the most useful for enhancing 

human comfort and energy savings. 
At design scale, the focus was put on geometrical indicators to ensure operative guidelines. 
These have been refined in a later research (Ali-Toudert 2005). 
 

3.2 Towards an Urban Sustainability Assessment Method 

The interest for sustainable cities as a generic keyword is manifold and combining all informa-
tion sources for elaborating new appropriate rating systems is necessary:  
1. The so-called environmental urban architecture, mainly supplied by architects and urban 

designers, and which progressively extends its physical limits (see e.g. Thomas 2003). 

 



2. Urban climate research which provides tremendous information on the specific climate of 
urbanized sites and especially the urban heat island which is the main expression of climate 
change. These findings rely on a strong physical basis. 

3. The current design practices where practitioners and other stakeholders try to extend “intui-
tively” building assessment methods to urban neighbourhoods by paying more attention to 
building’s surroundings. 

As previously mentioned, some attempts are made to bring on the market rating systems which 
scope is the neighbourhood or even the city as a whole, e.g. LEED-ND. Yet, these tools are in 
an experimental stage and need verification and feedback.  
To give a picture of such an approach, Figure 3 is a proposal of a basis structure for a sustain-
ability assessment method at an urban scale.  
 

Mitigation of the Urban Heat Island  UHI (GWP)
Manage the urban microclimates 

Manage the availability of natural energies (solar access, urban winds, stormwater, etc.) 
Reduce the heat storage in the urban fabric: Buildings and urban surfaces

Reduce the anthropogenic energy: Transport, industrie, building heating & air conditionning, etc.)
Ensure and improve Comfort & Health indoors and in open spaces: thermal, wind, acoustic & visual comfort

Topics: → Site Selection → Location efficiency → Land Use → Urban Forms & Urban Surfaces 

Reduction of Pollution of air, Soil and Water
1. Sanitary Quality of Air (CO, CO2 ; CH4, NOx, O3 near surface; PM 2.5, 10)

2. Acidification of Soils and Water (SO2, NOx, NH3)
3. Eutrophy of Soils (NOx, NH3, PO4-3)

Reduce emissions of harmful gases and toxic substances 
due to heating, combustion of Hydrocarburants, Waste, etc. 

Topics: → Land Use → Urban Infrastructure → Urban Forms → Sustainable Buildings

Reduction of Land Consumption 
Preservation of Biodiversity and ecology of sites

Site selection according to their quality, and planning strategies (densification / urban expansion, etc.)

Topics:  → Site Selection →  Location efficiency → Land Use → Ecology of Site

Reduction of Natural Resources Consumption 
1. Energy (Solar & energetic control, energy efficiency, use of renewable energy, etc.)

2. Water  (water conservation, Stormwater & wastewater management and treatment, etc.)
3. Materials & Waste (energy content, recycling & reuse, waste treatment & management, etc.)

Topics: → Resource Conservation

Social Integration 
Equity, Mixed populations & cultures,  mixed activities, Solidarity, Safety, expression of culture, etc.

Livable spaces, proximity of activités, promotion of social life, etc.

Topics: → Urban Forms  → Quality of Use and Services  → Society & Culture

Economic Dimension
Global cost, Financial impacts, Economic dynamic, Affordability of housing & services, etc.

Topics: → Economics

Po
lic

y

Gouvernance  
Environmental politcy, Eco-education, Activity and Waste Management, 

Operation & Maintenance, Quality of service, etc. 

Topics: → Management → Quality of service
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Figure 3: A framework for an urban sustainability assessment method 
 
Basically, there will be continuity and no rupture on an environmental level, while moving from 
building to urban scale assessment, because the indicators of environmental loadings are identi-
cal: global warming potential GWP, Resource Consumption, Ozone depletion ODP, Pollution 
of air, soil and water. Hence, the major topics applied to environmental building assessment are 
expected to be reused at urban level, such as the efficiency in energy or water resources use. Yet 
these topics need to be addressed differently according to the specificity of the current object of 
interest: the “urban fabric”. The content will be revised according to a number of major differ-
ences: 
1. The object « city » consists of indoor spaces (buildings) and open spaces (streets, places and 

parcs): Both are living spaces and support human activities, which require a high environ-
mental quality, as well as they both effect more or less negatively the environment.  

 



2. The urban climate and more precisely the urban heat island (UHI) is the main phenomenon 
characterizing the city from an environmental point of view. Consequently, a key issue for 
implementing a powerful assessment method at urban scale is to understand the mecha-
nisms which lead to the formation of the UHI together with their dependence on planning 
and design choices.  

3. The consumption of land as precious resource takes here a much more dominant place in 
comparison to building scale, since the site selection as well as the whole land use strategy 
relies on the availability of land (expansion, densification, infrastructure, etc.) These in turn 
will affect the need for other natural resources such energy, water or materials. 

4. The social and economic dimensions assume an important role, since the city is by defini-
tion an organized framework for human activities and a concentration of capitals. This 
means that an extension of performance assessment to urban level extends automatically its 
limits beyond the environment to include all sustainability issues. 

 
A number of topics can be pre-defined as a working basis: 
− Site Selection, Location Efficiency, Land Use and Ecology of Sites: to avoid hazardous loca-

tions, improve site and climate quality, and preserve ecosystems.  
− Urban forms & Surfaces, Urban Infrastructure and Sustainable Buildings: which include 

the optimisation of urban density, street network and pedestrian areas, Building forms and 
arrangements, an integrated community development, based on diversity and a balanced 
mix of activities, proximity Work/ Habitat, etc.  

− Quality of Life including the Human Wellbeing & Health, Social & Economic integration. 
− Conservation of Resources: Land, Energy, Water, Materials and Waste. 
− Management and Quality of Service including commitment and eco-education, construction, 

operation and maintenance.  
 
4 CONCLUSION 

Building assessment methods offer a good basis for elaborating new a scheme for urban scale 
assessment. Yet, attention must be called to some precautions, already observed at building 
level, from which the necessary clarity and accuracy in quantitative assessment, scoring, context 
specificities, double counting, as well as a careful definition of the prescriptive criteria related to 
qualitative issues, etc. It is essential to offer systems that serve as a common framework for all 
stakeholders, and particularly to design teams which face the great challenge to manage con-
flicting design issues and manifold interests. Moreover, a distinction between performance as-
sessment and market interests is also important. Indeed the latter might effects negatively the 
objective and rigorous setting of performance criteria and scoring. A multidisciplinary work is 
essential to build this method and a close collaboration between all environmental fields, urban 
climatologists and planners/designers is crucial.  
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1 INTRODUCTION – THE HEAT ISLAND EFFECT 

Following the rationale that a sustainable unit is a unit which uses no more than it can replace, 
many of the commodities in existing cities should be rethought and redesigned. Apart from re-
cycling, lowering the energy demand of cities and especially the one consumed in buildings is a 
crucial step for making cities more sustainable. Especially urban dwellings tend to consume 
more energy for cooling than suburban or rural dwellings, due to the heat island effect, a cli-
matic phenomenon caused by the environmental alterations of modern cities. 

The main differences between an urban and a rural environment are governed, in general, by 
altered factors which affect heat exchanges in a local scale. Factors such as optical and thermal 
properties of materials (albedo, emissivity, heat capacity) are of different magnitudes for mate-
rials in rural and urban areas. In addition, urban areas are characterised by the lack of evapotran-
spiring surfaces (vegetation) and materials of low porosity. The geometry between a vegetated 
area and the density-morphology of an urban area are completely different, which has a direct 
effect on wind and shade distributions. Human activities taking place in urban areas are respon-
sible for anthropogenic heat release (transport, space and water heating, cooling etc) and air pol-
lution, the latter affecting cloud cover. The combination of these factors determines the way in 
which heat is absorbed, stored, released and dispersed in the urban environment, expressed as a 
temperature increase in the urban area. 

All these altered factors lead to new energy balances in urban areas, which result in different 
air temperature distributions in the urban areas. It can be said that, in general, the differences of 
the air temperature between urban and rural area, regarding distance, for a large city with clear 
sky, exhibit a steep temperature gradient to the centre of the urban area, forming an “island pro-
file” (Oke, 1987). The temperature difference between the urban and rural environments is 
called the heat island intensity and it is an indicator of the magnitude of the heat island effect. It 
is usually calculated from the maximum urban temperature at the canopy layer and its respective 
rural temperature and varies, according to the characteristics of the city and its population. 
Chandler (1965), when examining the heat island effect of London came to the conclusion that 
there were more days with exceptionally high temperatures and fewer days with lower tempera-
tures in the city centre. The estimated London heat island density is of the magnitude of +1.4oC 
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ABSTRACT: In this article solutions are sought for turning cities into more sustainable spaces, 
by mitigating their heat island effect. The factors which affect the formation of the heat island 
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(ibid). For the hotter climate of Athens and its greater absence of vegetation the heat island ef-
fect becomes larger, reaching the magnitude of +10oC (Santamouris, 2001). 

In cold climates the heat island effect may influence beneficially the heating energy demand 
of buildings (Givoni, 1998). As higher ambient air temperature is produced, less energy is re-
quired for heating. However, due to global warming becoming a sensitive issue over the last few 
years, this perspective has changed. It is estimated that the combination of global warming and 
the heat island effect of London might be responsible for more energy being expended for cool-
ing the city than the energy saved for heating and that it could also lead to a parallel increase in 
summer stress and mortality (Clarke et al., 2002). In cities in lower latitudes, such as the Medi-
terranean area, the heat island effect has proved to be disagreeable, both from an energy con-
sumption and a quality of life point of view. 

For warm and hot climates, the resulting higher temperature can lead to increasing demands 
for air-conditioning during hot period which exceeds by far the energy savings in winter and 
may cause unbearable levels of heat stress. Due to the heat island effect, the cooling degree 
hours in the central area of Athens are approximately 350% greater than in the suburban areas, 
while the heating degree hours are only 40-60% less (Santamouris, 2001). Rosenfeld et al. 
(1995) observed that in American cities for each 1oC rise in daily maximum temperature above 
a threshold of 15oC to 20oC, the peak urban electric demand rises by 2–4%. The additional use 
of air-conditioning caused by this urban air temperature increase is responsible for 5–10% of 
urban peak electricity demand. The use of air-conditioning for cooling buildings removes the 
heat from the building to the urban environment. In very dense areas with excessive use of air-
conditioning systems this leads to a significant rise of the ambient air temperature (Papadopou-
los, 2001), and thus to a rise of the cooling demand, leading to a vicious cycle of rising the am-
bient air temperature and energy demand. 

This extensive need for cooling energy leads to increasing emission of pollutants from power 
plants and air-conditioning systems such as sulphur dioxide, carbon monoxide, nitrous oxides 
and suspended particulates. Especially in cities with hot climates, during summer, this combina-
tion of extreme temperatures and pollutants can even be responsible for high rates of morbidity 
and mortality risks, especially respiratory-related mortality, cardiac arrests, stroke, and a variety 
of direct heat-related illnesses (Kalkstein and Sheridan, 2003). With the future climate change 
expecting to increase the number and intensity of extreme events, such as heat waves, and in-
creased maximum and minimum temperatures (White et al., 2001), urban dwellers are bound to 
suffer from excessive heat stress. With most deaths caused by heat waves occurring in urban 
centres (Koppe et al., 2004; Kalkstein and Sheridan, 2003), urban populations health is bound to 
be at risk (White et al., 2001; Koppe et al., 2004). The heat waves experienced in Europe in 
2003 cost the lives of 14,603 people in France and 3,134 in Italy (Koppe et al., 2004). It has 
been reported that the 10-day heat-wave in Athens in 1987 resulted in 926 deaths classified as 
heat-related, while the attributable excess mortality was estimated to be more than 2000 (Koppe 
et al., 2004). 

From studies made in the United States, regarding the effect of reducing the heat island effect 
on mortality risks, it has been estimated that a 0.5-1.0oC reduction in outdoor temperature, in 
combination with other meteorological changes, could reduce urban mortality by 10-20% 
(Kalkstein and Sheridan, 2003). Apart from energy saving and quality of life, when human life 
is put under such risk due to the heat island effect, it is impossible to discuss about sustainability 
in today cities, unless these raised temperatures are mitigated. With the absence of vegetation 
being one of the most important factors affecting the formation of the heat island effect, the in-
troduction of vegetation in urban life is a promising solution for more sustainable conditions of 
living in the cities. With vegetation being a primary concern in most 20th century utopian city 
visions, as examined below, vegetation could become the element that would relief 21st century 
cities from raised temperatures and turn cities into more sustainable and human spaces. 

2 URBAN VEGETATION IN 20TH CENTURY UTOPIAS 

Even before the burst of the Industrial Revolution, with the revival of cities in the Renaissance, 
utopians were dreaming of urban spaces where vegetation would not be a privilege, but a right. 
Thomas More, in 1516, the inventor of the word "utopia", dreamt of the ideal capital, where all 



houses would have large, back gardens in which "vine, fruits, flowers and any kind of plants" 
would be cultivated by the inhabitants (More, 1989). One of the most influential utopians of the 
20th century city planning was Ebenezer Howard, who expressed the necessity of vegetation on 
an urban scale with his idea of “garden cities”, which would play an important role around the 
globe as a solution to the problems of industrialised cities and influence the urban planning of 
the first quarter of the 20th century around the globe (Kafkoula, 1990). In its strict definition the 
term “garden city” describes “a town designed for healthy living and industry; of a size that 
makes possible a full measure of social life, but not larger; surrounded by a rural belt, the 
whole of the land being in public ownership or held in trust for the community” (Lancaster and 
Slaughter, 2000). Howard’s garden city theory envisioned a planning system where the pros of 
both urban and rural environments could be combined. To the concentrated vast city, he pro-
posed an alternative social city with a network of garden cities with their own industries, around 
a slightly larger, central city. His principles were the conscious control of the size of towns, the 
existence of large parks in the city and gardens adjacent to houses, farmlands surrounding the 
urban areas, and communal land ownership, in order to protect the living environment from in-
dividual interests and profits (Howard, 1970). In this way cities would be sustainable, consum-
ing no more than they could replace and human, with vegetation, the privilege deprived from 
working classes in London, becoming the right of every citizen. Visioning small cities with low-
rise buildings and large open, green spaces, he never considered it a necessity to put forward the 
idea of covering buildings with vegetation, as utopians who dreamed of larger-scale cities did. 

Apart from Howard, greenery in the city was a central element to Frank Lloyd Wright’s ur-
ban planning visions. From an individualist perspective, he conceived and proposed the ideal 
city of Broadacre, in 1935, where buildings and the city they composed disappeared into nature. 
In a much more decentralised concept than Howard’s garden city, in Broadacre, there was no 
planning distinction between the built and the natural environment, with vast distances between 
individual buildings, covered by highways. Without any spatial distinction between rural and 
urban life, Broadacre City achieved a no physical distinction between the two. With buildings 
“lost” into nature, in his model of the Broadacre City, some buildings completely disappeared 
into nature, having their roofs and terraces covered in green (De Long, 1998). 

Le Corbusier, on the other hand, was extremely critical to Howard’s “horizontal” garden cit-
ies and proposed instead “vertical” garden cities. With his great belief in the “Machine Age” 
and the spatial instability that “mechanised speeds” had introduced, he suggested that society 
was becoming “nomadic”, making the settled stability of the family house of low rise “horizon-
tal” garden cities, an echo of the previous era. Instead, his “vertical” garden cities could be ap-
plied, which were composed of “superimposed” apartments in elevated, Dom-Ino type sky-
scrapers, in the middle of parks. In this way, dwellers would be overlooking a garden from their 
homes, instead of roads and vehicles. Le Corbusier had incorporated these ideas into his Con-
temporary and Radiant City. In his Contemporary City, in 1922, he proposed “vertical” garden 
cities within the centralised city for the ruling elite to work and live and “horizontal” ones in the 
outskirts for the labouring class. Each apartment of the elite skyscraper dwelling had a green ve-
randa, a “hanging garden” as he called it. The roofs of the office skyscrapers were green, gar-
dens for the elite’s entertainment at night. The outskirts where the labouring classes would be 
kept, would consist of smaller building apartments, also surrounded by gardens, where enter-
tainment for the workers could be found. Green roofs and vegetation on buildings were not 
placed on the residences of the working class; only in the dwellings, work and entertainment 
buildings of the ruling class. The working class dwellings had a detached relationship to nature 
(seeing it in the park next to them, but not on the building itself). Eleven years later, the social 
structure of his Radiant City changed dramatically. For a city organised around syndicates, Le 
Corbusier now proclaimed that “if a city were to become a human city, it would be a city with-
out classes” (Fishman, 1982). Nonetheless, vegetation on buildings and surrounding buildings 
remained a central element in his visions and he exclaimed that nature should be brought into 
the cities themselves, creating the “Ville Verte”, the “Green City”. Doing away with streets, his 
high-rise apartment blocks, now called “Unités”, surrounded by parks and gardens as in the 
Contemporary City, were designed now for every citizen of the unstratified society of the new 
civilisation in the Radiant City. The roofs of the Unités were covered with gardens, for the in-
habitants’ recreation. For the right of every urban dweller to vegetation he exclaims “flowers… 
for all of us!” (Le Corbusier, 1933). 



It has been argued that utopias cannot be even a partial guide to achieving a sustainable city, 
as most of them describe isolated, ideal, static places and conditions which are generally unreal-
istic. Nonetheless, utopian visions can be useful inspiration, when trying to move in that direc-
tion (Blassingame, 1998). As has been observed, vegetation has been a crucial element in uto-
pian city planning of the Industrial era. Either in the form of buildings lost in nature, or in 
numerous parks within the city or on the roofs of urban buildings, vegetation has been perceived 
as the vehicle through which nature and man are re-united in the Machine age, under more hu-
man and for some utopians, more sustainable urban spaces. In the following paragraphs this sus-
tainability of either mixing vegetation in cities in the forms of parks, or covering the building 
fabric itself, is examined how sustainable it could be, from a thermal point of view. 

3 URBAN PARKS FROM A THERMAL POINT OF VIEW 

Although urban parks can be extremely beneficial for a city from a social and city planning 
point of view, from a thermal point of view they can mitigate the heat island effect only at their 
micro or meso scale, rather than the local scale of the city. The air temperature is reduced sig-
nificantly inside the park, but only the few buildings in the neighbouring area of the park can 
benefit from this reduction of the air temperature. The rest of the city is not affected thermally 
by the presence of the park. This has been proved both theoretically and through in situ meas-
urements and experiments. 

Measurements carried by Santamouris et al. in parks in the centre of Athens in the summer of 
1998, showed that the air temperature inside the park is significantly lower than for the densely 
built city centre, with a peak temperature difference in the afternoon, of the magnitude of 13oC. 
They pointed out that temperatures in these parks present almost 40% fewer cooling degrees 
hours than their surrounding urban stations (Santamouris, 2001). It was also found that air tem-
perature around the park is mainly influenced by parameters other than the presence of the park, 
such as the density of buildings, the rate of anthropogenic heat release, the shading of canyons 
and so forth (ibid.) and not so much by the park itself. Similar effects for the climate of Athens 
have been perceived by the computational modelling carried out by Dimoudi and Nikolopoulou 
(2000). Through their study they also showed that the buildings which could experience thermal 
benefits from the existence of a park were only those which were contiguous to it. Heat stored 
on the buildings’ fabric affects the cool air of the park, raising the ambient air temperature 
sharply (Dimoudi and Nikolopoulou, 2000).  

In the tropical hot and humid climate of Dhaka, Bangladesh, measurements were carried out 
by Ahemed in different urban layouts of the city. It was found that 300m away from a large park 
of a high-density modern built part of the city (the Motijheel commercial area) there was practi-
cally no cooling effect from the park. On the contrary at the Ramna area, which is characterised 
by low density, mature trees and a fairly high distribution of vegetal covering in general, air 
temperature in these urban canyons was noticeably lower because of the existence of vegetation 
(Ahemed, 1995). Ahemed came to the conclusion that for tropical climates a number of small 
parks in an area of the city can be more effective in moderating the microclimate of the area 
than a large park. Giridharam et al. (2004) when evaluating the heat island effect in residential 
high-rise and high-density areas of Hong Kong also came to the conclusion that pockets of 
green area are more advisable for mitigating the heat island effect than a single large green area. 

With the existence of an urban park, the heat island effect is therefore moderated quite lo-
cally, basically inside the park and at its surrounding buildings. A local oasis is formed, but only 
in the core of the park and its immediate surroundings. The rest of the buildings and the city it-
self remain practically unaffected by the presence of the park, from a thermal point of view. Ur-
ban parks can have a quite important effect on the urban air temperature if they are spread 
across the city and they are quite densely placed (Dimoudi and Nikolopoulou, 2000; Ahemed, 
1995; Giridharam et al., 2004). From a thermal point of view, parks within a city could thus be 
paralleled to oases in the desert; no matter how many oases there are, the temperature is still 
high in the desert, away from the oases. Numerous oases could have a larger thermal impact on 
the desert enclosing them, but they could not lower its temperature as much as if they were 
mixed with the desert. Although this cannot happen in the desert, it can happen quite easily in 



existing cities, by covering their impermeable, hot surfaces, such as the walls and roofs of build-
ings, with vegetation. 

4 URBAN GREEN ROOFS AND WALLS FROM A THERMAL POINT OF VIEW 

With the use of a two-dimensional heat and mass transfer model (Alexandri, 2006) the thermal 
effect of vegetation and its evapotranspiration has been described in detail for the environment 
of an urban canyon, whose roofs and walls have been covered with vegetation. The results of 
this study are discussed in the following paragraphs. 

4.1 Comparison of the Thermal Effect of Green Roofs and Green Walls 
In summer the hottest areas of the canyon, especially after midday, are the roofs, which absorb 
large amounts of solar radiation. When the roofs are covered with vegetation the hottest areas 
after midday is the street surface. In figure 1 a summary of the air temperature distributions in 
and above the canyon and the roofs is given for Montréal and Mumbai at 18:00 of a typical day 
of their hottest month (July for Montréal, May for Mumbai). It can be observed that green walls 
and green roofs can mitigate air temperatures quite significantly in and above the canyon. On 
the one hand, when only the roofs are green, there is no significant thermal effect inside the 
canyon, apart from its upper layer. On the other hand, when only the walls are green, they do 
not affect temperature distributions at roof level. Thus, if the aim is to lower temperatures at an 
urban scale, green roofs should be applied. In case the aim is to lower temperatures at a building 
scale, green walls should be considered. Nonetheless, the combination of both green roofs and 
green walls can prove beneficial not only for lowering raised temperatures at both the roof and 
the urban level, but also for lowering temperatures inside the urban canyon, as can be observed 
in all the c cases. 

Figure 1. I) Montréal and II) Mumbai temperature distributions inside and above the EW-oriented 
H5W10 canyon for a) a canyon without any vegetation, b) a canyon with green roofs, c) a canyon with 
green roofs and green walls, and d) a canyon with green walls, at 18:00 of a typical day of their hottest 
month (July for Montréal and May for Mumbai) (author) 

4.2 The Effect of the Climate 
The effect of green roofs and walls has been investigated for nine cities in nine climatic zones 
(figure 2). It has been observed that the hottest and driest a climate is, the largest the effect of 
green walls and green roofs on mitigating its urban temperatures is. For all the cases examined, 
Riyadh is the hottest and aridest climate, reaching a temperature decrease inside the canyon of 
11.3oC maximum and 9.1oC day-time average when both roofs and walls are green. Equally hot, 



but much more humid Mumbai reaches smaller decreases, of the magnitude of 6.6oC day-time 
average and 8.0oC maximum. The colder climates of London, Moscow and Montréal benefit the 
least, reaching from 3.0oC to 3.8oC for the day-time average decreases and from 3.6oC to 4.5oC, 
respectively, for the maximum. 

Figure 2. Maximum temperature decreases inside a canyon, for the case where both roofs and walls are 
green, for the climates of: Athens (Mediterranean), Beijing (Steppe), Brasília ( Savanna), Hong Kong 
(Humid subtropical), Mumbai (Rain forest), Riyadh (Desert), London (Temperate), Montréal (Subarctic), 
Moscow (Continental cool summer) (author). 

4.3 The Effect of the City Geometry 
There are also other factors affecting the effect of green roofs and walls on the heat island ef-
fect, such as the canyon geometry, orientation and relation to wind direction. 

The wind direction plays a not so important role on the thermal effect of green roofs and 
walls, as wind velocities within the urban canyon are not so high, making the effect of wind di-
rection not so strong on the temperature decreases due to vegetation (Alexandri, 2006). 

Canyon geometry plays the most important role in the thermal effect of green roofs and walls. 
Although the canyon orientation may play a more important role in latitudes away from the 
Equinox, where different amounts of irradiation are received from different orientations (Alex-
andri et al., 2005), the most important role is that of the relationship of the building height (H) 
to the street width (W). In general, it can be observed that the wider a canyon is, the smaller the 
effect of green roofs and green walls on it. For wider canyons, temperatures inside the canyon 
are dominated by the proportionally larger street surface and the fact that it is more exposed to 
direct solar radiation. In the instance of different ratios of building height to street width (H/W) 
for the climate of Athens (figure 3), it can be observed that the temperature decrease in the wide 
canyon with 0.33 ratio of building height to street width (H/W) are of the magnitude of 4.2oC 
for the day-time average and 5.9oC for the maximum. For the narrower canyon, with 0.50 ratio, 
the effect of green buildings is more apparent on temperature decreases, with temperature de-
crease of 5.6oC day-time average and 6.6oC maximum. For the narrowest canyon examined, 
where wall height is more dominant than street width (H/W=2.00), the temperature decreases 
are much higher, reaching 5.3oC for the day-time average and 8.3oC for the maximum. 

Figure 3. Air temperature decrease in canyons with different ratios of building height to street width 
(H/W) when both roofs and walls are covered with vegetation, in Athens, in July (author) 
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4.4 Effects on Energy Consumption for Cooling 
These lowered summer temperatures can only have a positive effect on lowering urban electric-
ity needs for cooling spaces and setting the basis for more sustainable cities. Considering an in-
door limit temperature for cooling of 23oC for all climates studied, the cooling load decreases in 
both cases when only the walls are covered with vegetation and when both roofs and walls are 
green. As can be observed in figure 4a, the largest cooling load decreases in all climates exam-
ined, occur when both roofs and walls are covered with vegetation. For the geometries exam-
ined for Brasília and Hong Kong, the cooling load decrease reaches 100%; no cooling load is 
needed after covering roofs and walls with green. London and Moscow are not affected at all, 
regarding the cooling loads, as no cooling load was needed for the typical day examined, even 
before vegetation was placed around the canyon. Riyadh experiences a quite high cooling load 
decrease, of the magnitude of 90%, as does Montréal (85%). Mumbai reaches a 72% decrease, 
while for Athens and Beijing the decrease is 66% and 64%, respectively. In general, green roofs 
and green walls cool the microclimate around them, which can lead to quite important energy 
savings from cooling, depending on the climatic type, the amount and position of vegetation on 
the building. In cases where little cooling load is needed, cooling demand can be reduced to zero 
by covering the building surfaces with vegetation. In addition to the energy savings themselves, 
this could lead to successful applications of further passive cooling techniques, especially ones 
employing ventilation, which are not easy to implement in extremely hot urban conditions. 

                   a               b 
Figure 4. (a) Average cooling load decreases (%), with a 23oC indoors temperature, when both roofs and 
walls are covered with vegetation and (b) Physiological Equivalent Temperature inside a canyon without 
any vegetation (no green), when only walls are covered with vegetation (only green walls) and when both 
roofs and walls are covered with vegetation (green roofs and walls), in Athens, in July (author) 

4.5 Effects on Outdoors Thermal Comfort 
Thermal comfort in the city is also very much improved, when the building surfaces are covered 
with green. As can be observed in figure 4b, a man standing in a canyon without any vegetation, 
in Athens, for a typical day in July, is for 4 hours in the “hot” zone, for 4 hours in the “warm” 
zone and for 5 hours in the “slightly warm” zone. He is in the “comfortable” zone for only 3 
hours and for 7 hours in the night is he in the “slightly cool” zone. When both roofs and walls 
are covered with vegetation thermal comfort in the urban canyon improves dramatically. Nei-
ther the “hot” nor the “warm” zone are reached. The “slightly warm” zone is reached for 8 hours 
and “comfortable” for 4. Again, in the early morning and night hours “slightly cool” and “cool” 
zone are reached for 6 and 5 hours, respectively. These temperature decreases due to vegetation, 
which move thermal sensation to more comfortable levels, can only lead to healthier urban envi-
ronments with limited morbidity and mortality risks due to raised urban temperatures. 

5 CONCLUSIONS 

The utopian vision of mixing city with nature through vegetation has proven to be of the few 
sustainable paths towards cities whose dwellings consume less for cooling. Parks may be impor-
tant spaces from a social and urban planning point of view, but from a thermal point of view, 
they can relief the raised urban temperatures only locally, without affecting the rest of the city, 
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its raised energy demand for cooling and its uncomfortable summer thermal conditions. Creat-
ing the appropriate number of smaller parks for lowering urban temperatures, may prove unreal-
istic, due to the land use and values within cities. By not trying to create new ground-level 
parks, but by placing vegetation in the already available, vacant urban surfaces, such as roofs 
and walls, not only urban dwellers can have the right to vegetation of which most utopians were 
dreaming, but urban raised temperatures can lower by 11.3oC to 3.6oC in summer, depending on 
the climate and the urban geometry. Such temperature decreases can only improve the outdoors 
thermal comfort, which has a direct effect on the quality of life of urban dwellers, lowering the 
morbidity and mortality risks they face due to raised temperatures. Apart from that, the energy 
savings from cooling are quite significant, which may reach 100%, making the goal of sustain-
ability a more attainable one for modern cities. If we want the 21st century cities to become sus-
tainable, when their climate and geometry is appropriate, their buildings should be covered with 
vegetation and thus be transformed into the green cities of tomorrow. 
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1 INTRODUCTION TO THE HISTORY OF WATER-NUTRIENT PLANNING 

From about 7500 B.C. in the Levant (the region along the coast of the Mediterranean south of 
present-day Turkey and north of the Sinai), the first villages appear, with their, albeit limited, 
requirements for irrigation, water supply, and sanitary waste disposal. Techniques for the effec-
tive use of water and fertilizers helped to intensify crop cultivation which thus spread widely to 
other regions. Further toward the east, from 2500 B.C., the Sumerian and Indus Valley civiliza-
tions developed sewers for the transport of human organic waste and aqueducts for fresh water 
supply. Some private homes in Sumerian Moenho-Daro and Harappa, at the time, even had wa-
ter flushed latrines. (Outwater 1996). With the advent of the Roman Empire, pollution and water 
demands had increased, and also for many other civilizations, to the point where the Romans 
had to build their first aqueduct in 312 B.C., because of threats to the Tiber River. (Ponting 
1991). Pollution and drinking water demands have since then increased both because of per cap-
ita use and because of population increase.   

From the early Middle Ages and right up to today, pollution from human/animal sanitary 
waste and burial grounds have presented an ever increasing challenge to the inhabitants, design-
ers, and administrators of settlements from the village to the large city scale. During the Medie-
val period of Europe, sanitary waste would be either discharged into the street or waterways, or 
deposited into a cellar. Thus, the open spaces of many towns were filled with excrement, urine, 
dead animals, leftovers from food shops, and other general garbage. (Ibid.). By 1236 A.D., the 
Thames was so polluted that London found it necessary to build a water supply line of lead pip-
ing. (Ibid.).  
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The collection of sanitary waste was improved by the invention of the flush toilet in 1596 by Sir 
John Harrington, although this led to increased fresh water use. (Outwater 1996). Even the 
United States began to experience severe problems with human waste early on in its history, 
where the capital city of Philadelphia was shut down in 1793 for an extended period by a mass 
outbreak of Yellow Fever, caused by insufficient sanitary waste procedures. Only five years 
later, the engineer Benjamin Latrobe directed the construction of the first American city wide 
sewer and water supply infrastructure project. Prior to the advent of medieval metropols such as 
London, manure would be sent or sold to farms in the countryside, but during the eighteenth 
century, manure would simply be allowed to pile up in Europe. In England, horses alone pro-
duced three million tons per year. At the beginning of the twentieth century, many cities and 
businesses in the countryside of Europe and America began to deal with the issues of pollution 
and the health of fresh water supplies. By 1900, Manchester began to send its human excreta to 
farmers in the countryside, while the city of Halifax in England began shortly thereafter to dry, 
grind up, and sell its excreta also to farmers.  the British architect Donkin�s invention of the 
compost producing dry earth closet, which also separated urine from excreta, has helped to 
show how resource recovery may be achieved. (Ponting 1991). 

Berlin up until 1927 used its wastewater, 182 million cubic meters per year, to irrigate open 
fields to keep the waste from rivers. However, after British engineers invented the technique to 
use activated sludge bacteria to process, consume, and remove organic matter, construction on 
plants in Germany were started already in the 1920�s. Comprehensive sewage treatment of wa-
ter was not achieved as a prevalent infrastructural service in the western world until the 1970�s. 
(Lanz et al. 2006) 

Despite these advances in pollution control and treatment, and the diversion of waste streams 
to re-use water, modern settlements are still faced with many challenges of human and animal 
excreta. Even today, in the United Kingdom, dogs and cats contribute 1,000 tons of excreta and 
three million gallons of urine every single day to the waste stream. (Ponting 1991). Further, be-
cause of population increases and higher volumes of water use, modern water supply and treat-
ment systems are reaching their limits. Thus, three major issues out of the many others from the 
conventional perspective on water infrastructure, are that urine from toilets accounts for about 
90% of the nitrogen and 60% of the phosphorus in wastewater, the ever increasing number and 
total amount of pharmaceuticals, hormones, and other biologically active substances enter the 
wastewater stream through this urine, and finally, the phosphorus lost in this process as a 
�waste� product could be useful to make up for the predicted shortage of phosphorus useful for 
agriculture in the future. Many experts therefore agree that new thinking on the entire concept of 
waste treatment and how physical prosperity is ensured through methods of primary production 
is required. (Lanz et al. 2006). 
 

2 THE MODERN ERA OF ECOLOGICAL WATER-NUTRIENT PLANNING 

Early work on the subject of wastewater treatment using ecological principles was conducted at 
the Max Planck Institute from the 1950s, and was later taken up as a meta-scientific study by the 
new Environmental Protection Agency in the U.S.A. in the early 1970s. Around the same time, 
biologist Kathe Seidel from Germany published a paper in 1971 on the use of plants for waste-
water treatment, and was later part of the team that built one of the first plant based wastewater 
treatment facilities in the world, in 1974 in Philadelphia. (Seidel 1971). Similar research was be-
ing conducted by Todd and McLarney during the early 1970s, with a focus on the renovation of 
aquatic environments and fresh water in general. (Todd et al. 1996).  

With the advent of Odum�s work on ecology from the early 1970s, ecological water planning 
became a part of the broad based field of ecological engineering. Since then, many textbooks 
have been devoted to this specialty, yearly conferences are held, several journals are devoted to 
the field, and finally, the codification of the modeling procedures of ecological systems have 
progressed over the last 20 years. (Ibid.). Thus, facilities built based on ecological principles can 



now be seen as mainstream contributions to the suite of infrastructure solutions used to meet the 
diverse challenges of all water-nutrient processes, from the urban to the rural scale, and from the 
domestic to the industrial/agricultural context. These systems meet prevalent standards of efflu-
ent quality, robustness, reliability, and are often able to react successfully to unforeseen pollut-
ants and large shock flows just as well or better than conventional treatment systems using arti-
ficial chemicals, physical agitation, and much higher amounts of power input. There are thus 
several good reasons for those stakeholders who set the legislative and administrative agenda 
for local to trans-national environmental policy to encourage the use of ecological engineering 
in general and ecological water-nutrient planning for specific projects. 

 

3 TWELVE PRINCIPLES FOR COMPREHENSIVE, ECOLOGICAL WATER-NUTRIENT 
PLANNING 

Todd and other authors have remarked elsewhere that, based on experience, successful ecologi-
cal design is based on design principles. These principles are a guide to how feedback loops, di-
verse species, and physical resources are most efficiently integrated into a system design that is 
robust, reliable, and will work based on both theory and experience. (Todd 1996).  
Thus, ecology becomes one of the main cornerstones of an intellectual foundation for modern 
infrastructure design, so that systematic knowledge of the natural world is used to help in the 
formal design and continual re-design of modern treatment systems. These systems can well 
deal with unforeseen events, (storms, large shock flows of wastewater or surface water/rain), pe-
riodic predictable events, (the pollution from the simultaneous flushes at a football match), or 
simply issues that could not have been predicted by the human designers and unintended conse-
quences, (the effects of pharmaceuticals, hormones, other personal care products in the waste-
water stream, or the effects of the introduction of predator species to control certain environ-
mental pests or pollution.) Besides Todd�s work in the USA (Ibid.), Jenssen and Heistad have 
achieved very promising results for cold climates using light weight aggregates and wetlands for 
small scale systems of sewage treatment. (Jenssen et al 2005, Heistad et al 2006). 

  
4 WHAT CAN BE ACHIEVED WITH SUSTAINABLE DESIGN? 
 
There are various types of pollution and pollution sources that effect water. The main sources 
are as given in Table 1. 
 
Table 1. Types and contents of wastewater  
source potential contents comments 
buildings for  
human habitation 

water, various solids, bacteria, germs, parasites,  
organic substances, undigested food, minerals,  
domestic cleaning agents, toxic and harmful 
chemicals,  
pharmaceuticals, and other personal care prod-
ucts,  
up to  60,000 different chemicals (US EPA) 

large and unpredictable 
number of types of 
waste, 
also pirate copies of  
approved chemicals 

agriculture and 
aquaculture 

water, pharmaceuticals, minerals, dyes, cleaning  
agents, pesticides, herbicides, and hormones  

monitoring of recipient 
waters 

municipal facili-
ties 

water, various solids, bacteria, germs, parasites, 
soaps,  
detergents, herbicides, pesticides, minerals,  
hydrocarbons, glues, organic substances, acids, 
CFCs,  
silt, humus tannins, and numerous other bio-
chemicals  

large and unpredictable 
number of types and   
amount of waste, also  
pirate copies of  
approved chemicals, 
weather and flooding  
prediction important, 



and solids    monitoring of recipient 
waters 

industry water, acids, salts, minerals, glues, hydrocarbons, 
CFCs, various solids, up to  60,000 different 
chemicals  
(US EPA)  

large and unpredictable 
number of types of 
waste 

energy produc-
tion 

Water, hydrocarbons, radioactive substances, or-
ganics,  
heat, minerals, acids, salts, dyes, cleaning agents, 
up to   
60,000 different chemicals (US EPA) 

monitoring of recipient 
waters, water usage of-
ten  
dependent on energy  
demand 

 
There are several characteristic measurements of wastewater, including the blackwater origi-

nating from toilets, that are important to take account of in our efforts to both protect human 
health, the larger environment, and to exploit this source for mineral resources and as a reservoir 
of water for various environments. These measurement types are as given in Table 2. 
 
Table 2. Typical measurements of chemical and biological substances in wastewater 
Origin 
of wastewater 

Type of 
measurement 

comments 

buildings for  
human  
habitation 

BOD, biological oxygen demand 
COD, chemical oxygen demand 
TN, total nitrogen 
TP, total phosphorus 
TSS, total suspended solids 
Coliform, number of coliform bacteria 
Heavy metals, cadmium, nickel, etc. 

oxygen used to digest organics 
oxidization of chemicals 
as organic N and ammonium 
as organic and inorganic phosphate 
observable solids in water 
bacteria, indicator for disease vectors 
mg/kg, small amounts are toxic 

municipal  
facilities 

BOD, biological oxygen demand 
TN, total nitrogen 
TP, total phosphorus 
TSS, total suspended solids 
Coliform, number of coliform bacteria 
Heavy metals, cadmium, nickel, etc. 

oxygen used to digest organics 
as organic N and ammonium 
as organic and inorganic phosphate 
observable solids in water 
bacteria, indicator for disease vectors 
mg/kg, small amounts are toxic 

   
For example, According to the 2003 edition of the European Union Council Directive 

91/271/EEC, concerning urban waste water treatment, biological oxygen demand, chemical 
oxygen demand, and total suspended solids monitoring and reductions are required in most 
cases, and where there are obvious and demonstrable areas of sensitive waters or 
coasts/estuaries, then total (Kjeldahl) Nitrogen and Phosphorus need to be monitored and re-
duced. 

An increasing amount of wastewater production per capita, a steady rise in population, and 
every increasing migration to urban metropolises all contribute to greater total amounts of sew-
age that need to be processed in large, central facilities. Further, these facilities thus require an 
ever increasing amount of energy and a higher power rating to be safely equipped to handle this 
growing amount of sewage, and to handle possible brownouts or blackouts of power delivery. 
Conventional plants also seem to have difficulty dealing with unforeseen bio-active substances, 
heavy metals, herbicides/pesticides, and chemicals. For example, out of the estimated 60,000 
chemicals on the market in the USA, according to the USEPA, less than 5,000 are registered so 
that it is known what their content and effects are. Finally, these plants make re-use or recycling 
of the water, minerals, and other potentially useful resources from sewage difficult, if not im-
possible.  

Diversion of at least some of the raw sewage or the initially screened sewage to ecological 
treatment achieves a lower total amount of wastewater to be treated in central facilities, which 



translates often into a higher reliability of treatment, normally better treatment, and lower total 
energy use. Because sustainable water-nutrient facilities use nature as a guide for design, the 
constructions are normally very efficient in the processing of waste, use much lower power rat-
ings, have much lower total energy demand (they often move wastewater with gravity), and are 
very reliable because of the complex and integrated working of the ecological systems in the de-
sign. Further, such alternative, ecological treatment facilities can become positive additions to 
the aesthetics of the urban or suburban area, cascade products such as fertilizer may beneficially 
be produced from treatment, and they can often help the public to learn about ecology, the envi-
ronment, and energy efficiency.   

Ecological engineering has over the years built up a record of success in dealing with these 
different components of municipal and domestic waste. A short review of some of these facili-
ties shows that the ecological engineering of water-nutrient cycles has successfully dealt with 
many different sorts of treatment challenges:  

1. municipal sewage from sources as small as single houses, Klingenberg house in Hu-
rup, Denmark, housing developments of 60 people, at Dyssekilde, Denmark, other 
commercial buildings (Izembart and Le Boudec 2003), 120 person section of Provi-
dence Rhode Island municipal system (Todd et al 1996), to towns of 500,000, in 
Mexico (Ogden, pers. comm.)  

2. municipal sewage from seasonal habitation of holiday and year round villages, at 
Lauwersoog, Netherlands (Izembart et al. 2003). 

3. commercial kitchen wastes, including grease, at Laurepine, California, USA (Ibid.). 
4. lake management to reduce organics and Phosphorus, the Meulard basin at Cublize 

(Ibid.).  
5. treatment of minerals, hydrocarbons and trace elements from parking lots, at Oregon 

Museum of Science and Industry, the Hillsboro Wetlands Education Center, both in 
USA, and the Kolten airport, Switzerland (Ibid.).  

6. multi-chemical treatment of soaps, detergents, hydrocarbons, and trace elements, 
from car wash wastewater, at Amagerbro car wash, Denmark (Ibid.). 

7. treatment of hydrocarbons, greases, soaps, detergents, etc. as highway runoff, at high-
way between Bamberg and Bayreuth, Germany (Ibid.). 

8. treatment of high nitrate levels from agricultural runoff to water table, based on 
Seidel�s work, at Vierselsüchteln, Germany (Ibid.). 

9. large scale experimental sewage treatment plants, treating approx. waste from 12,500 
persons, at San Pasqual plant, near San Diego, USA, to test ability to produce drink-
ing water (Ibid.). 

10. sludge mineralization facility, treatment of sludge in liquid form from conventional 
treatment plant, at Karlebo, Denmark (Ibid.). 

11. comprehensive, onsite domestic wastewater treatment, for approx. 300 people, from 
lavatories, toilets, and liquid kitchen waste, used for gardens, block of houses in 
Kolding, Denmark (Ibid.). 

12. re-use of a 120 hectare (1.200.000 sq. m.) area of slag heap leftovers from mining at 
Germignies, France, to process wastewater and integrate the re-use of the effluent to 
fertilize trees for particle board production, produce compost, and contribute area to 
fish farming (Ibid.), secondary treatment of sewage and timber production of willows 
in 245 hectare facility, at Monzón, Spain (Galí-Izard).  

13. ecological restoration of former 40 hectare industrial area of sawmills, factories, and 
pulp mills to nature preserve and wastewater treatment facility, with 15,000 visitors 
per year and year round population of 15,000, at Arcata, California, USA, (Izembart 
and Le Boudec 2003). 

14. urban nature sanctuary integrated with sewage treatment plant, at the Mount View 
Sanitary District facility in Martinez, California (Ibid.). 

15. Conventional treatment plant replacement with conventional secondary treatment and 
ecological polishing of wastewater to produce fertilizer for woody plant forest and as 
final treatment, at Cannon Beach, Oregon, USA (Ibid.). 



 
Case studies of some of the recent projects by John Todd Ecological Design, Inc. and the de-

signers John and Jonathan Todd can serve to illustrate more of the detail of how such beneficial 
results are obtained and sustained.  
 
Providence Sewage Treatment Facility, Providence, Rhode Island, USA 
Daily wastewater flows equivalent to a population of 120 persons was treated in a greenhouse, 
which had a common headworks with the conventional municipal system. Influent  BOD was 
often over 250 mg/l, while because of the local jewelry industry, heavy metal constituents in the 
wastewater were unusually high. This facility began operation in 1989 and was functional 
through the 1990s, providing a proving ground for the efficient, reliable, low energy, and low 
cost treatment of municipal sewage. The BOD effluent was always under 10 mg/l, while other 
indicators such as chemical oxygen demand, total suspended solids, total nitrogen, total phos-
phorus, and heavy metal concentrations all showed continuous and significant reductions to 
within standards of treatment throughout the test period. Finally, coliform counts throughout the 
period showed that swimming water standards could reliably be met for the effluent. 
 
 
Baima Canal, Fouzhou, China 
Traditionally, raw sewage is dumped directly into Chinese urban waterways. The pilot project to 
cleanse canal water in Fouzhou, a city of six million in China, proved to be very successful, al-
though it has not yet been followed up.  This canal had severe problems of odors, floating sol-
ids, a visibility of only 16 cm., and a BOD of 240 mg/l. The chosen solution was a 500 meter 
long restorer, or weir, containing 12.000 plants of 20 different native species, with a walkway 
down the center for public access. The plants provide an excellent environment for specific spe-
cies of bacteria and other life forms to digest the sewage, sludge, and grease, as well as remove 
the nitrogen. The restorer brought the BOD down to 19 mg/l, well below secondary treatment 
by EU standards, with a flow of 3.375.000 liters/day, or treatment for approx. 11.250 people.  
 
Punawai Lake Restorer at Four Seasons Resort, Kona, Hawaii 
A 16 million liter pond situated on the grounds of the Four Seasons Resort in Kona was required 
to be kept free of algae without high flushing rates in the relatively dry environment of the 
western side of the island of Hawaii. Two restorers harboring 26 different species of native Ha-
waiian fauna, fish, and shrimp, with six airlifts, and a subsurface filtration system, provide for 
the cleansing of the pond water. Aerobic bacteria attached to the restorer plants and gravel di-
gest the nitrates and out-compete algae for available nutrients, making the pond clear and eco-
nomically stable. Fish grown in this pond have now for years been served in the hotel restaurant. 
The power rating of the aeration system with the restorers went from 70 kw down to approx. 
1.5kw, and finally, the facility has recently won an environmental award from the USEPA. 
 
Tyson Poultry facility, Berlin, Maryland, USA 
The original wastewater treatment facility for the processing of chicken waste was fined by the 
USEPA, and Tyson therefore sought alternative treatment methods for this facility. John and 
Jonathan Todd designed a treatment system using 12 weirs, 42 meters long, containing 25 spe-
cies of native plants as a platform for beneficial bacteria.  Results obtained by the USEPA 
showed that the facility treating 4.500.000 liters/day of chicken waste at 418 mg/l BOD during 
the summer, achieved a 20% reduction in sludge production, which translated into a cost sav-
ings per year of 55.000 dollars, a mean actual effluent BOD of 12 mg/l, and energy savings of 
approx. 3.500 kwh/day, or a cost savings from this energy demand reduction of over 
$70.000/year.  
 
M&M Mars Candy Factory, Waco, Texas, USA 
High sludge disposal fees and the environmental risks associated with off-site disposal led the 
M&M Mars Company to install a John Todd designed vertical flow reed bed wastewater treat-



ment facility. Such designs utilize common marsh reeds, such as phragmites communis to oxy-
genate the water column and to be the platform for beneficial aerobic and anaerobic bacteria, 
which thereby breakdown solids to mineral components. This facility has been able to reduce 
the volume of the sludge by 98%, pathogens are destroyed, and organics are broken down and 
mineralized, resulting in the continual production of stabilized sludge that can be stored in 
windrows for future land application. The 360 sq. meter reed bed treats over 83.000 liters of 
bio-solids/month. The $50.000 reed bed was thus able to eliminate the annual $31.500 cost of 
the disposal of the sludge.    
 
Peace & Plenty Beach Inn hotel, Great Exuma, Bahamas 
The 16 room inn on the island of Great Exuma originally discharged primary treated sewage 
from a septic tank into a deep injection well. This is certainly not ideal as the Bahamas and the 
region is characterized by Karst geological formations and by ooligotrophic coral reefs, or hyper 
sensitive to nutrient overload. The hotel produces a total load of approx 13.500 liters/day of 
sewage. A subsurface flow constructed wetland was chosen to produce water suitable for the ir-
rigation of the hotel landscaping, or to deposit down the injection well. Such facilities are highly 
reliable producers of reduced sludge amounts, reduced BOD to normally below 10 mg/l, and in 
this case, with a re-circulating filter and a sand filter, reduced COD, and reduced nitrates and 
phosphorus.  Laboratory results from this facility are expected shortly. 
 
 
CONCLUSION 
 
Right from the Middle Ages and until today, there continue to be serious challenges to the abil-
ity of human societies to adequately deal with sewage originating from the human or animal di-
gestive systems. Even as our technical ability at cleansing and disinfecting water has increased, 
per capita water usage has increased, world populations have increased, and people have now 
concentrated themselves into ever greater megalopolises, i.e., Mexico City at 16 million, thus 
exerting ever greater challenges to successfully treat water to a reasonable standard to protect 
health and the natural environment. A staggering three billion people in the world do not have 
proper sewage treatment, so that one and a half billion people all over the world suffer, at any 
one time, from parasitic worm infections due to human excreta and solid wastes in their near 
environment. (EAWAG 2000a, EAWAG 2000b). 
 Because of this situation, since the 1950s, a growing chorus of scientists, engineers, designers 
and other stakeholders have spoken up for new thinking when it comes to the issue of wastewa-
ter treatment, and the new field of ecological engineering has since provided many new and re-
liable innovations for treatment using the principles of ecology and the vast knowledge and 
physical resources of planetary life. Thus, the ecological viewpoint in engineering design must 
now be seen as a mainstream contribution to infrastructure design for human settlements. 
(EAWAG 2000b). 
 The numerous examples of the continued successful use of ecological engineering for sus-
tainable design of infrastructure shows that competent and relatively knowledgeable designers 
can be expected to solve many formerly intractable issues of how to treat large amounts of sew-
age, industrial waste, or agricultural waste, while at the same time producing different types of 
beneficial cascade products, such as woody plants, minerals, compost, fertilizer, cash crops, and 
water for various purposes, such as fish farming or environmental restoration.     
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Noise abatement from the point of view sustainable environment 
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ABSTRACT: Since it has been discovered that quality is more important than quantity of built 
environment, noise abatement is one of the issues of sustainable environment studies. Because, 
one of the criteria for obtaining indoor and outdoor environments of good quality is prevention 
of noise pollution. Although noise has bad effects on human health, it is most ignored one 
among the other pollution effects. The effects of noise pollution are not as striking as the others; 
they are cumulative and/or indirect, so, these features cause insufficiencies in noise abatement 
works. Due to bad planning and fast growth of cities, noise exposure is also higher in develop-
ing countries. Such a condition makes the building components’ resistance very important 
against unwanted sound transmission. The aim of this paper is defining the design criteria for 
getting acoustically healthy environment from urban scale to the materials used in buildings. 
 

1 INTRODUCTION 
 

Sustainable design and acoustics have fundamental concerns for environmental impact, profit-
ability and health and safety, at the starting point. Having acoustical comfort is very important 
for nearly all kind of environment we live in, in that, poor acoustic conditions can cause danger-
ous, unhealthy environments while good acoustics can increase the overall comfort level of a 
space. Increasing level of noise pollution is one of the most important issues of acoustics, since 
it ruins the acoustical quality of environment. Addition to this, noise control is one of the most 
important issues of sustainable development of environment as well as the sustainable construc-
tion design.  

 
 

2 EFFECTS OF NOISE 

Although living in a complete silence seems impossible for human beings, today’s increasing 
noise levels affect our lives seriously. Because increasing noise levels prevent us to live in a 
healthy environment. But, to understand the effects of it, it can be useful to look at what the 
noise is. 

2.1 Definition of noise 

There is a difficulty for defining what the noise is, since, physically, there is no distinction be-
tween sound and noise. Sound is a subjective and the complex pattern of sound waves is la-
belled noise, music, speech etc. So, noise can be defined as unwanted sound. 

According to World Health Organization (WHO), Community noise (also called environ-
mental noise, residential noise or domestic noise) is defined as noise emitted from all sources 
except noise at the industrial workplace. Main sources of community noise include road, rail 



and air traffic, industries, construction and public work, and the neighbourhood (WHO, 1999). 
One or more of these noise sources affects most of people during day or night time. 

Also according to WHO Constitution the definition of ‘health’ is given as: “A state of com-
plete physical, mental and social well being and not merely the absence of disease or infirmity”. 
This broad definition of health embraces the concept of well-being and, thereby, renders noise 
impacts such as population annoyance, interference with communication, and impaired task per-
formance as ‘health’ issues. 

2.2 Bad effects of noise on human health 
Although noise has bad effects on human health, it is most ignored one among the other pollu-
tion effects. The effects of noise pollution are not as striking as the others; they are cumulative 
and/or indirect, so, these features cause insufficiencies in noise abatement works. 

The perception of sounds in day-to-day life is of major importance for human well-being. 
Communication through speech, sounds from playing children, music, natural sounds in park-
lands, parks and gardens are all examples of sounds essential for satisfaction in every day life. 
According to the International Programme on Chemical Safety (WHO 1994), an adverse effect 
of noise is defined as a change in the morphology and physiology of an organism that results in 
impairment of functional capacity, or an impairment of capacity to compensate for additional 
stress, or increases the susceptibility of an organism to the harmful effects of other environ-
mental influences. This definition includes any temporary or long-term lowering of the physical, 
psychological or social functioning of humans or human organs. The potential health effects of 
community noise include hearing impairment; startle and defense reactions; aural pain; ear dis-
comfort speech interference; sleep disturbance; cardiovascular effects; performance reduction; 
and annoyance responses. These health effects, in turn, can lead to social handicap; reduced 
productivity; decreased performance in learning; absenteeism in the workplace and school; in-
creased drug use; and accidents. In addition to health effects of community noise, other impacts 
are important such as loss of property value (WHO, 1999). 

 
 

3 NOISE ABATEMENT STRATEGIES  

In 1999, WHO published guidelines for the community noise to prevent people from the bad ef-
fects of noise pollution. In WHO report, noise is defined as both a local and a global problem. 
Governments in every country have a responsibility to set up policies and legislation for control-
ling community noise. So, in recent years many European countries has changed or updated 
their guidelines or standards about the noise as well as the sound insulation criteria. Also, it is 
suggested that, there is a direct relationship between the level of development in a country and 
the degree of noise pollution impacting its people. As a society develops, it increases its level of 
urbanization and industrialization, and the extent of its transportation system. Each of these de-
velopments brings an increase in noise load. Without appropriate intervention the noise impact 
on communities will escalate. If governments implement only weak noise policies and regula-
tions, they will not be able to prevent a continuous increase in noise pollution and associated 
adverse health effects. Failure to enforce strong regulations is ineffective in combating noise as 
well. 

To minimize noise levels, action should be taken where possible to reduce noise at the 
source. When we think about urban scale, firstly, sources of community noise must be de-
creased as much as possible. Then, land-use planning should be guided by an environmental 
health impact assessment that considers noise as well as other pollutants. Finally, building con-
structions must be taken into consideration against the noise, which is both coming from the 
outside and coming from the neighbours.  

Another important steps of noise management are defined as to develop criteria for the maxi-
mum safe noise exposure levels, and to promote noise assessment and control as part of 
environmental health programmes. 



4 SUSTAINABILITY AND NOISE CONTROL 

Since, an architect is supposed to design an ideal environment for whatever man chooses to do, 
most of the time, building design have most important role against noise between the source and 
receiver. Also, it is very important for the architect to reduce the problem of noise control by 
site planning as well as internal planning and construction design. If the site selection, planning 
and also material/ construction selection is made by considering the noise control at the begin-
ning of the design, the result can be more effective. And also this kind of approach can be effec-
tive for reducing the use of construction material, time, and also workmanship in addition to re-
duction of the cost. So, it can become a sustainable design approach at the same time. Here, also 
we can have a short look of the definition of the sustainability and noise abatement works within 
it. 

4.1 The terms sustainability and sustainable construction  

"Future generation is the most important". Confucius 
Since it is discovered that World has limited sources that human beings need, sustainability is 

(must be) one of the most important criteria of life. World Commission on Environment and 
Development defines sustainable development as, development, which meets the needs of the 
present without compromising the ability of future generation to meet their own, needs (As-
drubali, 2006).  

We can define sustainability in three-dimensional concept as environmental, social and eco-
nomic sustainability. Human well-being is the main objective of these aspects, since it is at the 
intersection of them.  

Urban development and built environment are very important factors of sustainability, as they 
cause many damages or changes in the environment. This fact is also described by many au-
thorities or references. One of these definitions is below, from Sustainable Architecture and 
Building Design (SABD) web site; 

“Architecture presents a unique challenge in the field of sustainability. Construction projects 
typically consume large amounts of materials, produce tons of waste, and often involve weigh-
ing the preservation of buildings that have historical significance against the desire for the de-
velopment of newer, more modern designs”. 

Sustainable building involves considering the entire life cycle of buildings, taking environ-
mental quality, functional quality and future values into account. In the past, attention has been 
primarily focused on the size of the building stock in many countries. Quality issues have hardly 
played a significant role. However, in strict quantity terms, the building and housing market is 
now saturated in most countries, and the demand for quality is growing in importance. Accord-
ingly, policies that contribute to the sustainability of building practices should be implemented, 
with recognition of the importance of existing market conditions. Both the environmental initia-
tives of the construction sector and the demands of users are key factors in the market. Govern-
ments will be able to give a considerable impulse to sustainable buildings by encouraging these 
developments. The OECD project has identified five objectives for sustainable buildings:  

• Resource Efficiency  
• Energy Efficiency (including Greenhouse Gas Emissions Reduction)  
• Pollution Prevention (including Indoor Air Quality and Noise Abatement)  
• Harmonization with Environment (including Environmental Assessment)  
• Integrated and Systemic Approaches (including Environmental Management System) 

(SABD- http://www.arch.hku.hk/research/BEER/sustain.htm) 
As it is seen in the objectives above, Noise abatement is one of the issues of sustainable 

building design as well as the sustainable environment. And also it can be seen that sustainable 
design means much more than using recycled materials.  
 



4.2 Steps for having acoustical comfort in built environment considering sustainability 

Health & Safety can be considered at the first rows of sustainable design. As it is explained be-
fore, hearing impairment that is caused by high noise is one of the leading occupational hazards. 
Other health problems associated with noise exposure have also been explained in previous sec-
tions. 

Comfort - "Few people have ever experienced real comfort - thermal, visual, or acoustic - but 
once they do, they tend to want more of it." (Hawken, Lovin & Lovins. Natural Capitalism) Oc-
cupants in a noisy space can feel irritable, distracted, anxious, hostile and annoyed, sometimes 
without consciously making the connection to noise (Acoustics.com).  

Human efficiency is also very important for sustainable design. Since employees are usually 
a company's most valuable resource, creating a space in which they can maximize their produc-
tivity is key. Many studies over the last 12 years convincingly document that noise is the num-
ber one (by far) impediment to workplace productivity (Acoustics.com).  

Functionality/Building Longevity is another criteria for sustainable design. A building is, 
primarily, a controlled environment, which facilitates human activity and, as such, influences 
human conduct and attitudes. The awe-inspiring hush of a cathedral, the quiet of a library, the 
brilliance of a concert hall need not to be the results of fortuitous accidents (Yerges, 1969). For 
example, speech intelligibility is important for designing a classroom, courtroom, etc., speech 
privacy is important for open office, call centers, etc., music is important for a performance 
space, concert hall, recording studio, etc., a quiet atmosphere is important for a library, museum, 
healthcare facility, etc. and so on. Acoustics that meets the needs of function is also very impor-
tant for sustainability of the building as well as its longevity.  

How the Building Impacts the Environment – according to sustainability criteria, the opera-
tion of the facility should not harm (pollute) the environment. Although the LEED program 
takes into account water, air, land and light pollution, it surprisingly does not include noise pol-
lution. Although controlling/limiting light pollution is very important, noise pollution can be far 
more annoying and harmful. Additionally, noise is much more difficult to limit. (Acous-
tics.com). 

Use of Recycled (Sustainable) Materials is one of the solutions for sustainable design. Some-
times it is not possible to control noise or solve the acoustical problems without using acoustical 
materials. In such a situation, sustainable/ recycled acoustical materials must be preferred, since 
there are many recycled/sustainable acoustic products that work as well as (or better than) non-
recycled acoustic products.  

5 DESIGNING FOR NOISE CONTROL 

Basically, sound originates with a source, travels via path, and reaches a receiver. Like this, 
noise occurs different sources of city and reaches us (or spaces, where we live) by decreasing or 
increasing effect of environment (path). This fact makes important to consider studies for reduc-
ing the noise at the source. This can be obtained by designing and choosing less noisy machine/ 
equipment and more sensitive installation of them, regular service of maintenance & repairing 
as well as active control systems. Also there are some emission standards that aim to reduce 
noise level of different kind of sources (machines, equipment, vehicles…etc.). 

Also, it is possible to make some studies on user (receiver) to prevent him bad effects of 
noise. These precautions can be listed as, education of the user/ occupant, reduction of the noise 
exposure time, personal protection against noise, and using masking effect of noise. 

But in our life, most of the time we are affected by high noise level of cities even though we 
are not aware of it, so, controlling the noise at built environment (path) has the main role of 
noise abatement works. Control of noise at built environment starts with the city planning. Then 
scale gets smaller, building area design, building design, interior design of the building, building 
component design, material selection are other important steps of the noise control. As it is 
mentioned before, if the site selection, planning and also material/ construction selection is 
made by considering the noise control at the beginning of the design, the result will be more ef-



fective. But, on the other hand, usually due to bad planning and fast growth of cities, noise ex-
posure is also higher in developing countries. Such a condition makes the building components’ 
resistance very important against unwanted sound transmission. 

5.1 City planning 

It is evident that noise is a major consideration, not only in the planning and construction of in-
dividual buildings, but also in the wider context of town and regional planning (Moore, 1988). 

With careful planning, noise exposure can be avoided or reduced. Also according to the noise 
management strategies of World Health Organization, land use planning is one of the main tools 
for noise control and includes: 

a. Calculation methods for predicting the noise impact caused by road traffic, railways, 
airports, industries and others. 
b. Noise level limits for various zones and building types. The limits should be based 
on annoyance responses to noise. 
c. Noise maps or noise inventories that show the existing noise situation. The construction of 

noise-sensitive buildings in noisy areas, or the construction of noisy buildings in quiet areas 
may thus be avoided. Different zones, such as quiet areas, hospitals, residential areas, commer-
cial and industrial districts, can be characterized by the maximum equivalent sound pressure 
levels permissible in the zones. More emphasis needs to be given to the design or retrofit of ur-
ban centers, with noise management as a priority (e.g. “soundscapes”) (WHO, 1999). 

5.2 Reduction of external noise by screening  

If a screen element (usually it is a wall, but sometimes planting can be used for the same pur-
pose) is set between a source of sound and a listening position, the level of sound heard will de-
pend on the amount of sound energy diffracted over the top edge (Moore, 1988). 

Use of noise barriers as screening element is quite often for controlling noise within the 
sound transmission path. They are usually installed for protecting dwellings close to the traffic 
source. Noise barriers performances are usually evaluated in terms of transmission loss and dif-
fraction phenomena; noise absorption performances are also important in order to reduce reflec-
tion phenomena. (Cotana et.al, 2005) 

Noise barriers are solid obstructions built between the highway and the homes along the 
highway. Effective noise barriers can reduce noise levels by 10 to 15 decibels, cutting the loud-
ness of traffic noise in half. Barriers can be formed from earth mounds along the road (usually 
called earth berms) or from high, vertical walls. Earth berms have a natural appearance and are 
usually attractive. However, an earth berm can require quite a lot of land if it is very high. Walls 
take less space. They are usually limited to 25 feet in height for structural and aesthetic reasons. 
Noise walls can be built of wood, stucco, concrete, masonry, metal, and other materials. Many 
attempts are being made to construct noise barriers that are visually pleasing and that blend in 
with their surroundings (FHWA- U.S. Department Of Transportation Federal Highway Admini-
stration). 

However, barriers do have1imitations. For a noise barrier to work, it must be high enough 
and long enough to block the view of a road. Noise barriers do very little good for homes on a 
hillside overlooking a road or for buildings which rise above the barrier. Openings in noise 
walls for driveway connections or intersecting streets destroy the effectiveness of barriers. In 
some areas, homes are scattered too far apart to permit noise barriers to be built at a reasonable 
cost (FHWA). 

Vegetation, if high enough, wide enough, and dense enough (cannot be seen through), can 
decrease highway traffic noise. A 200-foot width of dense vegetation can reduce noise by 10 
decibels, which cuts the loudness of traffic noise in half. It is often impractical to plant enough 
vegetation along a road to achieve such reductions; however, if dense vegetation already exists, 
it could be saved. If it does not exist, roadside vegetation can be planted to create psychological 
relief, if not an actual lessening of traffic noise levels (FHWA). 



5.3 Building design 

5.3.1 Definition and the analysis of the noise problem 
The control of noise starts with the choice of site and the importance of noise as a factor in that 
choice depends on the purpose of the building. For example, residential buildings are much 
more sensitive against the noise than shopping centres or office buildings. It is then necessary to 
find out the sources and levels of noise to be expected on the selected site. It may be produced 
by different sources due to human activities: transport systems, industrial and trading plants, 
yards and recreative activities. Some common external noise sources can be listed as, aircraft, 
road traffic, rail traffic, factories and car parks.  

Noise sources within a building are so multifarious that, it seems impossible to enumerate. 
They may be broadly ascribed to the activities of occupants and the operation of machines and 
equipment. In all cases, the distinction between the air-borne and structure-borne noise should 
be taken into consideration (Moore,1988). 

5.3.2 Site and location of building 
Choosing a site consistent with the function of the building is a good way of starting, if it is pos-
sible. A rest home must not be next to the railroad, or a concert hall must not be adjacent to a 
bus station. On the other hand, sometimes a critical building is needed to be located on a diffi-
cult site. There are of course solutions for acoustical problems in such a situation, but they are 
complex and expensive. It is probably possible to solve any acoustical problems but choosing 
another site instead of complex solutions may be wiser way and more appropriate for sustain-
ability at the same time (Yerges, 1969). 

Location of building is also important. Whenever possible, the building must be located as far 
from the noise sources as possible. If there is noise source from one direction, it can be useful to 
arrange orientation of the building according to this data.    

5.3.3 Layout and design of spaces 
It is possible to reduce noise by appropriate planning of the interior spaces within the building. 
To be able to make this arrangement at the design stage, spaces can be divided into three catego-
ries according to their sensitiveness against noise. These are quiet, noisy and buffer spaces. It is 
a common principle to group quiet spaces one area, noisy spaces another, and buffer spaces be-
tween them. Corridors, storerooms, closets and similar spaces can be evaluated as buffer zones 
between noisy and quiet spaces. Also, it is a good solution to put the quiet spaces as far as pos-
sible from external noise sources. While designing the building it must be always in mind that 
reduction of noise by planning is a three dimensional matter.  

5.3.4 Choosing the exterior construction  
After making the design, materials and constructions must be selected carefully for the exterior 
envelope of the building. The exterior includes, roof, fenestration, louvers, and all significant 
details as well as the exterior walls.  

There is a point that should be emphasized, if high noise levels in cities are noticed, building 
components’ resistance to sound transmission is getting more important. So, the quality of com-
ponents of exterior envelope must be increased to obtain better sound insulation values.  

On the other hand, material and component selection must be done by considering the sus-
tainability criteria.  When considering the sound transmission resistance of a building compo-
nent, by increasing the mass property, it is possible to increase sound insulation value of it. But, 
this solution may not be useful in every situation. Instead of doubling the weight of the wall to 
obtain necessary sound insulation value, adding some recycled or natural insulation layer can be 
more effective and sustainable way, since there are many natural and recycled acoustical mate-
rials are developed.   



5.3.5 Choosing the interior construction 
While considering about the interior construction first step is to choose the materials, compo-
nents or constructions that can serve as barriers to prevent transmission of any kind of internal 
noise. Second decision is about the finishing materials of the space. It involves sound absorption 
or reflection ability of the materials. But like exterior elements/components of building, interior 
materials or components must be selected by considering sustainability as one of the major cri-
teria.  
 For example, in a common internal heavyweight partition wall with an interposed insulating 
layer, concrete or bricks masonry, are responsible for most of the potential "damage". They im-
ply high-energy demand for production process and for transport, mainly influencing human 
health damage category by respiratory diseases due to inorganic fuel combustion air emissions. 
The fixation system of the insulation layer supply higher eco-impacts than the particular insula-
tion material. In case of gluing by polyurethane adhesive, the main impact is given by carcino-
gens and respiratory diseases from inorganic substances. Mechanical assembly, typical of light-
weight partition solutions, is then preferable. (Desarnoulds et.al, 2005). 

5.3.6 Developments on sustainable materials for noise control 
Since it is very important to selection of sustainable materials for noise control, research and 
development studies are stimulated on new materials as alternatives to the traditional ones. 
These materials can be divided into two main categories as natural materials (cotton, hemp, 
sheep wool, flax, clay, etc.) and recycled materials (rubber, plastic, cellulose, carpet, etc.) These 
materials are in many cases comparable to traditional ones as far as thermal and acoustic per-
formances. Though for many products physical properties have not been deeply analysed and 
are not yet certified, they have already reached a technical and commercial maturity; in Italy, for 
example, many sustainable materials are listed in official prices lists for public tenders (As-
drubali, 2006). 

Also studies show that, for heavy and lightweight double-leaf partition, various alternative 
sound insulating layers (sheep wool, latex-coco, flax, cellulose, wood wool) are equal or better 
than mineral wool with the same thickness. For these animal or vegetal materials, it is however 
difficult to time durability without specific processing. Cork is not very effective regarding the 
usual airborne sound insulation purposes. For impact sound insulation, natural and recycled ma-
terials (cork, rubber, wood wool, coconut fibers, cardboard, etc.), correctly designed and used 
(directly as floor finish or under a floating floor or surface), are generally as good as other tradi-
tional products. These “sustainable” materials can also be used in room acoustics, even if their 
absorption coefficient is generally lower than mineral wool (Desarnoulds et.al, 2005). 

The production of these materials generally has a lower environmental impact then conven-
tional ones, though a proper analysis of their sustainability, through Life Cycle Assessment pro-
cedures, has to be carried out. Also the total energy demand has to be accurately evaluated, 
since not always an ecological material requires less energy in its life cycle than a traditional 
one. Furthermore, many of these materials are currently available on the market at absolutely 
competitive prices. There is however a need to complete their characterization, both from an ex-
perimental and a theoretical point of view, and especially to propose a standard and unique pro-
cedure to evaluate their sustainability (Asdrubali, 2006). 

6 CONCLUSIONS 

Noise control is one of the most important issues of sustainable building design, since it affects 
the human well-being directly.  On the other hand, controlling the noise level within the accept-
able limits is one of the most important criteria for a sustainable environment. For this reason, 
the importance of the acoustical comfort in terms of sustainability must be emphasized in LCA, 
LCC studies as well as in the sustainable building design. 
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1 FOREWORD: 

Each of Chinese, English and Spanish languages makes use of its particular grammar and vo-
cabulary. Being unable to hear, people gesticulate to speak to each other. Sailors use flags to 
communicate and even dogs bark to imply a meaning. Likewise when classifying architecture as 
a language, the first questions to be answered would be questions such as "what is told?" and 
"who are the addressees?"  

Here are some definitions given in dictionaries:  
Language: Words and methods they are used 
Architecture: The art or science to construct buildings 

In regard of messages which architects represent to each other by a design, more concentra-
tion and attention is required, but all the people are not deemed to be interested in finding out 
these messages. There is another issue which people are more concerned about, and that’s the 
environmental aspects of a design. Buildings are speaking not only to architects and people but 
also to the environment …  

If there is a harmonization to be made between architecture and environment, new ap-
proaches shall be developed to facilitate the communication. The buildings of the city shall be 
more urban. "Individualism" could be a title for the art of urbanizing the buildings. The so 
called "architecture language" theory of Jenks, is an approach to harmonization and coordina-
tion. The buildings can speak and they are even able to listen.   

The environment speaks also; it speaks using a variety of languages and sounds… 
Since architecture is an everywhere-exposed art, the language used by architects and urban 

planners shall be easily interpretable to the local language. And this is where it's understood that 
the environment has got various messages to represent. 

Admirable buildings and other urban places shall speak to the whole environment: other 
buildings, animals, plants, people and any other phenomenon. 
 
 

Regenerating lost places in old cities (link linguistic with 
sustainability) 

Shiva Shadravan 
Tehran, Tehran, Iran 

ABSTRACT: Karim Khan Street is a main axis in Shiraz, which has evolved throughout his-
tory. Its development started during Zand era, but has experienced both Pahlavi I and II eras as 
well. Each section of the street is reflecting the design principles of the corresponding era to 
such as a sentence in Chomsky’s semantic meaning. However, due to the passage of time and 
dilapidation and or demolition and replacement of some of the original buildings, the sentences 
are disrupted and the transfer of meaning is interrupted now. The article has suggestions for re-
constructions of meaning for current users, through certain physical interventions, and recon-
structions.  



2 STREET; THE FORGOTTEN URBAN SPACE:  

 
Urban space by its very meaning is the environment which is defined by the daily activities and 
events taking place in it. Street is one of the most significant urban spaces nowadays being sub-
ject of special attention and consideration. 

 "Streets are not only conduits for the physical movement in our daily lives, but they also 
have the potential to be the conduits for community cooperation, organized public action, and 
civic pride. Streets must be regarded as a vital public resource. Street improvement projects 
should not only increase traffic efficiency, but fulfill other objectives as well. It is especially 
important to seize the opportunities of street improvement conditions, reinforce community 
identity, provide for a variety of pedestrian activities, and revitalize community business". 
(Owen 1987) 

Looking at a traditional street, evolution of events and changes could be found in various 
physical and spatial aspects in every era, but the major issues to give a special character to the 
street environment, are three physical aspects dedicating a particular meaning to the street each 
and every. These three are: special dimension, special arrangement and special position. (Ander-
son 2001) 

Any physical component of the city has got a form, and coordination between these compo-
nents will create the special formation and construction of a city. Thus any physical component 
of the city could be planned and so could the compound of these components, to generate 
streets, plazas, urban texture, monuments and the skyline. Although the form and construction 
of the traditional city could have been developed in a sluggish, gradual process and devoid of an 
official plan; this development has been in accordance with the acceptable and known models of 
development. 

Nowadays several non-local leverages influence the formation of a city. These models and 
regulations shall be defined as frameworks of planning and development which must be based 
on the particular history, culture, location and topography of the city so that the character of the 
city is retained. 

 
 

3 EXPERIMENTING THE SPACES AND THE ROLE OF THE EXPERIMENTER: 

 
City is a discourse, and this discourse as the matter of fact is the language by which the city 
talks to its residents. We are talking to the cities we live in, just by looking at them, walking in 
them and totally living in them. 

Whereas the urban spaces could have a fundamental effect on the public viewpoint and the 
social and functional specification of an axis, and since these spaces are experienced and felt 
during trips; the role of experimenter and the way he/she surveys the environment is the key 
point, because a good city is the one in which people discover their origins. Time is one of the 
implicit dimensions which are brought to consideration by the environment. Historical environ-
ments have more capability in respect of reminding the issue of time. Having a remarkable his-
torical background, the ZAND axis in Shiraz benefits from such capability. But overlooking the 
abilities of this environment in respect of its time-reminding role has caused some illegibility 
within the urban space. These troubles shall be detected, missed chains shall be identified, and 
after review and assessment of all issues, a constructive step shall be taken in order to revive 
these places as the sense of belonging to a place is born only when the environment guides the 
people. 

In reviewing the creation of a sustainable urban planning, the tools used for this thing, repre-
sent criteria for definition of public places. These are the criteria: safeness, accessibility, legibil-
ity, attractiveness, comfort, and livability. Hierarchy of the mentioned criteria is directly con-
nected to the needs and wishes of citizens and local communities in relation to sustainable open 
spaces. The main insistence is on active participation of citizens in bringing the urban plans. 
The participation of citizens is considered one of the main instruments in attaining       tenable 



development, as well as in identification, preservation, creation and realization of new local 
qualities. 

One of the approaches to achieve such a target is to study the structure of the urban language 
within the related urban space by means of linguistic theories and the ways constructivists use 
this reconnaissance approach.  

 
 

4 LINGUISTIC AND URBAN LANGUAGE OF PEOPLE IN SHIRAZ CITY: 

 
A common language in a city is a comprehensive structure which is much more complex than 
the individual languages. This language is not a concise grid but the grid and structure with their 
very function. It's a complex of varying languages which people create when they are engaged 
with their man-building activities. (Alexander 1977) 

And by presence of such structure, we will have a live language in the city, exactly like the 
way our common oral language is alive. All the people speaking English are using this language 
in common whilst each of them has created a language in mind which is personal to some ex-
tent. This is why we are able to recognize his/her favorite words and method of speaking and the 
delicate manner in which he/she speaks. It's to be noticed that we obviously have so many 
things in common while we are using our personal languages, and such things are the ones that 
communize our language.  

Perceiving spaces in Shiraz by its experimenters is related to their common points of view, 
because the manner of interaction with the environment is derived from the general culture of a 
society and this caused by their common linguistic points.  

It's to be noticed that the studying of this environment as an urban context and the historical 
perceive of that is the major concern here. In other words the distinguishable issue and the 
common point (in regard of time) for the experimenters of the environment (Shiraz residents), is 
the physical environment. Thus they perceive by means of time and identifying the related envi-
ronment. This is where Noam Chomsky – a generative linguist – proposes the theory which con-
siders the language as a subjective issue.    

Chomsky divides the language into two branches: surface structures and deep structure. Deep 
structures as they are defined in the transformative-generative theory are subjective and actual 
structures. These deep structures together with the transformative rules by which they are re-
lated to surface structures, vocal utterances and meanings; constitute the rules on which a lan-
guage learned person is dominated. According to Chomsky's approach, a language's grammar 
could be studied on the basis of three structures: syntactic structure, meaning structure and vocal 
structure. 

In addition to the outer layer of language called surface structure, Chomsky's theory brings 
forward the under layer he called deep structure. Deep structures are conceptual beings on 
which the surface structure (the objective feature of the language) is based. The transformation 
between the deep structure and the surface structure is performed using "transformative gram-
mar". (Chomsky1975) 

Application of Chomsky's theories and more generally application of linguistic approaches by 
people to analyze architecture and urban planning; has caused many models to be developed in 
order to determine the deep structure and the way it transforms to surface structure.   

Therefore these deep structures represent numerous abilities of the users of a language. Since 
the users themselves feature the way the deep structures are used and in other words the diver-
sity of application of these deep structures caused them to be called "generative grammar".  Ac-
cording to Chomsky's linguistic point of view, there are some deep structures within the urban 
space which could lead to surface structures using some principles and rules. Whereas these 
deep structures differ in various points of view, in this research they are defined as follows: the 
ability of people to perceive the physical environment's factors in the framework of time and   
also to perceive the parameters of recognition and the reconnaissance of the interaction between 
the space and users under proper conditions.  



5 KARIMKHAN-E-ZAND AXIS IN SHIRAZ; AN EXPOSITION OF HISTORY IN THE 
MIDDLE OF URBAN TEXTURE: 

 
The city of Shiraz with an ancient background and unique history, and having a structure 
formed within AL-E-BOOYA and its precedent eras has been the subject of different incidents 
each of which forming different urban developments in various physical aspects of the city. One 
of the most dominant fields of urban development is the one along KARIMKHAN-E-ZAND axis, 
being singly able to tell the historic story of Shiraz urban development. Being one of the impor-
tant link routes, the ZANDIE Street has got an old background in Shiraz urban formation proc-
ess. 
 

 
 
 
 

Following the prosperity of urban planning within the SAFAVIE era, a new axis was formed 
similar to its predecessors and preserving the main structural elements of the city. The current 
ZAND axis is a part of the mentioned axis, which was extended from the governmental garden 
to the king's garden and both sides of the axis, was also gardened by patricians. According to the 
found images related to Shiraz in SAFAVID era, it’s likely that the current ZAND axis has had a 
role similar to CHAHRBAGH (Quadra-garden) street of Isfahan. Presently the remained parts of 
SAFAVID gardens along the ZANDIE Street are not hard to find.  

Within the ZANDIE era there were governmental facilities built along the axis approaching 
the king's garden, and this led to further significance of the axis within the general structure of 
the city. During the QAJARIE era, the water from SHESHPIR spa was channeled to Shiraz and 
the axis was transformed into a Quadra-garden format having the mentioned water passing 
among. The two sides of the route housed the patricians' and the government officials' gardens. 
Nowadays the axis is still called "Quadra-route" among the elderly citizens of Shiraz. Following 
the kingdom of REZASHAH PAHLAVI, and the promotion of western culture, there were streets 
built for the transportation of automotives and consequently the Quadra-garden format was ru-
ined and the axis changed into a vacant street. Currently the ZAND street is flowered as its 
common in similar boulevards, but regarding the open spaces in the streets body and the proper 
proportions of width and body; it still has retained much environmental values and deserves re-
consideration. 

 
 
 
 
 
 

‘Figure 2, An example of Pahlavi I’s era 
building in Zand Street  

‘Figure 1, An example of Qajar’s era build-
ing in Zand Street 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                     
 
 
                                                                          ‘Figure 3, An example of Qajar’s building’ 
 
 
The KARIMKHAN-E-ZAND axis in Shiraz is one of the main streets of the city and plays a 

multifunctional role in the city by its structural presence and also by hosting a concentration of 
various urban and touristy activities. One remarkable issue in respect of this axis is the linking 
role of it: it’s the axis by which the ancient texture of the city is linked to the central texture on 
one side and to the modern texture of the city on the other. 

The major concern of this article is the lack of expression regarding the three historic eras 
along the axis and the importance of such expression. It's obvious that this axis shall be the 
speaking tongue of its age and on the other hand it should represent a coherent compound which 
links different spaces.  

Negligence about the valuable and time honored spaces, mishandling the valuable physical 
spaces, presence of heavy city traffic, and discordance of buildings with these precious physical 
spaces has caused misunderstandings and incorrect interpretations and in better words these 
places are lost. By and large we can say the space, the event and the meaning are all misplaced 
along this axis and the ZAND axis in Shiraz is somehow a missing place, a place devoid of 
meaning, remembrance and truth reminiscent. 

6 ZONING OF KARIMKHAN AXIS ON THE BASE OF IN SIMULTANEITY IN 
LINGUISTIC: 

According to De Saussure's point of view and on the basis of simultaneity principle, spaces on 
the ZAND axis are zoned into three phases: historic, mid-age, new-age. 

The simultaneity principle is one of the linguistic principles in which the simultaneity linguis-
tics practice on the subjective relations which bond the symmetric elements to each other and 
develop a unified entity within the common mind of speakers of a lingual society.  

It's understood that in a lingual situation, everything is based on the relations. The spoken 
words because of their continuity establish relations between themselves which are on the basis 
of the time being linear and one-dimensional. This attribute of time makes the simultaneous 
pronunciation of two elements impossible and that’s why these elements are placed on the chain 
of a speech one after the other. These compounds with the pivot of the extension of time could 
be called a syntagmatic chain. The element on the chain is makes sense only when the next or 
previous (or both) elements are present.  

KARIMKHAN-E-ZAND axis started to form before the ZANDIE era and is still being devel-
oped. According to the historic documentations and the current physical signs, it will be      pos-



sible to study the mentioned zones within the KARIMKHAN-E-ZAND axis by categorizing the 
simultaneous spaces together (by their syntagmatic chain).  

With a more distinct look at the three zones of the ZAND axis (historic, mid-age & new-age), 
these zones stand for components which a whole is made when they are put in a syntagmatic 
chain, so its necessary to define specific joints to join these components. This is where the joint 
such as a troublous urban node which functions as a link between the ancient and modern tex-
tures of the city becomes very important. In order to define the role of these nodes, one can say 
that the deep structures shall form the surface structures in a manner that enables the joint to 
demonstrate a smooth and proper transition between the two ages and of course the two places.  

 
 

7 THE SATGES TO ACHIEVE PATTERNS: 

 
In this part the reconnaissance of Alexander model are discussed which represents three divi-
sions: elements, spatial relations and specially the context. According to what Alexander be-
lieves, each model has got components which constitute the structural elements of the context 
and the spatial relation establishes an atmosphere that plays an important roll in the living of a 
place used by people. Therefore each of the three elements of this model shall be improved and 
made more accurate. (Alexander 1977) As said before, Rapaport believes that the components 
which constitute the context are divided into three divisions: fixed elements, semi-fixed ele-
ments and moving elements (Rapaport 1988). This context could create a street in a scale or 
create a city in a larger scale, but these context themselves are totally formed in a unit cultural 
context. Since the perfect perceiving of these components is completely depending on the scale 
in which they are formed, and because the experimenter of a space shall move through the space 
in order to recognize the space, his/her present as active deciding factor obtains much impor-
tance. It’s because the experimenter communicates with the environment by his/her cultural 
context or in better words his/her language. A famous city that leaves a good and memorable 
image in mind is the place that dedicates the sense of trust and power to the viewer and this is 
the issue that a good city shall represent. Thus individuals and also the societies must have a re-
spective independence in order to be able to build their environment on the basis of their needs 
and requirements. If this didn’t lead to the creation of the sense of place, it would at least help in 
this regard and this issue is on of the measures for sustainability of the city and the urban space. 
One other measure is the time, because time is and recognition of time is present underneath this 
physical environment. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                                                 ‘Figure 4, One pattern of designing light on an ancient building at night’ 
 

 



8 CONCLUSION: 

 
If we review the ability of KARIMKHAN-E-ZAND axis experimenters in respect of recognition 
of time or the age when the buildings had been built, we can find out how the people are famil-
iar with what we call historic hierarchy of construction and we can also find out whether people 
are able to distinguish different historical ages or not.   

Afterwards we can discover the aspects that help them interpret such data or in better words 
we can discover anyone's time detecting parameters. We can find out which physical or envi-
ronmental parameters (including the whole to the components) help them realize the roles and 
on the other hand what issues can cause them confusion in time recognition.   

Finally by comprehending the points of view and by analyzing them, we could realize what 
should be done for the urban space of KARMIKHAN-E-ZAND in Shiraz to make it more interac-
tive with its experimenters, or at least we can develop approaches in order to improve the cur-
rent situation of this space or to plan the spaces to be built beside these time honored places 
more carefully and knowingly hereinafter.   

The obvious thing is the importance of KARMIKHAN-E-ZAND axis in respect of its concep-
tual value because the conceptual, memorial and functional loads of this axis is an evident mat-
ter to anyone. By and large we should take two important hints into consideration:  

When an old book which is subject of decaying loses some of its words or phrases which lead 
to difficulties in the reading of the book, there is a need to other words and phrases to be put ad-
jacent to remained ones in order to achieve the meaning of a sentence. In addition when a his-
torical text is to be published, it must be revised according to today's language in order to be un-
derstandable for the today's public. Therefore any policies having the aim to improve this axis 
scape shall precisely consider the historical alteration, the language of time, the omission of 
words and the revision of language as pointed out above.  
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1 INTRODUCTION 

In the last twenty years the City of Rome, like all other administrative bodies of big European 
metropolitan areas, has had to confront, in many historic moments, the problem of living condi-
tions and the problem of a strong demand for social housing in response to the housing needs of 
many parts of the population in marginal social or economic conditions.  

The City of Rome confronted these questions through the actualization of the Plans for Popu-
late and Economic Buildings in which was determined the quantity of buildings to construct; in 
particular the 2nd PEEP promotion in 1985 was redefined and refinanced many times until 2005. 
At this point the City, due to indications of regulations oriented towards the reduction of “hous-
ing needs”(Law 8 febbraio 2001, n 21) deliberated a new series of measures to put into action a 
true and actual Plan for Emergency Housing. To carry out this plan the City individualized dif-
ferent initiatives through which it promoted the transformation of 36 internal areas of its terri-
tory. In these territories it promoted the operational town planning, the local urban planning - 
Zone Plans (Piani di Zona - PdZ) which is preliminary to the operative projection of the build-
ing interventions and necessary infrastructure for the realization of new residential installation 
and their services. On these occasions, a capitalization phase of quality definitions of planners 
that were ready to go onto the territory in a way that supplies the citizen with an offer of ser-
vices and residence that doesn’t satisfy only a question of quantity character, but also responds 
to the major ambient quality of the housing aspects, was supported. 

To have the ability to carry out this proposition the Administration proposed an addition to 
the traditional structure of actual urban planning the “Code of practice” as a guide to the projec-
tion of future installations to realize; the Code will gather and put at the disposition of the plan-
ners and promoters of future installations, all of the indications and tools for the definition of a 
integrated project strategy, to control the global quality of the operators. In this way from the 
traditional indications of relative technical regulations to the realization of residential buildings 
it is possible to add a system of best practices, innovative indications, ambient quality and the 
realization of the energetic and ambient management of the sites and the buildings, with the 
knowledgeable use of technological solutions orientated towards the complex bettering of the 
performance of the building and of the urban complex. 

The urban planning tools as quality control device for sustainable 
projects 
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ABSTRACT: The sustainability defines and invests concepts that only a variety and integra-
tion of knowledge can be able to govern, and raise different scales in which it can be researched 
and caught up. In this context, the conducted experience of the Municipality of Rome is inserted 
which marks a very important step in an initial stage of innovation and sensibilities of the new 
mode to conceive and manage building participants. At the threshold of a new season of social 
housing the quantity requirements are placed side by side with quality research which privileges 
many aspects of atmospheric and technological quality and characterizes both the interaction 
and natural atmosphere.  

 
 



1.1 Needs of quantity and demand of quality. Strategies of qualification of the project of 
residence.  

The housing market always reports a situation of emergency due to the gap between the supply 
and demands of housing, in particular the social housing market. Facing a requirement of social 
housing at a relevantly low cost, with the ability to generate new situations of poor and pro-
found social marginality, the market of residential buildings is proposing at the medium and 
high level, with factors of growth very relevant, to look at the private market and at a set of re-
quirements and questions however resolvable.  

In both cases, that which faces the social requirement of quantity character and that which ar-
ticulates more the demand of quality in the privet market, the market responds with one equaliz-
ing and logic definition on the very traditional technological definitions and with typical solu-
tions blocked - also due to current regulations- offers as an added value of extra-supply of space 
or equipment. Facing this solid report between supply and demand for housing on the market it 
is possible to define that the needs of quantity spring from the perception of the inadequate 
quantity of the existing housing stock, while the demand of quality springs from the knowledge 
of the necessity to establish a new report with the acclimating neighborhood, on the scale of the 
building and the urban complex.  

The quality is not an objective characteristic, neither is it the qualifying characteristic of a 
product, instead it is the response to the expression of a need. Therefore a new question of qual-
ity presupposes one that is non satisfactory to the users in comparison to the actual building 
stock; when speaking of the quality of an architectural or urban project it’s level of quality must 
be discussed and the level in which it responded to the need it generated. 

It is possible to acknowledge two different levels of quality of a project: the definition quality 
and the realization quality.  

The Community Administration intends to go exactly in this direction with the planning pro-
cess for the included interventions in the new Zone Plans, where giving the guideline to better 
the project definition quality of the participants and the building quality level will create a more 
fine and complex control tool for the function of the expected performance. In this occasion all 
of the regulation indications up until today can also be made operative in an organic mode from 
the City with single measures and with the new regulations of the General Regulatory Plan with 
merit to acclimated sustainability of the building participants and also going over a certain tradi-
tional rigidness of the same urban tools with vigor. 

The “Code of Practice” is configured as a supporting tool and direction for the realization and 
control of sustainability for building constructions, in particular social housing, proposing a 
highly integrated approach to the planning. The Code faces the revision of the answers to the 
housing requirements in terms of economic, social, functional, acclimation and energetic sus-
tainability. These schematic propositions of typical innovative useful aggregations to the crea-
tion of urban spaces are analyzed in terms of both the comfort of public spaces, and as a func-
tional and social mix in a way that obviates to the phenomenon of social and economic 
segregation which is typical of metropolitan peripheries.  

The Code also faces the appraisal of appropriate technological and proportionate solutions to 
the typical buildings to realize in a way that doesn’t make them different from the realized ap-
proach of the local promoters, asking a level of higher finalized technological performance for 
the acclimated support of the participants. The analysis of the innovative technological solutions 
for the realization of the residential buildings is studied deeply including the study of the con-
struction materials to use in such a way as to orient in a knowledgeable way the choice of the 
constructive solutions and successive control in phases of realization through exercised man-
agement. With the same logic, the most appropriate system devices for efficiency in light of the 
indications of recent regulation matters of control and energetic management, were analyzed 
and valued. To support these indications the Code proposes an integrated model of analysis of 
the sites that are being intervened which comprehends all of the acclimated aspects and the 
characteristics of the single sites, to internally bring to the project and planning strategy, the in-
dications coming from the natural and cultural characters of these places.  



1.2 Modes of integrating the coded solutions in the design of the building.  
The sustainability of a realization and the quality of the construction from the energetic point of 
view depends on various factors but for the most part how the building comes to be realized. 

The reflections of the technological aspects of the building organism is reflected in the trans-
formations, sometimes profound, to which it is assisted: the new material introduced in the mar-
ket is added to conventional technology, the new and elevated performance levels asked for are 
confronted with the behavior and functional schemes to live contemporarily. 

On one side is derived a performance of major operative clarity in the orientation the adopt-
able planning choices, and on the other side the importance of an explication of criteria that sub-
tend the choice of the technological solution privileging an alternative in respect to the other. In 
particular, it is necessary to place particular attention on the definition of the superficial and 
border elements through the external and internal ambience outside building, which determine 
the requirement of the building and respond to the necessity of the users that will live there. 

On this theme the most evident aspect is the emergence of acclimated and economic advan-
tages that indicate not only the external ambience, but places first the user’s quality of life. The 
adoption of new rules and new prescribed performances will bring a reduction of energetic con-
sumptions for heating and air conditioning therefore a sensible reduction of electric bills (instil-
lation of air conditioners, instillation of hot water production for hygienic use, electric installa-
tion) in the course of the useful building life. 

On the other hand the atmospheric advantages are a direct consequence of the bettering the 
efficiency of the building and its installed systems: less consumption of combustibles in fact 
transform into less emission of gas into the atmosphere and a smaller impact of usable materials 
in the atmosphere.  

The theme of eco-efficiency will be attacked head on instead of just from the side through the 
technological quality that the technical solutions will be able to guaranty. The importance of 
management in a building- evidenced through the objectives. The European advice of spring 
(OR. EN 7224/07 of March 8th 2007) is retaken by national (Legislative Decree 311/2006) and 
local regulations(Del. 48/2006 City of Rome)- underlining an ulterior element of reflection: the 
constantly growing role and weight of installations in the management of building stocks. In-
serted in this discussion is the growing incident of necessary alternative installations to sustain 
buildings, looked at more from the point of view of initial costs than the dimensional impact of 
the same on area building objects. 

The elevated requests to use renewable sources and the request to reduce energetic consump-
tion and CO2 emissions into the atmosphere, translates mostly in the necessity of thinking to-
wards the installation integration intended as a source to reduce the energetic demands of the 
country and of co-generation able to guaranty positive economic returns in the conduction of the 
buildings.  

In this context, the existing ties between the installation systems and building wrapping sys-
tems assumes particular importance: every choice adapted in one of the systems weighs signifi-
cantly on the projection and dimensions of the other. 

The most evident aspect of evolution towards the regulatory picture to the government, is that 
of building activity and the beginning performance demand and of a virtuous behavior that can 
prime a “normal” practice of knowledgeable planning of sustainable energy and atmosphere. 

This brings value not only for the immediate cost but also and overall for those projected in 
the future respect at any of the fundamental components such as health, efficiency, the length 
and maintenance that will continue to be valued case per case in single projects with merit to the 
urban context of the building.  

The choice of the planner will definitely be that of finding the solution most adapted to the 
internal combination of many conditions, opportunities, and ties that are reference places to the 
climatic characteristics of the site in the evolution of the seasons during the course of the year, 
with a control of the external part of buildings in relation to their orientation and to the activity 
carried out in the internal part, which- in virtue of the errors of the past- attributes to the mor-
phological quality of the buildings and the peculiar character that counter distinguishes the his-
tory of every place. 

The problems of invested sustainability in fact is that more disciplinary ranges reserve and 
pretend that it is considered their interdependent reproach.  



 In light of the last consideration, atmospheric and technological requirements of the govern-
ment as well as the answer to the same are both indivisible objectives which are attached in re-
spect of coded architectural language and expressed to the single culture.  

Within the innumerable contemplated aspects in the concept of project sustainability, the as-
pects that relate to the different needs of every country (town) is not diminished. This theme 
which in the past was in part hidden, lead those which were problematic so that the actual re-
covery activity of the buildings, tries in a diffused manner to overwhelm. 

The monotony, the repetition and still the absence of attraction of the buildings in the recent 
past, as much in Italy as in other European countries, are the evident results of an approach to 
the extirpated project of the text in which it was inserted.  

In prospective of this “virtuous” planning orientation in the residential buildings, new realiza-
tion is assisted by research of coverings which are characterized by innovative forms under both 
the technological and formal aspects that push the planners towards an attentive analysis and 
flexibility experiment in concepts of both research of new rules for the coded distribution of 
flexibility concepts and in research of the coded distribution of habitable spaces, lastly import-
ing often constructive techniques of other types of buildings.  

The technological transfer of some solutions coming from analogous building sectors is con-
ducted from an increment of its repertoire and the performance of the systems that are offered, 
to the introduction of material that is more or less sophisticated and has the ability to satisfy the 
performance levels with a minor impact on it’s environment but not always easy to control in 
time. 

In this historic period, it is renown in fact that there is an industry of construction with the 
ability to always offer new products which gives the planner many choices from a catalogue of 
elements which are more or less complex.  

Following this last consideration derives the fact that the more the components become com-
plex the more they are composed of single layers, or sub-elements; on the other side it is stabi-
lized so that as much more of the technical element performance is the sum of the layers single 
performance and this will be mostly important to control the final technological quality. It will 
also be necessary to verify an analytic method, which will be the performance which responds 
better to both the need and actions that define the needed picture of the residence, and the priori-
ties with which computably design the objects of the effective sustainable plan.  

This is then observed as the external wrapping of one of the appointed principle places to re-
spond to the building project’s sustainability. At the same time the elements that compose it are 
called to satisfy in a coherent manner all of the aspects that are of volumetric and spatial com-
position of the building was not able to respond.  

The research of the wrapping elements has therefore conducted, at a moment of reflection and 
analysis, the morphological characteristics and the specific performances of the significant and 
adoptable thought solution.  

Due to the large variety and complexity of the systems and elements it is believed effective 
the internal predisposition of the “Code of Practice” as a tool of complex-methodological guide 
and support for the choices to carry out, through which individualize and at lastly prefer the 
thought solution which is most adapted to the internal technology actually available. 

The new manner to think of technological sustainability is looked for in the acknowledge-
ment process of the values of architecture and in the adoption of a new planning method appro-
priate to the transformation of the natural environment in man-made environment turned to a 
new more knowledgeable community.  

A similar approach modifies the projection of the technical elements, which must be thought 
of not only as a connection and or separation from the other elements of the building system, but 
also effectively “integrated” thanks to an interdisciplinary involvement of various specialists in-
volved in the planning process.  

1.3 Construction materials. Product and process innovation for residential buildings.  
The “Code of Practice” for the Zone Planes of the city of Rome previews a reasoned appraisal 
of construction materials to employ in the realization of the participant; the appraisal criteria 
doesn’t aim to construct an abacus of it’s materials or suggest less use for these buildings, but 
intends to supply tools to the person who will plan and realize these buildings and to chose the 



material and the constructive solutions in a way to give an answer to a system of technical indi-
vidualized requirements as determined for the effectiveness and the sustainability of the pro-
posed solution. The choices to use less of a determined product comes accompanied through a 
few different criteria for selection which are defined to satisfy the necessity to obtain good per-
formance of the physical-technical type but at the same time guarantee a low impact on the at-
mosphere. 

The parameters of the proposed appraisals are constituted in part by measurable elements, 
comparable to the quantity level, and in part derive from the comparison given numeric consid-
eration of quality character.  

The appraisal is computed on materials able to guarantee performance of good thermal and 
acoustic isolation; the materials are entrusted and capable of creating comfortable atmospheric 
conditions in the internal habitation space at a perceptive and sensorial level. In particular, the 
choice proceeds through three successive levels. 

The first level is through the reading of numeric value of thermal conductivity preferring ma-
terial of low value of thermal conductivity which obtains technological solutions with greater 
insulator capacity. 

The second level examines the volume mass of the material. In the climatic conditions of 
Rome, a high amount a mass guarantees comfortable internal living conditions contributing to 
the happiness of energetic consumptions, supporting and in certain cases rendering superfluous 
systems for cooling the atmosphere.  

The thermal inertia or mass effect uses the physical property of the materials to increase the 
time (thermal lag) that the heat wave employs to cross the walls; this produces a stabilization of 
the temperature also during the day. In good thermal behavior materials with big volume mass is 
associated with better power for less sound. The attenuation of noises, measured in decibel, 
grows in relation to the interposed mass between the beginning of the noise and the atmosphere 
to protect. A good capacity of acoustic material isolations corresponds with a major level of in-
ternal comfort and livability of the space. 

The data relevant to volume mass is moreover connected with the regimen of preferential use. 
This regards the difference of performance offers in case of either summer or winter seasons. In-
ternally, the “Code of Practice” has been tasked as a preferential regimen of use in relation to 
the hot season. The realized buildings in the city of Rome, as in Italy and the center-south of 
Europe, due to climate conditions of the river basin of the Mediterranean, which is characterized 
by mild winters and hot summers, presents more of a necessity to defend itself from low tem-
peratures, the need to minimize the use of installation of artificial air conditioners during the 
summer season and finally to contain the energetic consumption and realize good internal con-
ditions of comfort. 

The third level of selection is based on LCA (Life Cycle Analysis) and the PEC value pri-
mary energy consumption. Through the LCA the complete life cycle of the material is valued, 
from the supply of the first materials to the realization of the concluded document manuscript; 
to value the LCA of a material multiple aspects are examined, some of which can’t be directly 
measured and confronted. In particular, the force of primary energy (PEI) offers a partial value 
of the product’s like cycle. This constitutes an ulterior parameter of comparison; it is always 
preferable, when possible to use a material that is able to develop a low consumption of energy 
in productive phases, because of the total minor impact in the surrounding atmosphere. Some 
synthetic insulators for example even having a good level of performance of thermal isolation 
are characterized by a high consumption of primary energy: in their place should be preferred 
insulators of natural (fiber glass) or vegetable (wood fibers) minerals. 

The three level of evaluation sum up internally their elements of quantity and quality nature, 
they don’t answer univocally to the demand of what would be the best situation; these supply 
some indications which give the possibility to complete a choice at the end and to have the abil-
ity to realize technological solutions for the Zone Plans supporters for the principles of sustain-
ability and biocompatible buildings.  

1.4 Systems of integrated sustainability  

The “Code of Practice” for the Zone Plans of the city of Rome previews a reasoned appraisal. A 
good architect depends on the knowledgeable energetic choices. The role of the architect, in this 



optical, has to necessarily make itself larger towards the planning of integrated type, even if the 
specific object of the projection is the planning of the city or the scale of the industrial design. 
Underlining the importance until the end of a logic planning in terms of analysis and require-
ments, request appraisals, optimization of performances is to considered incoherent anything in 
architectonic participation that doesn’t look for an equilibration between the building system 
and the atmospheric system in which and on which it burdens.  
 

 
 
Figure 1.Climate evaluation diagram in Rome. The multi-parameter analysis of the factors represents the 
correct interpretation of the climatic phenomena and the synergies between each other. 

 

 
 
Figure 2. Example of punctual application. Analysis shows on polar solar diagram the direct influence 
among the point of analysis and the urban context represented by the surrounding buildings, translated in 
terms of factor of shadowing. Software used for the realization of the shadowing masks: Ecotect. 



The experience of the “Code of Practice” for the Zone Plans of Rome explicitly inserts into 
this logic: organized sequence of work phases in which every option either punctual or system-
atic is a consequence of the analysis of the climatic variables and their possible synergic interac-
tion in key projects. Parameters, climates, typical models, conformed technical solutions, re-
quirements, technical norms, synergy and compatibility matrices all assume a wide internal 
value of this research, in full coherence with the objectives of the program.  

In specific themes of methodology, as revealed with the climatic analysis, the use of Ecotect 
software is placed side by side (with much attention of the Weather Tool module) with the tradi-
tional bibliographic research.  

The idea on which the entire study of the “Code of Practice” is structured is the following: 
analyze the potential of an ambient building system, individualize the eventual compatibility or 
critical with the technical possibilities present on the market. A fundamental role therefore is to 
assume the same concept of compatibility, intended in its own wide sense, technical, economi-
cal and destination of use which is relatively and normatively tied. To delineate a process in this 
sense imposes inevitably a preliminary survey in merit of the characteristics of the urban cli-
mate, but implicitly signifies also to inquire the technical performance of the functional models 
of wrapping buildings successively defined as compatible.  

The objective is to draw from the valid project indications on both a scale of the neighbor-
hood and the scale of the single building: which is not limited to one vision with the phenome-
non in general and quality keys, but to suggest, actually impose a specific deepening where it is 
verified the conditions of particular attention. These intentions are translated into concrete; by 
means of punctual appraisal the adoption of methods that verify and consolidate for what that 
prevalently concerns the solar radiation. It is a merited choice to deepen that climatic parameter 
in other regions: in the first place the solar radiation is configured on a scale of the whole build-
ing, as major significance in relation to passive performance of closure packets and to the poten-
tial in terms of unduly influenced solar systems. In support of this position it is necessary to un-
derline the analysis of climate data already on the urban scale, for example, the code has 
concurred from the beginning to exclude an approach on the theme of energetic optimization in 
keys of exploitation of Aeolic systems; the reviewed data clearly show that the Aeolic phe-
nomenon are substantially negligible for what concerns intensity and frequency in the City of 
Rome. The analysis of solar radiation at a complex urban level gives quality indications of ex-
ternal spaces for buildings of divided public spaces of the project. 

The promotion of an integrated approach to the sustainable projection is translated therefore 
in the suggestion of multi-level intervention strategies that take into consideration the possible 
projection interactions between all of the elements of the interaction between the urban and 
natural atmosphere. 
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1 INTRODUCTION

As it is well known, the quality of urban environment demands great effort to be maintained, for
two main reasons: the first regards the eventual obsolescence that particularly historical centres
present in terms of renewed living requirements, and the other one is the present way of provid-
ing comfort in towns.

Being now the sustainable aspects indispensable and unavoidable during all the processes of
transformation of the environment, even renewing and rehabilitating the urban life of small his-
torical centres need to be done with respect of ecological principles and with great care so as to
insure a different way of providing comfort indoor as well as mobility and routing outdoor.
Only with these principles a real improvement could be achieved as far as the quality of life is
concerned. In order to avoid traffic and factories, main responsible of outdoor pollution, within
the roads and squares of small towns, different way of development is required which will ex-
clude the big expansion, such as commercial centres and big maxi cinemas and theatres, but will
include the facilities for social life, children playgrounds, young people meeting points, elderly
areas and sport fields. This approach is the sole possible means for really improving the quality
of life and granting a future for small historical centres, especially in the south Italian areas,
where no longer young and work-aged people are encouraged to live, for there are no chances of
a future carrier as artisan or as any other role. The reality is now projected towards a modern
American style life model in which no other aim is important than the shopping, the tours with
the private cars, the big cinema and pub where to drink and smoke various substances. If the fu-
ture of life in small Italian towns has to become like this, not only they will lose their identity,
as far as the idea of national culture and art aspects are concerned, but also in terms of material
culture and architectural outlook. In fact in order to adapt the small and narrow streets of me-
dieval towns to the aforesaid requirements it will be necessary to transform them greatly and to
destroy part of their urban values and identity. We believe on the other hand that the only way
of interpreting the sustainable development of small towns in the Italian south reality is in fact
that of trying to re-establish the actual economy of arts and craft and local cultural identity,

Urban rehabilitation with sustainable principles: the case study of
Montefalcione, South Italy

D. Francese, C.F. Ambrosino
Dipartimento di Configurazione ed Attuazione dell’Architettura, Università degli Studi di Napoli
“Federico II”

ABSTRACT: The paper describes a methodology employed for the urban rehabilitation of small
historical centers in South Italy, with sustainable principles. The methodology, mainly consist-
ing in a deep analysis of environmental factors and urban features of the town itself, had also led
to a design approach which takes into account both users’ needs in terms of comfort and health,
and local sustainable requirements. The investigation procedure had been outlined and the idea
of matching performance of the place with users’ requirements had been experimented, so as to
reduce to the minimal impact any eventual aggressive intervention, and to satisfy at the maxi-
mum the citizens’ social and cultural needs. A sample of the design methodology has been ex-
plained for the selected areas, with children, elderly and middle aged citizens’ facilities.

PDF Creator - PDF4Free v2.0                                                    http://www.pdf4free.com

http://www.pdfpdf.com/0.htm


2

through an ecological and as much natural as possible design, aimed at both eco-sustainable and
bio-compatibile solutions, employing green, water, sound, wind and sun as means of urban life
improvement.

2 THE CASE STUDY: MONTEFALCIONE HISTORICAL CENTRE

The case study, selected by the student Luca Roberto for his degree thesis, is in fact located in
the south Italian area; the small town taken as sample of the new methodology of urban ecologi-

cal design is Monte-
falcione, near Naples,
where the historical
centre still presents
most of the original
architectural charac-
ters and not great
changes had occurred
since the earthquake
of the 1980.

As far as the rea-
sons and the history
of the original settle-
ment of this town are
concerned, we know
that the first nucleus
of the fabrics, called
“Montefalcione op-
pidum” since the
sixth century, was lo-
cated around the cas-
tle; lately the church
dedicated to Saint
Mary and the “Olmo”
square restricted the
limits of the building
part of the town itself.

Then, for commercial needs, in the flat area near the castle protected by the enemies, another
small group of houses aroused, with the name of “Borgo”. Here the church dedicated to Saint
John and close to it an hospital were built around the sixteenth century, and in the same period
also a small cemetery of the Benedict fathers grew in the open country not far from the “Borgo”.
Finally slowly and step by
step all the territory in be-
tween the various villages
had been filled up, so as to
join the original nucleus, the
“Borgo”, and the cemetery
in the present town of Mon-
tefalcione.

Nowadays the town shows
the shape of a long sword,
with the principal road in the
middle, going from east to
west, and the buildings along
it, with the major part of
them on the south side of the

Picture 1 - Historical development of the Town

Picture 2 - Territorial Overview
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road itself. In the extreme west spot of the road the built environment expands, where the origi-
nal nucleus was settled around the castle..

3. THE CONSTRUCTIVE TEXTURE OF THE TOWN

From the geological point of view, the settlement is included in a region near the central south-
ern Apennine chain. In this sector of the chain a great variety of sedimentary and some effusive
and piroclastic rocks are available.
Diffused in all the Cam-
pania region are the piro-
clastic with discrete tech-
nical qualities such as the
grey Campanian Tufa
stone and the yellow Nea-
politan Tufa stone.
In particular the main
geological formation of
the area are the Jurassic
and Cretaceous limestone,
the sedimentary and the
volcanic materials; the
latest can be found in the
shape of great tufa bank,
both coherent and inco-
herent.
From the study of the
building characters of the

historical centre the pres-
ence emerges of various
constructive typologies, strictly linked to the geological nature of the territory and to the exper-
tise of the local craftsmanship. The main buildings that define the texture are made up with a
peculiar constructive system, which is continuous and stoned, with vaulted ceilings in stones,
structural timber floors and tilted roofs with wooden structure.
The main element that provides a specific identity to the historical centre of Montefalcione is
the building envelope; the constructive system is in fact defined by the envelope itself, all in
massive stone wall. The aspect of the village is then distinguished by the wall texture and by the
variety of colours of the stone blocks. The walls in limestone are generally realized with non
squared blocks, except for the corners, made on work with the simple mortar system. The Tufa
stone, which represents the final cycle of the eruption of circa ten, twenty thousands of years
ago, can be considered as a surface resource. This material can be employed still now for it is
cheap, easily workable and simply put on site, mainly for the construction of small buildings.

4 METHODOLOGY OF THE RESEARCH

After the latest ecological approach on building art, the intervention of rehabilitation, both at the
urban and the fabric scale, has to be considered as an operation aimed at improving environ-
mental and fruition performances. According to these principles, the evaluation and reading
method of the case study is oriented to create in the open spaces of the urban centre (squares,
roads, green areas…) the best conditions of comfort for a correct fruition all the year along.

This method previews a series of analyses and investigations aimed at building a detailed
frame of knowledge about the behaviour of such external spaces as far as the thermal comfort is
concerned.

Picture 3 - Traditional Architecture
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Comparing the environmental factors of the site (climate, geology, morphology, and so on)
with the building choices of the case study (materials, constructive systems, texture and so on),
it has been possible to define clearly the way for intervention in a sustainable urban rehabilita-
tion, employing a great number of bioclimatic advices.

In particular, in order to design correctly open spaces which will be comfortable both in win-
ter and in summer, it has resulted fundamental to process a very careful analysis of the shading
and ventilation, carried out by means of various investigation tools (visual survey, simulation,
and so on).

The result, proc-
essed through the
graphical instrument of
the mapping, had
clearly shown with dif-
ferently coloured areas,
the less or more sunned
zones, and those more
exposed to winds. The
outputs of this analysis
have then been com-
bined together so as to
obtain a final and more
complete mapping re-
garding the winter and
summer comfort condi-
tions.

Thanks to this me-
thod of work, four dif-
ferent areas of study
have been selected as
sample of the town

situation which, as far as climatic and land reasons are concerned, better performed to an action
of eco-sustainable urban rehabilitation. The following step was the identification of the existing
facilities and services (cultural, social and for free time) in the town of Montefalcione, and then
the compilation of a list of the lacking ones as main elements around which the rehabilitation
design of the aforesaid areas could have helped to develop.

In the following four areas the design methodology had been applied: the local marketplace,
the sport areas, the green facilities and the urban park.
Then for each of
them the main us-
ers’ activities had
been defined, and a
number of re-
quirements had
been associated,
for both winter and
summer situation,
as fundamental for
a right fruition of
the spaces,
according to their
use destination.

By means of
shading and wind
analysis, the satis-
fied requirements
and those not been
responded have

Picture 5 - Winter Wind Analyse (South East)

Picture 4 - Shading Analysis in Winter (2 p.m.)
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been established for each area and activity, thus creating an useful guide and verification tool of
the essential interventions for an urban renewal according to the principles of the environmental
sustainable action.

Thus, for example, for the area defined as “Green Facilities”, the selected activities were
four: children play, elderly occupation, cultural centre and housing. The requirements for the
three first activities have been identified with Shading and Natural ventilation for summer, and
solar gain and cold wind protection for winter; for the latest activity the requirements of Shad-
ing and Natural ventilation in summer, and cold wind protection, sun and humidity control for
winter have been considered unavoidable.

5 DESIGN FOR URBAN REHABILITATION WITH SUSTAINABLE PRINCIPLES

The final rehabilitation design has then
begun specifically from the results of
the just described deep analysis and
evaluation, starting from the location of
the activities for each area, according to
the satisfaction of the introduced re-
quirements. When one or more re-
quirements had not been responded, the
rule of the design had been actually that
of filling these gaps by means of envi-
ronmental technological solutions,
aimed at employing local and natural
material as well as reducing the impacts
as much as possible.

In fact, the protection from cold
winds had been achieved through a
vegetable barrier of the evergreen Lau-
rus Cerasus, located according to needs,
while in order to guarantee a good level
of winter solar radiation and at the same
time a good shading barrier during
summer, a number of Poplar lines (with

Picture 6 - Needs and Behaviour for the Area 5

Picture 7 - Design of the Area 4
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falling leaves) had been proposed on the south side near the activities and the houses.
.

The routeing has also been re-designed
taking into account the morphology of
the ground, so as to obtain an harmonic
insertion into the environmental context,
and thought according to users’ needs, by
distinguishing pedestrian and riding
routes, also with various floor selection:
local limestone slab for the first and vol-
canic stone cubes for the second.
As far as the containing works are con-
cerned, natural engineering methods
could be applied, such as the so called
“crated wall”, where the structural func-
tion has been provided by timber beams
together with living plants. In order to
guarantee the fruition in the meeting
points and in the small squares during
summer, some fountains have been pro-
posed, aimed at providing the effect of
evaporative cooling. Moreover a system
for gathering rain water had been out-
lined so as to irrigate the green surfaces.
Latest, in order to reduce the atmospheric
pollution due to car use and to facilitate a
different relationship with the built envi-

ronment, the historical centre had to be
employed mostly for pedestrians.

Picture 8 - Section of a road in the Area 4

Picture 9 - Section of "crated wall"
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6 CONCLUSIONS

The method here outlined for the re-design of this small historical centre in south Italy, can be
proposed as a means of sustainable approach to urban rehabilitation, as far as the investigation
analyses are concerned, such as the shading, the wind and the morphological situation. But it
can be considered also as a tool for responding to social and environmental requirements of citi-
zens, because the idea of controlling the correspondence between requirements of each future
activity to be inserted and the performance of the open spaces, as they presently appear, could
actually save the historical centre from a big aggressive transformation of its image and identity,
and at the same time provide comfort and pleasure to users. The small modifications proposed
with this method, aimed mainly at reducing environmental impact and at improving safety and
health for the citizens, should also carefully be selected in harmony with the existing historical
features of the town, thus saving the signs of the local material culture.

Picture 10 - Design of the Areas 2-3
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1 INTRODUCTION 

Total energy use in a life cycle perspective has been studied throughout the international 
community in order to identify the phases in the life cycle which are most important to, 
improve. The life cycle includes material production (cradle to gate), transports, building 
processes, operation and maintenance. Numerous studies have shown that operational energy 
accounts for about 85–95% of total energy use in dwellings during an assumed service life of 50 
years.  

A few studies on low-energy residential buildings have also been carried out [Nielsen 1995, 
Feist 1996, Winter 1999, Kohler 2004]. Nielsen and Winter show that the embodied energy in 
Nordic dwellings may account for as much as 40–60 % of total energy use, however these 
studies are limited to only energy in terms of MJ. In the study by Kohler, the embodied energy 
in German dwellings accounted for 30-40 % during a period of 80 years. Kohler also studied the 
global warming, acidification and radioactive waste when UCPT 1 electricity-mix was used. The 
material part accounted for 30-45 %, 35-53 %, and 10-15 % respectively. 

There is now a large interest in low-energy buildings and passive houses. In Sweden, the first 
passive house was built in 2001 and in year 2008/2009, it is assumed to be about 700 
apartments in low-energy buildings or passive houses. There are several reasons that aspects 
such as environmental impacts, effects of material choice and the recycling potential are of great 
interest to include.  

Different energy sources cause different environmental impacts. In Sweden, fossil fuels for 
heating in the building stock has been exchanged to district heating and accounts today for only 
about 11 % compared to about 26 % in the early 1990s [SCBa].  
                                                      

1 UCPT is the Union for the Co-ordination of Production and Transmission of Electricity. Countries in 
the union are Austria, Belgium Germany France, Greece, Italy, Luxembourg, Netherlands, Portugal, 
Spain; Switzerland and most of the former Yugoslavia. 

Energy and resources, material choice and recycling potential in 
low energy buildings 

C. Thormark 
Construction Management, Lund Institute of Technology, Lund University, Sweden. 

ABSTRACT: This paper presents three Swedish residential low energy buildings regarding the 
total need of energy in a life cycle perspective, the environmental impacts, effects of choice of 
material and the recycling potential. The calculated energy need for operation (space heating, 
electricity, hot water) was in average 50 kWh/m2 floor area per year. Simulations were made 
with four electricity mixes. For a service life of 50 years, production and transportation of 
materials accounted for 50-60 % of the impacts in the case representing the actual energy mix. 
This changes the prevailing picture that operation accounts for the main part of energy use. The 
recycling potential was about 35 %. Choice of materials affected the energy for the material part 
about 15 %.  



The choice of material is likely to affect the building’s energy need for the material part. 
Scheuer concluded that high-embodied energy components are often subject to a wide range of 
replacements [Scheuer 2003]. A comparison of beams at the new airport outside Oslo showed 
that the total energy consumption in the manufacturing of steel beams is two to three times 
higher, and the use of fossil fuels 6–12 times higher, than in the manufacturing of glulam beams 
[Petersen 2005]. Buchanan suggests that increasing the emphasis on wood as a building material 
could have significant implications for global energy requirements and global carbon dioxide 
emissions [Buchanan 1999]. Studies of Dutch residential construction revealed that an increase 
in wood use could reduce CO2 emissions by almost 50%, compared with traditional Dutch 
construction [Goverse 2001].  

There is an increased interest in recycling and the recycling potential in the society. The 
potential energy saving in material production was studied in three building designs [Gao 2001]. 
In each design, a maximum use of recycled materials and products were assumed. The result 
indicated that energy use for material production decreased by about 25%, compared to a case 
where recycled materials were not used. 

Studies concerning embodied energy in a life cycle perspective raise several questions. What 
is the total energy use in a life cycle perspective in low energy buildings? What is the relation 
between the environmental impacts from material production and from heating? In the new 
generation of low energy houses, the passive houses, the optimal goal is that no energy for 
heating is needed. This means that all bought energy will be electricity. To what extent can 
embodied energy be reduced with simple material substitutions? How do such substitutions 
affect the recycling potential?  

2 AIM OF THE STUDY 

The aim of the study was to investigate three low energy-efficient dwellings in Sweden 
regarding energy need in a life cycle perspective, environmental impacts, the recycling potential 
and how the choice of material may affect the energy need for material production.  

3 STUDIED BUILDINGS 

The three studied residential buildings are presented in table 1. The calculated energy need 
includes energy for space heating, electricity and hot water.  

The buildings are interesting as the low-energy requirement for operations is achieved by 
very simple means; thick insulation, air tightness and efficient air-heat exchanger, and could 
therefore be applied to any residential building. The row houses had solar collectors on the roof 
for hot water production.  
 
Table 1.  The studied buildings. The calculated energy need includes energy for heating, electricity 

and hot water. ________________________________________________________________________________________________________ 
 Stories Type Apartments Main material kWh/m2  Energy source   
________________________________________________________________________________________________________ 
Lindås   2 row-house 20 in 4 rows wood 451) 100 % electricity 
Karlstad 12 tower block 44 concrete, wood 50 63 % electricity and 
       37% district heating 
Värnamo   2 row-house  8 concrete, wood 67 100 % electricity 
1) Measured energy need was 68 kWh/m2 (Karlsson  2004). 
  
In the presented study, the measured value for operation for the Lindås building was used. 

4 METHOD 

The processes included in the life cycle were; production of building materials, transport to the 
building site, waste, maintenance, and operation. Energy for erection and demolition was not 



included. Materials such as adhesives, seals, nails and screws and a few minor components were 
not included.  

The lifetime was assumed to be 50 years. Maintenance intervals were based on the 
maintenance code of municipal housing companies. 

Several re-designs were studied in order to minimize or maximize the embodied energy. 
Heating energy was calculated for the original construction by using a dynamic calculation 
method. The U-values were not changed in the re-designs. The changes in heat storage, due to 
material changes made in the re-designs, were assumed to be of insignificant importance to the 
operation [Hagentoft 2000]. 

Recycling was subdivided into reuse, material recycling, and combustion with energy 
recovery. The three forms were defined as follows: Reuse: The material is used for about the 
same purpose as initially. For example, a clay brick is reused as a clay brick. Reuse might imply 
upgrading or some renovation. Material recycling: Only closed-loop recycling was assumed. 
However, crushed concrete and clay brick were assumed as coarse aggregate in roads as a 
substitute for gravel. Combustion: Combustion with energy recovery. It should be pointed out 
that the forms of recycling and the recycling rates do not represent the general practice of 
Swedish recycling of today, but all techniques have been practised with good result.  

The recycling potential, Rpot, express how much of all embodied energy and natural 
resources used in a building or a building element could, through recycling, be made usable 
after demolition. The Rpot for a building was calculated as 

              n 
Rpot  =   ∑  EE i * Remaining lifetimei – E rec.proc i                        (1)     

       i=1 
 
where where EE is the embodied energy of the material for which the recycled product will be a 
substitute; i is the material number; and n is the total number of materials. Remaining lifetime is 
the remaining lifetime of the recycled material, given as a percentage of the predicted lifetime of 
the material for which the recycled material will be a substitute. E rec:proc is the energy used 
for all recycling and upgrading processes, including additional energy use that will be needed 
for the disassembly in order to make future recycling or re-use possible; this also includes the 
transport of recycled materials. 

Energy use for production and assumed energy savings for respective material are presented 
in [Thormark 2001]. 

The recycling potential was calculated for two scenarios: (A) maximum material 
recycling/combustion with heat recovery, and (B) maximum re-use. Each component and its 
integral material part(s) were assessed for the possibility of reuse/recycling. In Scenario A, a 
maximum rate for material recycling or combustion was applied. All materials possible to sort 
after deconstruction were assumed to be recycled. In order to define the possible sorting rate for 
each material, several deconstruction, sorting and recycling companies in Sweden were 
interviewed. In Scenario B, a maximum rate of re-use was applied. Sorted materials not suitable 
for re-use were assumed to go for material recycling or combustion.  

In buildings without heating system, the aim is that the building is so energy efficient, so 
well insulated, that no heating system is needed [Sandberg 2003]. The heat losses through the 
insulated shell and the ventilation are during a major part of the year, compensated by heat from 
activities and people in the building. This means that the major part of the energy need for 
operation is from electricity. In Lindås and Värnamo, all energy for operation is electricity while 
Karlstad uses 63 % electricity and 37 % district heat. 

Four different ways of electricity production was used; Nordic electricity mix, 
EU25members mix, electricity produced in Swedish thermal power plant and electricity 
produced in Danish thermal power plants.  

The environmental impact was studied for global warming, acidification, eutrophication, 
photochemical ozone and use of resources. 

 



5 RESULTS 

5.1 Energy and recycling potential 
The energy need for production and the recycling potential are presented in Table 2. In the 
scenario 1 (material recycling/combustion), the recycling potential varied between 27-34 % of 
the energy for the material part. In the scenario 2 (reuse), the result was 30-38 %. 

In a comparison of two buildings regarding primary energy, identical in construction and 
insulation standard but with different energy suppliers, the results may vary significantly. One 
method to compare buildings without letting the supply of energy influence the results, is to 
express energy for operation as bought energy. This method was used by Adalberth and the 
material part in Swedish dwellings from the 1990s was about 15 % [Adalberth 1997]. When this 
method was applied in the present studies, the material part accounted for 37-38 % of the total 
energy need over 50 years.  

 
 

Table 2.  Energy for production and the recycling potential in scenario 1 and 2. (MJ primary 
energy/m2 floor area). ______________________________________________________________________________________________________ 

 Material Wastage Maintenance Feedstock Transports  Rpot Rpot 
 new build.     scen 1 scen 2  ______________________________________________________________________________________________________  
Lindås 2755 598 1096 2602 206 2474 2827   
Karlstad 3228 159   787   865 331 1490 2046 
Värnamo 4760 (material new build., wastage, maintenance) 2332 224 2015 2252 ______________________________________________________________________________________________________ 
In Table 2, the high energy need for maintenance should be noticed. The figures correspond 
well with results found by Adalberth [Adalberth 1997].  

5.2 Environmental impacts 
The environmental impact was studied for global warming, acidification, eutrophication and 
photochemical ozone creation. For the operation, all energy need was assumed to be electricity 
and four different ways was used to produce it; Nordic electricity mix, EU25members mix, 
electricity produced in a Swedish heat power plant and a Danish heat power plant. Results are 
presented in Table 3.  
 
Table 3.  The span between the three buildings regarding impacts from the material part as % of total 

impact (material part + operation). Four ways of electricity production was used for the 
operation.  ______________________________________________________________________________________________________ 

 Nordic EU25 Swedish TP1)-plant Danish TP1)-plant
 electricity mix electricity mix electricity, heat electricity, heat  ______________________________________________________________________________________________________  
GWP 100 45-65 24-45 20-36 16-31 
Acidification 53-73 28-51 33-52 14-29 
Eutrophication 44-65 27-48 35-53 15-30 
Photochemical ozone 53-70 26-47 55-74 19-37 ______________________________________________________________________________________________________ 
1) TP-plant is electricity and heat generation in thermal power plant.  
 

 
The use of resources for energy production was assessed with four assessment methods; EPS 

2000 V2.1, EcoIndicator99 (hierachist perspective), CML 2 baseline 2000 and EDIP. (EPS 
2000 [Steen 1999], EcoIndicator 99 [Goedkoop 2001], CML 2 baseline 2000 [Guinée 2002] and 
EDIP [Wenzel 1997]).  
 
 
 



Table 4.  The span between the three buildings when four assessment methods were used to assess 
the use of resources for energy production for the material part as % of the total use of 
resources for energy production (material part + operation). Four ways of electricity 
production was used for the operation energy.  ______________________________________________________________________________________________________ 

 Nordic EU25 Swedish TP-plant1) Danish TP-plant1)  
 electricity mix electricity mix electricity production electricity production  ______________________________________________________________________________________________________ 
EPS 2000 50-61 29-32 12-17   8-12 
CML 2000 46-59 31-43 42-55   5-8 
EDIP 53-63 30-39 40-50   7-9 
EciIndicator99 66-75 24-32 37-47 10-14 ______________________________________________________________________________________________________ 
1) TP-plant is electricity and heat generation in thermal power plant.  

 

5.3 Effects of material substitution 
For each building materials were substituted to achieve a maximum and a minimum version 
regarding energy use for the material part. Sometimes additional materials had to be added in 
order to fulfil technical requirements and to retain the insulation standard. The performed 
substitutions are presented in Table 5. In each building the maximum version was about 15-20 
% higher than the minimum version.  

Except for the effect on resources for energy production, the choice of material also affected 
the use of resources in the building materials. In Karlstad the difference between the Minimum 
and Maximum case regarding use of coal was 49%, iron ore 56%, oil 75% and gas 90%.  
 
 
Table 5.  Energy for production and the recycling potential in scenario 1 and 2. (MJ primary 

energy/m2 floor area). ______________________________________________________________________________________________________ 
 Original material Minimum Maximum ______________________________________________________________________________________________________  
Foundation EPS Perlite as original 
  Lindås 
External wall  
  Lindås glass wool, EPS celluloose fibre, glass wool as original 
 wood studs s 450 mm wood studs s 600 mm  
  Karlstad steel studs, wood studs wood studs as original      
  Värnamo wood studs manufactured wood studs steel studs 
   glass wool celluloose fibre, glass wool as original 

Internal wall steel studs, s 450 mm wood studs1), s 600 mm as original 
  all    

Wall between flats  
  Lindås wood studs, s 450 mm  wood studs, s 600 mm steel studs, s 450 mm 
  Karlstad, Värnamo concrete massive wood as original 

Floor structure    
  Karlstad, Värnamo concrete massive wood as original 

Roof   
  Lindås clay brick tiles green roof covering aluminium sheet 
  Värnamo concrete tiles green roof covering as original 

Surface materials   
  Karlstad, Värnamo clinker (hall, bathroom) as original PVC (hall, bathroom)  
1) steel studs in bath room 

 



6 DISCUSSION 

6.1 Discussion of the results 
The material part accounted for about 35 % of the total energy use and this figure corresponds 
very well with the findings by Kohler (Kohler 2004).  

The material’s part of the total environmental impact is of course very much related to the 
energy mix for operation. The material’s part of the total impact increases with ‘cleaner’ mix for 
operation. The European mix is probably rather similar to the mix used by Kohler and the result 
for the European mix corresponds well with Kohler’s result. The difference between the energy 
use and the environmental impact clearly shows the importance not to limit the studies to only 
energy use; environmental impacts must be included.  

The result also shows that, especially for low energy buildings, it is very important not to 
attach the prevailing picture that ‘operation accounts for the main part’.  

In conventional buildings, the main issue for improvement is the energy need for operation. 
In addition the choice of source of operation energy (when it is possible to choose) is an 
important issue for the building users of both conventional and low energy buildings.  

However, in low energy buildings, the choice of material seams to be as important as the 
operation energy and more attention ought to be paid to the choice of building material. Several 
reasons suggest this. One reason is that the choice of building material may affect the energy 
need for the material part about 15-20 %.  

Another reason to pay more attention to the choice of building materials is the use of 
resources. The study on the use of recourses was limited to the resources used for the energy 
production. However, the use of recourses is not only affected by the energy mixes and how 
much energy is used for the material production. It is even more affected by the resources in the 
materials and by that, the choice of building materials. In the Karlstad case, the difference 
between the cases regarding use of resources was for example 49% for coal, 56% for iron ore, 
75% for oil, clean 90% for natural gas (Thormark 2006). 

A third reason is the recycling potential. The recycling potential is not at all related to the 
energy use for production. For example, mineral wool insulation requires quite a lot of energy to 
produce but the energy saving by material recycling is small. Mineral wool can be reused but 
this requires that the construction is suitable for disassembly and that the wool has not been 
decontaminated during use. It requires attention to the material choice to produce buildings with 
both low energy need of the production and a high recycling potential,  

Transports are in earlier studies of buildings in a life cycle perspective, said to be of minor, 
insignificant importance. However, here transports accounted for more than a 1/3 of the total 
photochemical creation, irrespective of the energy source for operation. Therefore, transport 
distances should not be neglected.  

More studies are desirable on how the choice of material can decrease the environmental 
impacts. 

Low energy buildings differ from conventional buildings in three ways. They use more 
material, less energy for operation and they use electricity for all operation. Energy for material 
production is in general causing more environmental impacts than electrical energy production 
and considerably more impacts than district heating. Therefore, a question is whether low 
energy buildings or conventional buildings heated with district heat will cause the most 
environmental impact. This is studied in an ongoing study. It can be assumed that the choice of 
building material will be of considerably more importance than previously expected.  

6.2 Discussion of the data 
Several conditions may influence the results. One is the data quality for the building materials. 
The results from the substitution of materials in the studied cases are judged to be of minor 
significance.  

Regarding the environmental impacts from electricity, the impacts from the nuclear power is 
difficult to handle. In the EU25 electricity mix there is as much as 31 % nuclear power (in the 
Nordic 26 %) but in the material part only about 4 %. The global warming, acidification etc 



have to be weighed against the risks of radiation. In the assessment of resources, uranium is 
included only in two of the used methods; the EPS and CML method.   

If the energy sources for material production will change drastically in the future, this is 
likely to affect the results. Figure 1 shows emissions of carbon dioxide from some processes. 
The carbon dioxide from residential and services are due to an extended use of district heating 
for heating. The carbon dioxide from industrial production in Sweden, however, has not 
decreased, rather increased, during the period. Even with new goals to reduce the emissions of 
carbon dioxide, it can be assumed that no drastic change will occur in the near future.  
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Figure 1. Emissions of carbon dioxide and building production in Sweden 1993-2003. (SCBb).  

 

7 CONCLUSIONS AND RECOMMENDATIONS 

In the design of new buildings, it is not only important to decrease the energy need for 
operation. The energy source for heating, the choice of building materials and the aspects of 
reuse/material recycling is also of great importance. In order to increase both the condition and 
the benefits from reuse/recycling, it is important to design for disassembly. 

In the material part, maintenance often accounts for a considerable share. Therefore, 
prolonging the lifetime of materials/components with short maintenance interval and using 
materials/components with low environmental impacts can greatly reduce the impact from 
maintenance. 
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1 INTRODUCTION 

The construction industry in Portugal does not have a tradition in re-using or recycling wastes 
which are generated in construction and demolition activities. While other industries have 
started collecting and recycling their products, as plastic and paper industries, mainly due to 
stricter environmental legislation referring to Municipal Solid Waste (Portugal has only re-
cently finished banning open-air dumps), construction and demolition companies are still al-
lowed to dump their waste in landfills, when not illegally at the road-side (Fig. 1). Although 
mainly inert, CDW amounts to enormous quantities and, if not recycled or re-used in some way, 
contributes to the ongoing depletion of natural resources (stone, sand, oil (plastics), wood) and 
exhausting of landfill space. Just as a reference, Municipal Solid Waste (MSW) generation in 
Portugal amounts to about 4.550.000 ton/year (derived from Waste Institute information), while 
CDW production rises up to 6.440.000 ton/year (a national projection of the amount presented 
in (Pereira 2002)). This means that, at least in terms of quantity, CDW is a greater problem, in 
Portugal, than MSW. 

Although the overall picture is not bright, efforts have been undertaken in favour of recycling 
CDW, as seen from the work of starting recycling plants in several parts of the country. These 
facilities basically collect non-dangerous mixed CDW (collecting different fees at the entrance, 
depending on the waste mix level and its density), separate it mainly by hand labour and crush 
into several grain sizes the resulting material. Although this output product is of low quality, 
most materials that enter the facility are actually sent to be recycled (paper, cardboard, wood, 
plastics (some varieties), metals, glass), after receiving companies (legally operating recyclers, 
as listed in (National Directory of Environment and Natural Resources 2006)) have been con-
tacted and established which quality condition applies for each material to be recycled. 
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Figure 1. Abandoned CDW at a road-side near Lisboa 

 
 
This paper aims to give an overview, as accurate as possible, of the CDW recycling activities in 
Portugal, in order to expose the existent barriers but also to identify the opportunities that lay 
on its path. A short insight on recent attempts to quantify CDW generation, followed by a de-
scription of two recycling facilities and their working process, an overview on some CDW 
management operations in several parts of the country and comments on the Portuguese legisla-
tive frame concerning CDW management constitute the main chapters which this paper is com-
posed of. 

2   QUANTIFICATION OF CDW GENERATION 

Although some attempts have been made to quantify CDW in Portugal, variations are too great 
to reach any conclusive figure. Consulted studies present values are as different as 235.774 
ton/year (Salinas 2002), 7.691 ton/year (Carvalho 2001) and 2.132.600 ton/year (Pereira 2002), 
the latter only for the Portuguese northern region. European estimations have attributed to Por-
tugal about 3.200.000 ton/year, calculated from a CDW capitation of 325 kg/person/year, with a 
9,9 million population (Symonds Group Ltd., 1999). Other estimates have resulted in 95 
kg/person/year (CDW without soil content) and 190 kg/person/year (CDW with soil content), 
reported has having been deposited in legalized sites (FCT Project POCTI / ECM / 43057 / 
2001, 2004). From the referred figures, the one presented in (Pereira 2002) is considered by the 
authors, up to this moment, as the most realistic number, since it actually relied on a systematic 
direct and indirect contact survey of private and public institutions, namely through personal in-
terviews, email enquiries and telephone contacts. 

There are several reasons that account for such differences in the presented numbers. One is 
the generalized ignorance, as far as CDW is concerned, from producers, transporters to munici-
palities, which tend not to keep records of quantities produced, transported, landfilled, recycled 
or reused, although this procedure is a part of the Portuguese law, concerning these matters (see 
chapter 5). Another reason is the illegal discharging that is still occurring by all agents, namely 
contractors, transporters and municipalities as well, although there are already a few legalized 
industrial inert waste landfills in the country (DECRETO-LEI n.º 152/2002), which remain, 
however, underused (Jornal de Notícias, in press, 2006). Other reasons might be related with 
what is considered CDW, since, for example, soils constitute a large share of the average com-
position of CDW if included, although not quite representing a waste (recent legislative efforts 
have already acknowledged this fact, see chapter 5), since it is not a transformed material (con-
taminated soils, however, are rightly labelled as waste, which must be treated in order to return 
to the natural environment). 

Other attempts to quantify CDW generation, as already in progress by the authors, follow the 
same logic as in (Pereira, 2002), aiming at the collection of as much in situ information as pos-
sible (mainly from construction and demolition contractors and CDW recyclers), not only on 
global CDW amounts but also on specific waste flows (concrete, masonry, wood, plastic, met-



als and so on) and trying to associate these with their origin (residential, non-residential and 
from construction, renovation and demolition activities). 

3   EXISTING RECYCLING PLANTS 

3.1 Description and location 

Up to this date there is only one recycling plant working on CDW, already active (since begin-
ning of 2006). This plant is owned by TRIANOVO, located in Torres Vedras (TRIANOVO re-
cycling plant – Location: Casais da Serra, 2560-057 A-dos-Cunhados, Portugal). Another one, 
inaugurated in April 2007, is called ECOLABOR (http://ecolabor.paginas.sapo.pt/ (in Portu-
guese)) and will receive CDW from Sintra region, although it is still not fully active. 

TRIANOVO is a basic collecting, separating and crushing plant, which sells separated mate-
rials to other recyclers (plastics, wood, paper, metal, glass) and supplies graded fill aggregate, 
mainly composed by crushed concrete, brick and mixed fines. Mixed CDW are deposited in a 
central area where large pieces of contaminants are first separated and oversized concrete 
blocks are reduced to fit in the crusher input opening. Then materials are transported up the 
separating belt (Figure 2), which runs at an average speed of 0,2m/s, where medium size con-
taminants are separated by hand by one worker per separate fraction. The resulting aggregate 
fraction is then conducted to the crusher belt, passing through an overhead magnet, which picks 
up medium sized ferrous metals. The crusher plant has three separate crushers, tuned to deliver 
several aggregate sizes. The plant receives around 250ton/day of CDW, half of which is com-
posed by mixed soils. 

ECOLABOR (Figure 3), although not processing CDW until very recently, is equipped with 
an air blower (to separate the light materials from the heavy aggregates), a jig table (to isolate 
different grain sizes) and a portable fine separator (mounted on an excavator). This equipment 
will speed up the separating process, while enhancing the output materials quality. 
 
3.2 Input materials 

Generally, input materials are all mixed, which of course results in a more expensive separa-
tion process and lower final product quality. However, the recycling plant guarantees profitabil-
ity by charging accordingly to the input mix level, using the values stated in Table 1 (which 
may vary). For contaminated mixed aggregated, which belongs to a certain category between 
 

Figure 2. Separating belt feed at TRIANOVO recycling plant 

 

Figure 3. General view of ECOLABOR recycling plant 



Table 1. Prices charged for incoming materials at TRIANOVO recycling plant  

CDW type Price charged, €/ton 

Soils 1 

Clean mixed aggregates 2 
only with high density wood and/or 
ferrous metals 

4 
Contaminated 

mixed aggregates with any kind of low density non 
hazardous contaminants 

60 

 
high density wood and ferrous metal contaminants and any kind of low density non hazardous 
contaminants (as for instance plaster/plasterboard and low density wood), a price between 4 
and 60€/ton is charged. The great difference in prices has to do with the level of contamination, 
which is associated with waste density, or in other words, the less dense the mix waste is, the 
more likely it is to be harder to separate and the lower quality it will have as an output material, 
which will result in financial losses for the recycler. This way the recycler defends itself from 
higher treating costs and at the same time encourages source separation. 

The plant accepts all aggregate materials containing concrete, bricks, tiles, rock and soils, 
which all together build up to over 99% of the input weight (Mimoso 2006). Mixed with the 
aggregates are also plastics, wood chips, paper, glass, ferrous metals, non-ferrous metals and 
other contaminants (such as gypsum), which represent only about 0,5% of the total weight 
(Mimoso 2006). 0,03% corresponds to the rejected materials (for instance, certain kinds of 
plastic that are not accepted by local recyclers), which cannot be sent to other recyclers and are 
unsuitable to remain in the aggregate fraction. This last fraction is sent to a controlled landfill. 
Bituminous concrete is accepted under strict conditions, although presently it is not being recy-
cled. Hazardous materials are generally not accepted, which means the central rejects the dis-
charge if these materials are detected (for instance asbestos, tar, paints, industrial oils and con-
taminated soils). This means that the producers of hazardous waste must separate them at the 
source and transport them to specialized recyclers, not to common CDW recycling plants. 

Recycling initiatives in other parts of the country will most probably receive similar input 
products, which may vary depending on the demolition works taking place at that region (build-
ings age being demolished) and any source separation initiative (which is, however, unlikely). 

3.3 Output products 

Combining highly mixed input materials with lack of machinery to completely separate them, 
especially the fine fraction, output quality is not high. Therefore, the output aggregate can only 
be used for unspecific fills. Furthermore, there is no quality control over the final product, 
which also results from insipient national regulation on recycled construction products (al-
though there are already four LNEC standards, see Chapter 4). 

It is clear, however, that producing output products to be used in concrete or in top road lay-
ers (bituminous concrete), over which recent standards focus, is out of reach for the kind of re-
cycling facilities emerging nowadays in Portugal. The industrial process to obtain such high 
quality materials (that may compete on a technical basis – let alone economical - with virgin 
materials) is much more complex, expensive and relies on strict quality control procedures 
(Xing 2004). These conditions and the lack of acceptance of recycled materials by both the Por-
tuguese road construction and concrete industry, makes it almost impossible that such an initia-
tive takes place today. 

This high recycling level, as a matter of fact, has not been common, not even in the most de-
veloped countries (examples: Netherlands, Germany, United Kingdom, Denmark), in what con-
cerns CDW management, due to the still large market for using recycled aggregates in road 
construction (especially in base and sub-base layers), which results in low recycled aggregate 
usage in concrete production. 

3.4 Management options 

In spite of low CDW recycling tradition in Portugal, some experiments have already been con-
ducted, from which a few management options can be derived. 



In the demolition of three concrete structures in the north of the country (in 2004) – south 
part of Boavista football stadium, FC Porto stadium and a factory (Hipólito et al. 2004) – fer-
ment factory in Matosinhos – basic demolition, separation and crushing techniques were used 
in order to recycle the majority of the demolished materials. In each of these three cases, source 
separation was conducted, removing non-structural materials as plastic, wood and metals, pill-
ing them separately and sending them to independent recyclers. This was done rather easily be-
cause these are relatively uncladded structures, which means there were few finishing layers 
and small amounts of other materials such as cables, isolation, window frames and floor cover-
ings (when compared to the global amount of concrete). As a result, concrete demolition was 
conducted on rather stripped structures, which allowed crushing clean concrete rubble (with a 
mobile crusher/screener), after taking out the reinforcement with hydraulic scissors. Still, the 
resulting recycled aggregates were not used for new concrete production, being used, instead, in 
low grade pavement fills. 

Another case study was reported, in 2001, for the José de Alvalade stadium, in Lisbon, were 
selective demolition was performed on all concrete support structures. Demolition, separation 
and crushing techniques were similar to those cited above. However, a more in-depth study was 
conducted, in order to determine the technical feasibility of using the recycled aggregates in 
new concrete (dos Santos et al. 2004). The results were rather promising, with 100% recycled 
aggregate concrete showing good mechanical properties (compressive strength, flexural 
strength and modulus of elasticity) when compared with natural aggregate concrete, although 
demanding somewhat a greater amount of mixing water, mainly due to the higher recycled ag-
gregate water absorption. 

Still another case, presently ongoing, accounts for the (partial) selective demolition of 
Estoril-Sol Hotel, in Estoril, Portugal (Figs 4-5). This reinforced concrete building constructed 
in the 1960’s has been targeted to demolition as it no longer serves the modern functional and 
financial purposes of its owners. The demolition bid, however, has been won by Ambigroup, a 
Portuguese group of companies dedicated to waste management, developing in recent years ca-
pabilities in large CDW management operations, namely in technical and logistic aspects.  

This specific case has involved locating, separating and sending to treatment facilities (which 
may not recycle these materials, but only landfill them in a controlled way) of hazardous mate-
rials as asbestos and mineral oils; selective removal of carpets, wood frames, glass, doors, metal 
frames, sanitary, electrical cables and insulating materials; unselective demolition of remnant 
materials – reinforced concrete, masonry, tiles, plastic pipes and gypsum boards and source 
separation of all valuable metallic materials (reinforcement and steel joists and plates). All met-
als were sent for recycling, as well as glass, since there is a well established market for recy-
cling these materials. Combustible materials as wood doors, carpets, wood frames and cables 
have been incinerated at Secil-Outão cement factory, as alternative fuel. Finally, all other mate-
rials (over 90%, in weight, of all materials taken from the building), which had lime and silica 
content (concrete, masonry and tiles), were sent to the main clinker burner at the same men-
tioned cement factory. Overall, although the actual recycled material percentage was low, in to-
tal weight, dumping was avoided in almost every material fraction, allowing instead for energy 
recovery (alternative fuels) and secondary raw material use (ceramic minerals for clinker pro-
duction). 

 

Figure 4. Concrete, masonry and ceramic materials after demolition and size reduction, at Estoril-Sol 
working site 



 

Figure 5. Reinforcement steel and other metals separated for recycling, at Estoril-Sol working site 

 

 

As far as CDW management options are concerned, the Portuguese situation is not much differ-
ent from those encountered in other countries, which means there is great recycling potential, 
even with basic equipment and mainly low-grade recycling applications. 

4 PORTUGUESE LEGISLATION FRAME CONCERNING CDW 

The Portuguese legislation frame concerning CDW has been developing, especially in recent 
years. In Table 2, an overview of these documents is presented, in chronological order. 

Table 2. Main legislative documents, which may concern CDW, released in Portugal, in recent years 

Legislation reference General description 

Portaria nº 15/96, 23
rd

 of January, 1996 Approves waste management operations 

Portaria nº 335/97, 16
th

 of May, 1997 Establishes rules for waste transportation 

Portaria nº 818/97, 5
th

 of September, 1997 Approves the European list of wastes (all kinds) 

Decreto-Lei nº 239/97, 9
th

 of September, 1997 Establishes general rules for waste management 

Portaria nº 961/98, 10
th

 of November, 1998 Legislates authorization processes in managing in-

dustrial, urban and other kinds of waste 

Portaria nº792/98, 22
nd

 of September, 1998 Approves the non-hazardous industrial waste map 

Decreto-Lei nº 321/99, 11
th

 of August, 1999 Regulates the installation and management of non-

hazardous industrial landfills 

Decreto-Lei nº 516/99, 2
nd

 of August, 1999 Approves the Strategic Plan for non-hazardous in-

dustrial waste 

Decreto-Lei n.º 152/2002, 23
rd

 of May, 2002 Regulates the installation, use, closure and post-

closure procedures for landfills 

Portaria nº209/2004, 3
rd

 of March, 2004 European waste classification list 

Decreto-Lei nº 178/2006, 5
th

 of September, 2006 Establishes general rules for waste management. 

Replaces Decreto-Lei nº 239/97 

 

In spite of all the waste management legislative effort undergone since 1996 (even though the 
first published law over waste management, in Portugal, goes back to 1985, with DECRETO-
LEI nº 488/85), there has not been published, up to this moment, a specific law concerning 
CDW management. However, a draft legislative document is under preparation since 2005, to 
address this specific waste management issue. This document calls for certain definitions and 
actions/management options, which can be summarized as follows: 

 

- Non-contaminated soils are excluded from the CDW stream - an important issue, since soil 

can take up a considerable percentage of total CDW waste, if considered. This is based on 

the average Soil/Total CDW relationship calculated for several European countries (values 

presented in (Pereira, 2002)), which is around 60%; 



- Focuses on reduction as the basis of CDW management, with reuse and recycling as the pre-

ferred options, after generation; 

- Defines the responsibility chain, in CDW production and management; 

- Calls for previous CDW generation study for each construction project, which must always 

be a part of the bid process, stating the Owner as its responsible; 

- Obliges the Owner to pay previously to the municipality a certain amount (3 or 10% of the 

contract amount, depending if this contract involves only construction/retrofit or only demo-

lition) to guarantee CDW management in case of improper or inexistent plan of action; 

- Non-compliance with its basic principles involves payment of fines and/or losing the right to 

exert (construction or demolition) activity. 
 

In order to positively influence sound CDW management, this legislative draft also defines in-
centives, to be applied during the bid processes, which shall incorporate CDW management 
good practices as one of the decision parameters (in winning or losing a bid). 

It is also worth mentioning that the National Civil Engineering Laboratory (Laboratório Na-
cional de Engenharia Civil – LNEC) has recently produced four recycling standards, one for 
structural concrete – Guide for the use of recycled coarse aggregates in concrete, E469-2006; 
another for bituminous concrete – Guide for the production of recycled hot mix asphalt, E472-
2006, a third one for pavement layers – Guide for the use of recycled aggregates in unbound 
pavement layers, E473-2006; and, finally, the last one for embankments and capping layers – 
Guide for the use of construction and demolition recycled materials in embankments and cap-
ping layers, E474-2006. Although the relevance of such standards is undeniable, if high level 
recycling is to be done in the Portuguese construction industry, there is, at the moment, little 
possibility in doing so, due to lack of advanced CDW recycling technology and source separa-
tion actions (which render high level recycled output construction products – as structural con-
crete or bituminous top layer concrete - uneconomical). 

5 CONCLUSIONS 

A general presentation of the CDW management situation in Portugal has been reported in this 
paper. Although still insipient, a CDW market is developing, along with shortage of dumping 
sites, higher tipping fees and longer distances to legalized landfills. Effort has been applied in 
developing legislation concerning waste production, transport and treatment in Portugal, al-
though a dedicated CDW standard is still unpublished. 

However, even lacking specific legislation, some industrial initiatives have been started 
(TRIANOVO, ECOLABOR) and a few companies (AmbiGroup) have been investing in logis-
tics and machinery for conducting selective demolitions (dismantling), while setting up com-
mercial networks between transporters, recyclers and cement factories (in the cited example, 
Secil-Outão). These initiatives show that there is a high lucrative potential in CDW recycling 
activities, since generated quantities are very significant, a recycling market already exists for 
some important CDW fractions – steel/metals, wood, plastics and paper – and there is a high 
demand for unspecific filling materials, base foundation layers and road bases and sub-bases. 

Although the general quality of CDW recycled output materials is low, mainly due to highly 
mixed input flow, low tech recycling equipment, lack of quality control and non-existent de-
mand for recycled high-value products (such as recycled structural concrete or bituminous con-
crete), the developing of new recycled material standards (for instance, LNEC E469-2006, 
E472-2006, E473-2006 and E474-2006) and specific legislation under preparation will certainly 
create better conditions to backup recyclers, incentive producers to reduce and manage their 
CDW and help clients to better understand and learn to trust recycled materials.  

6 FUTURE RESEARCH 

More accurate and categorized CDW quantification is needed in Portugal. Therefore, a case-

driven data gathering initiative is crucial, in order to give recycling investors, clients, contrac-

tors and designers previous knowledge of the generated quantities per type of building and/or 



predictions per material flow, which allows them to take management decisions and allocate 

funds. 

Thorough information gathering on CDW recycling technology is also needed, in order to 

organize in a systematic way all the technological possibilities in mobile and fixed recycling 

operations, for different material inputs and desired output quality. A complete study on selec-

tive demolition is also important, to allow a direct comparison in material and financial terms 

between selective and traditional demolition practice. 
Finally, a profound operational and economical analysis of a fixed recycling industrial facil-

ity is of great importance, since this can help to better understand the complexities of the CDW 
recycling industrial system, its optimization and ways to render it as lucrative as possible. This 
also generates background knowledge for future CDW recycling investors, helping them to 
overcome some market barriers and explore current possibilities. 
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1 INTRODUCTION

Metakaolin is obtained from the calcination of kaolinitic clays at temperatures in the range of 
700-800ºC (Badogiannis 2005, Sabir 2001), high enough to allow for loss of hydroxyls but be-
low temperatures that cause the formation of a vitreous phase and crystallization of other phases 
such as mullite. The raw-material for its production is available in Portugal, especially in the 
north and centre of the country (Ferraz 2004, Gomes 1990), although many quarries are no 
longer active due to lack of demand. However, a growing scientific interest in the use of meta-
kaolin in mortars and concretes, in order to improve mechanical strength or reduce alkali-silica 
reaction (Fortes-Revilla 2006, Kim 2007, Ramochlan 2000, Silva 2006), together with the pro-
spective lack of traditional pozzolanic materials such as fly ash and silica fume, are inducing the 
industrial sector towards metakaolin production.

In building conservation practice, there is some difficulty in formulating compatible mortars 
for use in renders and joints, due to requisites of low elastic modulus, sufficient flexural strength 
and adequate behaviour in terms of water intake and drying. Chemically, materials must also 
guarantee compatibility issues. For these reasons air lime is the most adequate binder, however 
it encloses some problems such as slow setting, inability to harden under water and lack of du-
rability. The use of pozzolans in lime mortars is a matter of recent studies (Fortes-Revilla 2006, 
Velosa 2006) and results suggest that, in adequate proportions, they produce an increase in me-
chanical strength and durability of mortars, meeting water intake and drying requirements. Ad-
ditionally, these mortars have low cracking susceptibility (Veiga, in press), a factor of major 
importance, crucial in terms of efficiency towards limiting water absorption of walls and in-
creasing durability.

Although formulations were made focusing on conservation mortars, these products (air lime 
and metakaolin) may also be used for mortars to be applied in new build, if formulations are al-
tered to meet different requirements. The use of air lime in mortars is a contribution towards 
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sustainability, due to lower temperatures used in the production process and lower CO2 emis-
sions; additionally, during the carbonation process, CO2 is absorbed from the atmosphere
(Holmes, 1997).

2 MATERIALS, MORTAR COMPOSITIONS AND CONDITIONING

Mortars were formulated with powdered commercial air-lime, a siliceous river sand and meta-
kaolin from two different sources: commercialized, very pure, metakaolin of a white colour 
(K1) and a nationally produced metakaolin with light orange colouring (K2), described in Table 
1. These products were characterized in terms of X-Ray Diffraction (XRD) and results revealed 
a similar composition of quartz, feldspars and muscovite, with an evident content of amorphous 
material.

Table 1: Characterization of metakaolin
Product Colour Apparent density 

(kg/m3)
K1 White 315,0
K2 Light orange 638,8

Table 2 shows mortar compositions (in volume) and water/dry mortar ratio (W/M) in which 
both binders and aggregates are considered. Added water was calculated in terms of an adequate 
consistency, producing similar flow values (around 130), correspondent to adequate workability 
for this type of mortar. A lime mortar with a lime/sand volumetric ratio of 1:3 was used as com-
parison mortar. Ratios 1:1:4 (lime: pozzolan: sand) and 1:0,5:2,5 (lime :pozzolan: sand) were 
used taking into account that it does not act totally as a binder and results from other studies 
relative to lime consumption (Moropoulou 2004, Sabir 2001). Only one ratio was tested with 
MK1, whilst two different ratios were tested with MK2.

Table 2: Mortar composition
Product Lime K1 K2 Sand W/M

(% weight)
L 1 - - 3 15
MK1 1 1 - 4 21
MK2A 1 - 1 4 15
MK2B 1 - 0,5 2,5 15

No cement mortars were included in this test programme, but a comparison was made with a 
cement mortar, C, with a volumetric ratio 1 : 4 (cement : sand), tested in a previous study 
[Veiga, 2003], following the same test methods.
Mortar specimens were prepared and conditioned in a climatic chamber following standard NP 
EN1015-11: Methods of test for mortar for masonry - Part 11: Determination of flexural and 
compressive strength of hardened mortar. Specimens were stored for the first 7 days at 20±2ºC, 
in a plastic bag and then maintained at the same temperature, but with a relative humidity of 
65±5%. Mortars with no pozzolanic addition (L) were not stored initially in a plastic bag, as 
previous attempts to implement this, by the authors and by other researchers1, resulted in a re-
tarded hardening of pure lime mortars.

3 RESULTS AND DISCUSSION

Compressive and flexural strength testing was performed following standard NP EN1015-11:
Methods of test for mortar for masonry - Part 11: Determination of flexural and compressive
strength of hardened mortar. The dynamic modulus of elasticity was determined following Re-
port LNEC 427/05-NRI and capillary absorption was tested following NP EN 1015-18: Meth-

                                                     
1 These results are not yet published.



ods of test for mortar for masonry – Part 18: Determination of water absorption coefficient due 
to capillary action of hardened mortar.
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Figure 1: Flexural strength of mortars at 28 and 90 days

Results of the flexural resistance test indicate an increase in strength of mortars MK1 and 
MK2B in relation to lime mortar with no addition. However, results of MK2A, with a 1:1:4 ra-
tio in volume were very similar to those of lime mortar. The decrease in flexural strength from 
the age of 28 days to the age of 90 days is a phenomenon that has been observed in other mor-
tars, namely those containing pozzolans; reasons for this are unclear but may be linked with mi-
crocracking due to shrinkage, to which flexural strength is very sensitive (Veiga & Carvalho, 
1994). The higher flexural strength displayed by mortar MK2B is due to the action of metakao-
lin as a binder, increasing binder/aggregate relation. Results achieved by cement mortar C, with 
a lower binder ratio, are significantly higher from the others.
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Figure 2: Compressive strength of mortars at 28 and 90 days

Compressive strength results show similarities with those of flexural strength, with a clear 
strength increase in mortars MK1 and MK2B in relation to mortar L, with no metakaolin, whilst 
mortar MK2A reveals an early strength increase in relation to mortar L, but attained strength 
stabilizes until the age of 90 days. At this age, compressive resistance of MK2A is lower that 
that of the comparison lime mortar. This property, in mortars with a 1:1:4 ratio (MK1 and 
MK2A) has no variation between the ages of 28 days and 90 days, probably due to partial action 
of metakaolin as an aggregate. Again, results attained by cement mortar reveal higher mechani-
cal strength compared to those with other binders.
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Figure 3: Elastic Modulus of mortars at 28 and 90 days

Elastic Modulus of all tested mortars with a lime binder is low, as desired, ranging from 
2000MPa to 3000MPa, and variations from 28 days to 90 days are not significant. Using a ce-
ment binder the Elastic Modulus rises to values surrounding 6000MPa.
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Figure 4: Capillary coefficient at 28 and 90 days

Initial capillary absorption of all mortars with metakaolin is similar, and with values lower 
than comparison mortars. At 90 days, possibly due to the development of a different pore struc-
ture in lime with pozzolan mortars in relation to mortars with no additions, capillary coefficient 
of mortar L is significantly higher than the others (Figure 4). The formation of products from 
pozzolanic reaction, with a different structure may induce this phenomenon. Capillary coeffi-
cient gives an indication on initial water absorption rate. Additionally, Figures 5 and 6 show that 
total water intake of mortar MK2B, at 90 days, is significantly lower than that of mortar L and 
drying is also faster.
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Figure 5: Capillary absorption and drying of lime mortar (L) at 90 days
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Figure 6: Capillary absorption and drying of MK2B mortar at 90 days

Although it is expected that pozzolanic additions increase mechanical strength of mortars, 
this did not occur with mortar MK2A. A possible explanation for this is that MK2 acted par-
tially as an aggregate. In fact, taking into account the apparent density of lime (430kg/m3) and 
of MK2 (638kg/m3) and the fact that some of the lime will be used by carbonation and some by 
pozzolanic reaction, some of the pozzolan will not be involved in pozzolanic reaction due to 
lack of lime (CH), acting as an aggregate in the 1:1:4 (lime: pozzolan: sand) mix, and therefore 
increasing aggregate/binder ratio. 

The obtained results were consistent, revealing an increase in mechanical strength of lime 
mortars with pozzolanic additions in all mortars except for MK2A and adequate behaviour in 
terms of water intake and drying.

4 CONCLUSIONS

Metakaolin is an adequate pozzolanic addition for lime mortars, providing adequate mechanical 
and water behaviour characteristics for application in conservation mortars. For this particular 
application cement mortars are inadequate, due to excessive elastic modulus and high content in 
soluble salts [Teutónico et al., 1994; Veiga et al., 2004; Moropoulou et al., 2005]. A fur-
ther advantage of lime/pozzolan mortars is their lower environmental impact, when compared to 
cement mortars, due to lower CO2 emission during production and CO2 absorption by carbona-
tion.

Further studies, taking into account cracking susceptibility and durability (climate and salts) 
must be undertaken.
  An important conclusion that arises is that the use of greater percentages of pozzolan in a mor-
tar doesn’t necessarily imply improved characteristics. For each particular pozzolanic product 
there are specific formulations that produce better results for the application that is being con-
sidered.
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1 INTRODUCTION 

This paper is based on a survey and sample collection of exterior lime renderings from tradi-
tional buildings in western Algarve and of their rammed earth backgrounds. From this prelimi-
nary stage a set of samples was gathered for their physical, mechanical and chemical characteri-
zation in laboratory. 

Within a Masters thesis in Construction of the first author at Instituto Superior Técnico, char-
acterization tests were performed at the National Laboratory of Civil Engineering (LNEC), al-
lowing the establishment of analysis criteria aiming at the comprehension of the degradation 
phenomena of these renderings. 

2 SCOPE AND OBJECTIVES 

Earth buildings play a particularly relevant role in the history of national construction within a 
specific scenario at the social, economic and geographic levels, which created adequate condi-
tions to their expansion, namely in the South of Portugal (Alentejo and Algarve). 

The main objective of the characterization process of the renderings is understanding the 
natural degradation phenomena and of how they are associated with the background characteri-
zation. As a result of this analysis a search was endeavored for clues on the adequacy of apply-
ing certain rendering compositions, either in rehabilitation scenarios or in new construction. 

The collection of samples for the research aiming at physically and mechanically characteriz-
ing rammed earth construction followed the following criteria: 1. type of background: rammed 
earth; 2. type of coating: exterior; 3. geographical area: western Algarve; 4. type of construc-
tion: current dwelling of 1 to 2 storeys above ground; 5. construction period: from 1850 to 1950. 

Five buildings (Figures 1 and 2) were selected, regularly spread within the geographical area 
under analysis and the following locations: Sesmarias; Arão; Montes de Cima; Pincho; Porches. 
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ABSTRACT: Rammed earth is a traditional construction material in the Algarve (South of Por-
tugal), well adapted to climatic conditions in that region, with Mediterranean characteristics. A 
number of old village houses are built with this technology and some modern architects are be-
ginning to adapt this kind of material to new construction, naturally fulfilling new requirements. 
This paper presents an analysis aiming at characterizing the exterior lime rendering of ancient 
rammed earth constructions in western Algarve. The study is centred on the search of useful ref-
erences to the rehabilitation or repair processes, when anomalies occur due to the interaction be-
tween the rammed earth background and the rendering materials, as a result of their different 
characteristics and performance. Therefore, a reference is made to the methodology used to 
characterize samples extracted from five constructions in western Algarve, similar from a con-
struction point of view. 



 
Figure 1. Geographical location of the five buildings under analysis 

 

Figure 2. Buildings studied (from left to right): Porches, Sesmarias, Montes de Cima, Arão e Pincho 

3 CHARACTERIZATION METHODOLOGY 

The methodology used to characterize the renderings comprised the following major steps: 
1. Field survey: 
Buildings selection and systematic collection of renderings and earth backgrounds samples in 

the 5 cases under analysis. 
2. Laboratorial stage (performed at LNEC): 
Execution of tests for physical and mechanical characterization of the collected renderings (a 

total of 30 valid samples): capillarity (water absorption) and subsequent drying; acid dissolution 
to estimate the mix ratio - percentage of insoluble residue (RI); porosity and porosimetry; strati-
graphy analysis; compressive strength (this test was also performed on the earth backgrounds). 

As samples were irregular in shape and easily disintegrable, standard test methods could not 
be applied to calibrate water absorption and compressive strength, which demand well defined 
shapes and some cohesion. Therefore recently developed tests from LNEC for ancient render-
ings were used, within on-going research projects (Valek & Veiga, 2005; Veiga et al., 2004). 

4 TESTS CAMPAIGN 

4.1. Capillary absorption and drying - Renderings 

The first stage effectively established response patterns to water contact, by simulating a natural 
scenario of rain exposition. It defined the level and rate of water absorption of applied render-
ings and it correlated it with the drying rate. This analysis is especially relevant given the high 
susceptibility to water of rammed earth backgrounds. It also evaluated the expected water reten-
tion period within the rendering layer after rain water absorption and in what way it can affect 
the integrity of the earth background. The technique used, described and validated in previous 
work (Veiga et al, 2004), is pictured in Figure 3. 

The 15 samples - 3 for each building selected – were weighed at the absorption stage and af-
ter drying, under similar temperature and humidity conditions. 

The results obtained are translated into capillary absorption and drying diagrams (Figure 4). 
The contact capillary coefficient mean values are presented in Table 1. 

4.2. Acid dissolution - percentage of insoluble residue (% RI) - Renderings 

The aim of these tests is the approximate determination of the composition of the renderings 



collected (Jedrzejewska, 1960). The dissolution with hydrochloric acid (HCl) results in a non-
soluble fraction, named insoluble residue (RI), which approximately corresponds to the non-
calcareous aggregates. The test was performed in 3 of the 5 buildings under analysis Pincho, 
Montes de Cima and Sesmarias (Figure 5). 

 

 
 

Figure 3. Water absorption and drying process 
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Figure 4. Water absorption (left) and drying (right) diagrams 
 
Table 1. Contact capillary coefficients 

 Contact capillary coefficient (kg/m2.min1/2) - Average 
 Cc 5 Cc (90-10) Cc24 

Overall absorption 
(kg/m2) 

Sesmarias 0.57 0.14 0.08 3.09 
Arão 0.35 0.33 0.10 4.01 
Montes de Cima 1.69 0.36 0.22 7.58 
Pincho 0.67 0.21 0.11 4.37 
Porches 0.89 0.03 0.06 2.42 

 

  

 
Figure 5. Disintegration of the rendering sample (left), stabilization of the dried samples (centre) and 
decantation of the insoluble residue fraction obtained through acid 
 

The ratio of insoluble residue in acid is expressed as a percentage by (c1 - c) / m x 100, where 
m is the mass of the sample, c is the mass of the container empty, and c1 is the mass of the con-
tainer plus the insoluble residue after drying. 

The results of these tests are presented in Figures 6 and 7 and Table 2 presents the weight 



proportions of the renderings tested. 
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Table 2. Weight proportions of the renderings 

 Binder (lime) Aggregates 
Pincho 1 33,3 
Montes de Cima 1 2,4 
Sesmarias 1 5,3 

4.3. Porosity and porosimetry - Renderings 

Other laboratory tests were performed to relate the permeability of the samples with their poros-
ity. The results of the water absorption were also related with a porosimetry analysis. 

Porosity of a sample is understood as the ratio between the pores volume within the sample 
and its apparent volume. The volume of pores was determined by the volume of water that 
penetrates the sample when it is immersed (open porosity). 

The porosity and porosimetry structure of six samples from three buildings (Porches, Sesma-
rias and Montes de Cima) was determined, using mercury intrusion porosimetry (MIP) (Figure 8). 
 

 
Figure 8. AUTOSCAN60 equipment (left) and filling apparatus (right) 

 
The samples tested were first subjected to a drying process in an oven at around 70 ºC for 72 

h, after which they were positioned inside a desiccator cabinet until they were tested, in order to 
keep the internal moisture level. 

The dried samples were weighed, positioned inside the test cell (penetrometer) and then in the 
AUTOSCAN60 equipment; later on they were degasified for 30 minutes at room temperature, 
the test cells were filled with mercury and the pressurizing process started. The limit values 
achieved by pressure and the respective pores radiuses were then determined. 

In Table 3 the results obtained for the three renderings tested are summarized. Figure 9 pre-
sents the porosimetry distribution determined for each one of the samples tested. 

4.4. Stratigraphy analysis - Renderings 

The stratigraphy analysis performed in laboratory (Figure 10) allowed a general survey of the 



number of layers applied in the exterior coatings of the five buildings under analysis (one sam-
ple of each), of the materials used and the register of eventual maintenance or repair interven-
tions the renderings may have been subjected to (Baronio et al, 1989). 

 
Table 3. Summary of the results of porosity 

Sample Bulk density (kg/m3) Density (kg/m3) Porosity (%) 
PORC-1 (Porches) 2257 2608 13,5 
PORC-2 (Porches) 2281 2628 13,2 
SES-1 (Sesmarias) 2160 2625 17,7 
SES-2 (Sesmarias) 2144 2643 18,9 
C-1 (Montes de Cima) 1750 2602 32,7 
C-2 (Montes de Cima) 1744 2606 33,1 
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Figure 9. Porosimetry distribution curves by MIP of the samples tested 
 

 
Figure 10. Observation with binocular magnifying glass 
 

Preliminary to the analysis with binocular magnifying glass procedures of selection and 
preparation of the dried samples, impregnated with resin, were performed (Figures 11 and 12). 

The observation with binocular magnifying glass allowed the visual register of a stratigraphy 
section of the various renderings, as shown in Figure 13. 

4.5. Compressive strength - Coatings and rammed earth 

This test aimed at establishing direct relationships between the strength capacity of existing 
coatings in the buildings selected and strength capacity of the rammed earth background (Veiga 
et al, 2004). 

From the point of view of the analysis of the renderings durability and performance, it is in-
teresting to calibrate the relationship between the mechanical characteristics of the various main 
elements of the wall, as well as the possible trends detected in that characterization. So, the 
study was focused on determining the compressive strength both of coatings and rammed earth. 



  
Figure 12. Samples cut and polished (left) and their observation with a binocular amplifying glass (left) 
 

      

      

 
Figure 13. Stratigraphy sections of the renderings: Sesmarias, Arão, Montes de Cima, Pincho and Porches 
 

  
Figure 11. Vacuum chamber (left) where the samples are kept for 24 h before they are impregnated with  
epoxy resin and samples after the impregnation (right) 



For each of the five buildings and their respective coatings three samples were tested (Figure 
14). Results are summarized in Table 4. 
 

  
Figure 14. Equipment and test samples (left) and coating sample after failure (right). 
 
Table 4. Summary of the results of compressive strength (coatings and background) 

Coating Sesmarias - Rendering Background Sesmarias - Rammed earth 
Rm average (MPa) 2,1 Rm average (MPa) 1,1 

Coating Arão - Rendering Background Arão - Rammed earth 
Rm average (MPa) 2,1 Rm average (MPa) 1,3 

Coating Montes de Cima - Rendering Background Montes de Cima - Rammed earth 
Rm average (MPa) 3,1 Rm average (MPa) 0,8 

Coating Pincho - Rendering Background Pincho - Rammed earth 
Rm average (MPa) 2,0 Rm average (MPa) 1,3 

Coating Porches - Rendering Background Porches - Rammed earth 
Rm average (MPa) 4,1 Rm average (MPa) 2,7 

5 ANALYSIS OF THE RESULTS 

One of the main aspects concerning renderings degradation processes is their susceptibility to 
water. The analysis of the water absorption and drying tests leads to the following conclusions: 

1. Invariably the highest absorption rate occurs in the initial water absorption period (first 5 
minutes), implying a significant capillarity of the renderings analyzed; 

2. Almost total absorption of the coating is achieved after a reduced period (under 25 min-
utes); the remaining water absorption process occurs at a very low rate; 

3. Generally, drying periods are significantly larger than absorption periods and rates are 
smoother over time; 

4. Therefore, there is a very significant difference between the period during which saturation 
of the coating occurs throughout its thickness and that corresponding to total drying of 
the previously saturated coating; this implies, during the saturation / drying cycle, a water 
retention period in the interface between the coating and the rammed earth background. 

In the universe of rendering tested for insoluble residue determination (5 buildings and their 
renderings) a higher initial water absorption rate seems to be associated with greater binder con-
tent. The same happens when overall absorption of each coating is analyzed. This conclusion 
contradicts the usual assumption that relates higher binder content with higher compactness and 
therefore lower absorption rate and lower overall absorption. 

In the same universe there is no perception of an unequivocal relationship between water ab-
sorption rate and porosity level. Há, se em conjunto com a porosimetria, como se vê a seguir. 

Porosimetry results reveal coherence with those of capillary absorption: the Montes de Cima 
rendering presents a very concentrated porosimetry distribution in the range between 0,5 and 1 
µm and also a high porosity level, which explain the high initial capillary absorption rate, as 
well as the overall absorption. The remaining coatings analyzed showed very regular distribu-
tions in terms of pores dimensions, leading to low porosity levels, which explain low overall ab-
sorption, and relatively small average pore radius. This kind of porous structure leads to slower 
absorption rates, evidenced by the reduced capillary coefficients (Magalhães et al, 2004; 
Arandigoyen & Alvarez, 2006). 



Compressive strength results (coatings and background) led to the following conclusions: 
1. In every building there is a relevant difference in terms of compressive strength between 

the renderings and the rammed earth (the latter is the least resistant); 
2. Exterior coatings show very high compressive strength; this generates excessive interfacial 

stresses with the rammed earth background, as a result of different deformation capacities 
(Binda et al, 2000; Lanas & Alvarez, 2003), promoting loss of adherence between these 
materials and frequent spalling (amply witnessed on site) in this type of building; 

3. In the Sesmarias, Montes de Cima and Pincho coatings there were higher compressive 
strength levels in those cases where the binder content was higher. 

There is no unequivocal relationship between the renderings compressive strength and their 
porosity. 

6 CONCLUSIONS 

The present rebirth of rammed earth construction has various reasons, connected with the ac-
knowledgement of its advantages in terms of traditional construction identity to be maintained 
and of thermal and acoustic comfort it provides. However, it also reveals some drawbacks, 
namely concerning their low resistance to earthquakes and susceptibility to water action. 

The universe of buildings tested is limited (5 cases) and is dispersed through Western Al-
garve. This dispersion is associated to variations in the characterization of the background and 
coating materials, namely in terms of the grading curve of the earth mixes. Even though these 
variations are noticeable, tests performed in laboratory revealed the existence of response pat-
terns common to all the buildings tested, either in terms of water presence (and subsequent dry-
ing) or materials compressive strength. The following are underlined: 

1. Water absorption is relatively quick, revealing great susceptibility to water of the render-
ings analyzed; 

2. Drying is very slow, implying long water retention periods in the coating thickness, pro-
moting its absorption by the background material (rammed earth) and leading to a pro-
gressive loss of compactness and cohesion of this material; 

3. Compressive strength of the coatings is much higher than that of background material, 
leading to stresses in the interface that promote precocious loss of adherence, cracking 
and spalling of the coatings. 
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ABSTRACT: The majority of worldwide structures use concrete as its main material. This hap-
pens because concrete is economically feasible, due to its undemanding production technology 
and ease of use. 

However, it is widely recognized that concrete production has a strong environmental impact 
in the planet. Natural aggregates use is one of the most important problems of concrete produc-
tion nowadays, since they are obtained from limited, and in some countries scarce, resources. In 
Portugal, although there are enough stone quarries to cover coarse aggregates needs for several 
more years, supplies of fine aggregates are becoming scarcer, especially in the northern part of 
the country. 

On the other hand, as concrete structures’ life cycle comes to an end, an urgent need emerges 
to establish technically and economically viable solutions for demolition debris, other than for 
use as road base and quarry fill. 

This paper presents a partial life cycle assessment (LCA) of concrete made with fine recycled 
concrete aggregates performed with EcoConcrete tool. EcoConcrete is a tailor-made, interac-
tive, learning and communications tool promoted by the Joint Project Group (JPG) on the LCA 
of concrete, to qualify and quantify the overall environment impact of concrete products. It con-
sists of an interactive Excel-spreadsheet in which several environmental inputs (material quanti-
ties, distances from origin to production site, production processes) and outputs (material, en-
ergy, emissions to air, water, soil or waste) are collected in a life cycle inventory, and are then 
processed to determine the environmental impact (assessment) of the analysed concrete, in 
terms of ozone layer depletion, smog or “greenhouse” effect. 

 
1 INTRODUCTION 
The construction industry is known as being environmentally inefficient. The intensive extrac-
tion of raw materials for the production of materials involved in buildings execution, the energy 
needed to perform heavy industrial processes and the resulting debris, both from new construc-
tion and demolition of old one, all contribute to a strong penalization of the environment. 

One of the materials most used in the construction of structures is concrete because of its ease 
of production, low-demand technologies and easy-to-obtain materials needed in its production, 
leading to low production costs. 

However, in order to produce concrete it is necessary to extract stone both for cement produc-
tion and to be used as aggregates. Usually, concrete fine aggregates are obtained from the ex-
traction of sand from river beds or maritime coats. However, this activity brings along severe 
environmental problems: the alteration of the water flow in rivers or of the tides in seas leads to 
the erosion of the margins, with direct consequences on the nearby infrastructures. 

Even though in Portugal and particularly in the south of the country there are relevant am-
ounts of natural sand for extraction, some recent studies (Dias, 2005) point out the need to im-



plement more restrictive measures in terms of extraction, in order to invert the destructive proc-
ess of the coasts that is being felt nowadays. 

With the objective of checking the technical viability of replacing fine natural aggregates 
(FNA) with equivalent recycled aggregates (FRA) in concrete production, a research was en-
deavored at Instituto Superior Técnico aiming at evaluating the performance of concrete made 
with different ratios of replacement. 

Notwithstanding the fact that the technical viability was proved by the results obtained 
(Evangelista & Brito, 2006, 2007), the economic and environmental viability needed to be 
checked. As a matter of fact it is not consensual nowadays that recycling is one of the paradigms 
in sustainability. Pereira (2004) refers clearly that in his view recycling is not a solution to the 
problem. Even though recognizing the benefits of this practice he states that “is not The solu-
tion”. Even though recycling leads to a reduction in the use of abiotic materials, it is possible 
that waste treatment for future applications and/or the worst quality of the resulting products 
may jeopardize their reuse both in economic and environmental terms. 

This paper presents a Life Cycle Assessment analysis performed on concrete with fine recy-
cled concrete aggregates, in order to understand the real benefits brought by concrete recycling 
for the production of fine aggregates. This type of analysis corresponds to evaluating the vari-
ous environmental impacts of each product, from its “cradle” to its “grave”. The LCA analysis 
thus takes into account every resource and material consumed both directly (in its creation) and 
indirectly in all the accessory activities needed for its creation (extraction, transformation, etc.). 
This quantification allows the establishment of the environmental damage during its life cycle. 
According to the Environmental Protection Agency (EPA, 2006), the life cycle of a product is 
divided in four main stages: 
− obtaining the raw materials - included are the resources consumed, as well as the materials 

and energy spent in the extractive and transport activities; 
− production - included are the activities of raw materials transformation, product execution 

and its transport and conditioning to its destiny; 
− use, reuse and maintenance - where the activities and consumptions resulting from the use 

and quality maintenance of the product are quantified; 
− recycling and waste treatment - where the impact of the activities associated with destroying 

the product, as well as the impact of the resulting waste, are evaluated. 

2 THE ECOCONCRETE TOOL 
2.1 General description of the software 
In order to perform LCA analyses the software Ecoconcrete, produced by the Joint Project 
Group (JPG), was used. This is a design tool that implements the LCA methodology specifically 
for the concrete production sector. Basically it is a spreadsheet within the MSExcel® platform in 
which data concerning production, transport, application, maintenance, and end-of-life cycle are 
inserted giving out the various environmental impacts felt. 

To evaluate the concrete environmental impact Ecoconcrete resorts to one of three available 
analyses: CML, EDIP or Eco-indicator 99. 

The CML methodology was developed at the Institute for Environmental Sciences of the 
Leiden University in Holland and proposes that the environmental impact of a product is made 
according to the negative effect that the different sub-products from its production have in eight 
different phenomena: abiotic depletion; acidification; global warming; ecotoxicity; eutrophica-
tion; human toxicity; production of photo-oxidant agents; destruction of the ozone layer. Addi-
tionally, the CML analysis predicts the concrete environmental impact by measuring the energy 
spent during its life cycle, as well as the chemical and non-chemical waste produced. 

The EDIP (Environmental Design of Industrial Production) project, developed in partnership 
by various Danish entities, similarly to the CML methodology, aims at evaluating the impact 
during the life cycle by measuring the effects of a set of pre-established phenomena: global 
warming; destruction of the ozone layer; acidification; nutrients enrichment; eco-toxicity; hu-
man toxicity; photochemical ozone formation; waste gross production; toxic waste production; 
nuclear waste production; sludge slag and ash production. 

The main difference between these two methodologies lies in the Life Cycle Inventory each 



one resorts to and specifically in the quantification of the impacts that the different activities 
cause. 

Contrarily to the previous methodologies, that correspond to intermediate stages of the LCA 
analysis, needing post-interpretation taking into account the various parameters in question, and 
are therefore slow and complex (Goedkoop, 1995), Eco-indicator 99 is supposed to be a final 
analysis procedure, giving an environmental score to a product or process, with an easy and ob-
jective interpretation. 

Eco-indicator 99 is obtained by evaluating the environmental damage in natural resources, 
public health and the ecosystems. The weight of each one was established through an enquiry to 
experts involved in a Swiss group of LCA (Baayen, 2000): 
− damage to public health and the ecosystems have the same weight; 
− damage to natural resources has a weight sensibly half of the previous ones. 

2.2 Limitations of Ecoconcrete 
Ecoconcrete is presently in its version 1.1. This tool is still under development and therefore 
there are still some factors that limit its use. 

To begin with the software possesses only a limited database in what concerns elements to be 
evaluated. At the moment it is only possible to study four types of prefabricated concrete ele-
ments and four types of cast in situ concrete elements. Any other element that may involve dif-
ferent execution procedures or fabric processes is nor available yet. 

Secondly the only environmental costs already inventoried from “birth” (raw materials ex-
traction) to “gateway” (beginning of transport to destination) are those concerning three distinct 
types of cement (CEM I 52.5R, CEM II/A-L 32.5R and CEM III/A-42.5). 

Finally, the software does not allow the direct prevision of recycled aggregates in concrete 
production. The only way to take into account this type of recycling is at the end of the life cy-
cle of the product at its demolition. 

3 ANALYSIS PERFORMED 
3.1 Adaptations implemented 
Because of the existing limitations of the software, adaptations were needed, both in terms of 
the composition of the concrete mixes under analysis and in the way the different component 
materials were taken into account. 

The case study element selected was a 1 m2 solid slab 0,25 m thick and with a reinforcement 
ratio of 70 kg/m3. 

To take into account the fact that the type of cement used in the experimental campaign 
(CEM I 42.5R) was not considered in the software, cement type CEM I 52.5R was used, be-
cause its chemical composition is the one that is most similar to the one of the cement used in 
the tests. However, this choice implies that a different strength class is considered which may 
affect energy consumption and gas emissions, since the difference in strength between two ce-
ments of the same type is directly related to the fineness module and the clinker burning proc-
ess. However, since all the mixes analyzed have the same cement ratio, the error is going to be 
the same for all of them, thus allowing for acceptable comparative analyses. 

To simulate the use of recycled aggregates, it was assumed at the end of the life cycle of the 
element under analysis that only part of it would be recycled (quantified in mass) in the produc-
tion of a new slab. The remaining would be dumped. Therefore, knowing the content in fine re-
cycled aggregates of each mix and the weight of the slab, it was possible to estimate the recy-
cling ratio to be used as input in the software. It must also be stated that the transport distances, 
both for obtaining raw materials and dumping / recycling, were adapted: on the one hand, the 
use of recycled material on site reduces or even nullifies the distance needed to collect the fine 
aggregates; on the other hand, by using part of the recycled material on site, the quantity of ma-
terial to be dumped is reduced (given the software limitations, this was considered by reducing 
the distance to the dumping site proportionally to the recycling ratio corresponding to each con-
crete mix). Table 1 presents the final estimate results. 

 



Table 1. Estimate data used as input for Ecoconcrete  
 Composition 
 BC B30R B100R 
Fine aggregates content (kg/m3) 664 610 488 
Fine recycled aggregates (FRA) content (kg/m3) 0 148 488 
Distance from natural aggregates production headquarters (km) 100 70 0 
Recycling ratio (%) 0 6,2 21,4 
Distance from dumping ground (km) 50 46,9 39,3 

3.2 Results obtained 
Ecoconcrete quantifies the environmental impacts of the different stages of the element’s life as 
well as the use of the various raw materials throughout the whole period, estimated as 50 years 
for practical terms. However and since in principle each mix will have a different service life 
due to its durability-related characteristics, the environmental impacts were estimated in terms 
of each year of the life cycle of the element. To do that the expected service life of each con-
crete mix was estimated based on its chloride diffusion coefficient. Since the concentration of 
chlorides at a given age t and depth x is given by equation (1) (BREU, 1993), it follows that 
service life (i.e. the time needed for a given chloride concentration (Dc) to occur at the rein-
forcement level) is inversely proportional to the chloride diffusion coefficient (Dnssm). 

 0
c

xC(x,t)=C 1-erf
2 D .t

⎧ ⎫⎛ ⎞⎪ ⎪⎜ ⎟⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭
 (1) 

Therefore the estimated service life of each mix, admitting 50 years that the reference con-
crete BC (without recycled aggregates), is given in Table 2. 

 
Table 2. Estimated service life for the different concrete mixes  

 BC B30R B100R 
Dnssm (cm2/s) 1,8×10-11 2,0×10-11 2,4×10-11 
Service life (years) 50 44,7 37,4 

3.2.1 Analysis using the CML methodology 
The analysis of the CML parameters of energy consumption and waste emission (both chemical 
and non-chemical) shows that there is a significant reduction of these values when FRA are in-
cluded in the mix. However, if the lower durability of these mixes is taken into account, it is 
concluded that yearly environmental costs increase with FRA inclusion, indicating that gains 
obtained with recycling do not compensate the lower longevity of the material. Nonetheless, 
these results may be justified by the present limitation of the software that led to the considera-
tion of unrealistically low replacement ratios (only 21% for the concrete mix with integral re-
placement of FNA with FRA, B100R). 

In terms of the environmental parameters specified by CML, Table 3 shows that there is a 
linear decrease of total impacts with the replacement ratio (around 7% for B30R and 20% for 
B100R). However, when taking into account the lower durability of mixes with FRA, the trends 
are inverted and the reference concrete (BC) becomes the “cleanest” and B100R the “dirtiest”. 

3.2.2 Analysis using the EDIP methodology 
The comparative analysis of the various results obtained for each of the concrete mixes analyzed 
is shown in Table 4. The variations of each of the parameters are within the same range as those 
presented in the CML methodology. This is was expected since these methodologies determine 
the impacts through linear combinations of the various impacts included in the LCA and the dif-
ference in absolute values is only due to the different life cycle inventories (LCI) used. 

Taking into account the expected service life of each of the mixes, the benefits brought by the 
incorporation of FRA seem to be insufficient to compensate for the losses due to their lower du-
rability. Again this is probably a misleading result because of the artificially low replacement 
ratios inserted as data because of the limitations of the software. 



_ 
Table 3. Relative changes of the environmental parameters of the CML methodology 
Impact parameter BC B30R B100R 
Destruction of the ozone layer - -6.4% -19.1% 
Global warming - -6.9% -21.0% 
Human toxicity - -6.9% -20.6% 
Acidification - -7.2% -21.7% 
Eutrophication - -7.6% -23.0% 
Production of photo-oxidant agents - -6.7% -20.3% 
Aquatic toxicity (fresh water) - -6.8% -20.4% 
Aquatic toxicity sediments (fresh water) - -6.7% -20.1% 
Ground eco-toxicity - -6.8% -20.7% 
Abiotic depletion - -6.6% -19.7% 

 
Table 4. Relative changes of the environmental parameters of the EDIP methodology 
Impact parameter BC B30R B100R 
Destruction of the ozone layer - -6,4 -19,1 
Aerial human toxicity - -7,5 -22,3 
Global warming - -6,9 -21,0 
Acidification - -7,3 -21,8 
Nutrients enrichment - -7,4 -22,2 
Chronic aquatic toxicity - -4,7 -15,1 
Acute aquatic toxicity - -4,7 -15,1 
Chronic ground eco-toxicity - -7,2 -23,2 
Acute ground eco-toxicity - -7,5 -22,3 
Aquatic human toxicity - -6,9 -21,5 
Ground human toxicity - -7,6 -22,5 
Production of photo-oxidant agents - -6,9 -20,7 
Overall waste - -8,3 -27,1 
Toxic waste - -5,2 -16,8 
Nuclear waste - -3,3 -10,6 
Sludge slag and ashes - -7,0 -22,7 

3.2.3 Analysis using Eco-indicator 99 
As referred before, Eco-indicator 99 classifies a product by giving it an environmental rating. 
Even though this rating is technically hard to interpret, it is an efficient way of establishing 
comparisons between various alternatives and pointing out the most environmentally efficient. It 
is clearly tailored to inform the final consumer as opposed to being analyzed by the entities as-
sociated with the production. Results are summarized in Table 5. 

Concrete mixes with FRA show a better rating than the reference concrete and the more so 
the greater the replacement ratio. These results agree with those of the two other methodologies. 
Similarly to those methods, their lower durability leads to a yearly worse performance (Table 6). 
Again this has to do with the way the problem was stated and the limitations of the software. 

4 CONCLUSIONS 
The Life Cycle Assessment analyses are an excellent way of quantifying the real impact that a 
given product has over the environment, from the onset of the raw materials extraction to its de-
struction and post-processing. To be valid, these analyses must be based on ample and reliable 
data bases (Life cycle inventories). 

Ecoconcrete uses two of the existent LCI’s: CML and EDIP. Their differences basically have 
to do with the value attributed to the damage caused by the activities and products inventoried. 



Since Ecoconcrete is still under development some of the data concerning the problems under 
analysis had to be introduced indirectly with some detriment to the analysis presented. As a 
consequence, the results under-evaluate the benefits brought by the incorporation of recycled 
aggregates, in particular at the end of the life cycle of the structure, where it was necessary to 
state lower recycling ratios than those actually existing. 
 
Table 5. Absolute results of the Eco-indicator 99 analysis for all concrete mixes analyzed 
 BC B30R B100R 
Cement 3,810 3,810 3,810 
Aggregates 0,100 0,097 0,090 
Admixtures 0,106 0,106 0,106 
Reinforcement 1,463 1,463 1,463 
Water 0,000 0,000 0,000 
Transport constituents 0,930 0,831 0,653 
Fabrication 0,104 0,104 0,104 
2, Transport to site 0,000 0,000 0,000 
3, Construction 0,104 0,104 0,104 
4, Maintenance 0,000 0,000 0,000 
5, Demolition 0,806 0,787 0,745 
6, End of life scenario 0,894 0,826 0,676 
Total 8,316 8,128 7,750 
Δ  - -2,26 -6,81 

 
Table 6. Eco-indicator 99 results taking into account the different service lives 
 BC B30R B100R 
EI99 8.316 8.128 7.75 
EI99 / ano 0.166 0.182 0.207 
Δ (%)  9.33 24.59 

 
A determining factor in the impact of concrete with FRA is the lower use of natural aggre-

gates, with a consequent decrease of the impacts from their extraction. This was not quantified 
in the present version of the software since the input does not allow a decrease in the amount of 
natural aggregates without repercussions in the overall composition of the mix. 

Nevertheless, the LCA analyses performed pointed consistently to an environmental benefit 
resulting from the replacement of FNA with FRA, even though overbalanced by the lower ser-
vice lives of concrete mixes with FRA. For the reasons given above due to the present limitation 
of the Ecoconcrete software, it is believed that this last trend may be reversed. 
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1 INTRODUCTION 
Two major factors have been found to have considerably influenced the market of recycled 

aggregates in Europe and Italy: the EU and national regulations and environmental awareness. 
The market of recycled aggregate has grown in countries with limited natural resources. 
Waste disposal has also been one of the top EU political and environmental priorities. In the 

complex interaction between human activities and the environment, waste is proved to be one of 
the most environment-degrading products. 

In 1972 the European Commission introduced measures on waste reduction, reuse and recy-
cling.  

In 2006, directive 2006/12/EC (European Commission) on waste was issued. It covers the 
scope of minimizing the waste, prevent hazardous waste, maximize reclamation, reuse, recy-
cling and energy-recovery. 

No specific directive refers to management and recycling of construction and demolition de-
bris. However, in 1992 the European Commission listed debris among waste management prior-
ities because of its growing amount. 

Only recently, effective environmental policies have been implemented in Italy, even though 
relevant environmental issues started rising as early as the beginning of the 1970s. 

In the 1980s the Government undertook the first significant measures to handle the waste 
management.  

Because of the too many and dated laws on this regard, a new law was issued in 1982 aiming 
to provide a comprehensive regulatory frame of the subject: D.P.R. 915/1982 (It: Decreto del 
Presidente della Repubblica = En: Decree of the President of the Republic). Not only the new 
law replaced a 1940s law, but it also implemented some EEC (European Economic Community) 
directives on waste, such as the 75/442/EEC as an attempt to cover the management of different 
types of waste. 

The 1982 law also promoted  waste recycling and energy-recovery systems. 
D.P.R. 915/1982 was further integrated and amended at different stages:  
D.Lgs. n. 22/1997 (It: Decreto legislativo = En: Legislative Decree) also known as “Ronchi 

decree”,  is a rundown of all previous regulations issued until that date, namely: 91/156/EEC on 
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waste; 91/689/EEC on dangerous waste; 94/62/EC on packaging. Ronchi decree was the main 
regulatory reference on waste management in Italy until 2006.  

The decree introduces two new concepts in Italy: 
• waste management instead of disposal – to prevent waste production, promote recycling, 

reuse of energy, and to discourage landfill; 
• the encouragement of voluntary agreements among waste management operators to 
achieve the aforementioned purposes.  

A few other laws [Ammendola, G.] were issued in the following years in order to comply 
with the European regulations. It is worth to mention, the so-called “decree 30%” (Ministerial 
Decree 203/2003) which was conceived as an attempt to create better market conditions for re-
cycled products. 

It sets a minimum target for national and public agencies to meet at least 30% of their annual 
demand with recycled materials.  

Nowadays the D.Lgs. n.152/2006, also known as “Environmental Code”, is the main legisla-
tive reference regarding environmental issues. 

Its text has been repeatedly amended by means of several implemental decrees, which caused 
the Code to be not completely applicable due to the coexistence of old and new rules. 

 
With regard to the use of construction and demolition waste (C&D) in the building sector in 

replacement of raw materials, the first draft for technical standard came up in 1996. In the same 
years the UNI (Italian National Agency of Unification) “Building Commission” formed Work-
ing group 7 also called “Construction and demolition waste” to draw up “Guidelines for de-
creasing of construction and demolition waste in construction”. 

In 2000 the same Commission updated the standard UNI 10006 – “Road construction and 
maintenance - Technical provisions for the use of soil” thus providing standard instructions 
about the use of recycled aggregates for road construction. 

However, a new norm EN 12620 “Aggregates for concrete” has already replaced it. It is an 
improvement of the former standards and provides a useful tool to determine characteristics and 
requirements of the aggregates for concrete.  

This one has been further revised and its latest version, UNI 8520, defines the minimum re-
quirements of the aggregate for concrete.  

Table 1 shows the limit quantities set in the norm. 
 
Table 1. UNI 8520 limit quantities

Use rate Source Strength
category

Total or partial use  Demolition of buildings (debris) ≤C12/15 
Total or partial use  Demolition of concrete elements ≤C20/25 
≤ 10% Demolition of concrete elements ≥C20/25 
≤ 5% Demolition of buildings (debris) ≥C20/25 
 
In September 2005, D.M. 14.09.2005 (It: Decreto miniteriale = En: Ministerial Decree) 

named “Technical Norms for construction” was issued. It replaced previous norms and incorpo-
rated some European standards such as UNI EN 12620. This law contains important data about 
how to use recycled aggregates in concrete.  

The law says: “...the use of recycled coarse aggregate is allowed according to table 2, pro-
vided that the manufactured concrete has undergone laboratory tests...”. 

 
Table 2. Technical norms of constructions – limits for recycled aggregates 

Source of recycled material Cubic compression 
strength 
[N/mm2]

Percentage 
of use 

Demolition of buildings (debris) < 15 100% 

Demolition of concrete or reinforced concrete elements 
≤ 35 ≤ 30% 
≤ 25 ≤ 60% 



Reuse within certified prefabrication plants  ≤ 55 ≤ 5% 
 

2  RECYCLING OF C&D WASTE - STAGES OF PROCESS AND PLANT’S COM-
PONENTS 
There are 5 stages in the recycling process of C&D waste and they are carried out in the fol-

lowing order: 
• Coarse separation  
• Crushing 
• Separation of ferrous elements 
• Screening 
• Removal of impurity by air separation (if necessary)  

During the coarse separation (performed by means of grab or shears) the debris is chopped 
smaller so as to go smoothly into the crusher inlet. The crushing can be also performed in the 
following ways:  

• Squeezing; 
• Impacting; 
• Grinding. 

To obtain a decreasingly sized product three different crushing stages are performed: 
• Primary crushing; 
• Secondary crushing; 
• Milling.  

Granulometry classes are determined during the screening operation. If necessary, impurities 
like wood, plastic and paper can be removed. Air separation technique is more convenient than 
the washing separation which is instead more expensive due to the disposal of the washing mud. 
The process ends with the storage of the products. 

The main components of a recycling plant are: 
• Crusher; 
• Magnetic separator; 
• Screen; 
• Air classifier (if necessary)  

 
2.1 DESCRIPTION OF A FIXED PLANT 

The flowchart in figure 1 highlights the different stages of the 
material during the recycling process [Bressi, G.]. The cycle is 
arranged so as to avoid unsuitable material to be recycled. 

Quality and quantity controls are completely automated. 
The inlet material is automatically scanned out and discarded 

if found unsuitable to the set standards. 
Three people only can fully control the plant through a video 

control system. 
The inlet material is stored in heaps of the same kind, rolled 

down into the feeder through a mechanical digger in order to 
control the size of the inlet material. The whole process is under 
constant video-camera monitoring so that the rubble is checked 
out before entering the treatment cycle. The operator can there-
fore stop the feeding at any time for further checking and decide 
to discard unsuitable materials. The fine fraction will not be 
milled, therefore a first screening is carried out through a vibrat-
ing screen performs and the coarse material sent to the crusher. 

An atomized water system eliminates and collects the dust af-
ter the crushing. A magnetic device then separates iron elements 
and stores them in a metallic box. Ceramic materials are then 
classed in different granulometry classes (0÷30 mm, 0÷70 mm, 
>70 mm this one can be crushed once again) thanks to a vibrat-
ing screen. 

Figure 1. Flowchart of the fixed
plant 



The vibrating screen also separates plastic from wood and paper elements and puts them into 
a special box. 

The 30÷70mm fraction can be either stored or re-sent to the crushing. At the end of the 
process the different fractions are stored in heaps by a spinning device which minimizes the dust 
generated during the fall. Another conveyor belt can feed a further screening station which pro-
duces 0÷6mm, 6÷15mm and 15÷30mm fractions.  

These granulometry classes  are then further purified from impurities that are stored in special 
boxes.  

 
2.2 DESCRIPTION OF MOBILE PLANTS 
The mobile plants are mobile or semi-mobile machines sized for the road transport.  
These machines are less expensive and easy to handle than the fixed ones, even though less 

efficient [Quattrone, M. & Basilico, V. 2005]. 
It is possible to use them inside the demolition site thus avoiding excessive handling of the 

debris and considerably reducing the cost of transport. 
A mobile plant for C&DW recycling is made of:  

• a crusher with a magnetic separator in the outlet 
• a vibrating screen for the granulometry classification.  

These machines are positioned next to each other to make up a recycling station (see figure 
2). The crusher and the screen are usually separated.  

Nowadays, it is possible to find a single machine with crusher, magnetic separator and screen 
(see figure 3). 

 

2.3 ECONOMIC FEASIBILITY 
The economic feasibility of a recycling station (fixed or mobile) depends on different factors. 
This study does not consider the following factors:  

• choice of the plant site; 
• accessibility and availability of suitable areas; 
• analysis of the building activity; 
• competitors. 

However, the study draws out some lines to invest in a recycling plant. 
For either fixed and mobile plants, the following hypothesis can be followed: 
• The price of the recycling aggregate is 80% the price of the related natural one; 
• The fee to dump the rubble inside the recycling station is 85% the municipal dump fee; 
• The plants produce 50% fine aggregate and 50% coarse aggregate, hence the average 

price of recycled aggregate is: 
 

Pav,rec = 0.8×Pav,nat = 0.8× (0.5×Pfine,aggr + 0.5×Pcoarse,aggr) = 9.00 €/t (euros per ton) 
 
• Based on the surveys carried out in different plants, the average quantity of iron scrap is 

0.1% the quantity of produced aggregates. It shall be sold at 115 €/t. 
For both plants, the net present value (NPV), the profitably index (PI) and the payback period 

(PP) will be calculated. 

Figure 2. Mobile plant composed by a
crusher and a vibrating screen 

Figure 3. Mobile plant composed by a
single machine with crusher, magnetic
separator and vibrating screen 



 
2.3.1 ECONOMIC FEASIBILITY – FIXED PLANT 

Outlays and proceeds [Brugger, G.]are calculated considering the number of inhabitants N to 
get to the breakeven point (the minimum number of people needed to have equal proceeds and 
outlays). 

The yearly production of C&DW is about 0.7 t/inhab. (tonnes per person). The output mate-
rials, after the recycling treatment, are as follows [Bressi, G. & Puia, P.]: 

• 0.693×N t/year (99%) aggregates to sell in the market; 
• 6.93×10-4 t/year (0.1%) iron elements to sell at the steelyard;  
•  7.00×10-4 t/year (0.1%) impurities to be disposed of in landfill site; 
• 5.60×10-3 t/year (0.8%) aggregates unsuitable for commercial use 

 
The breakeven point is equal to 49121 inhabitants (see figure 4). Figure 5 shows the non-
discounted cash flow; table 3 shows calculated indicators under the following hypotheses: 

• Hp 1: the number of inhabitants is twice N (2 x N); 
• Hp 2: the number of inhabitants is three times N (3 x N). 

 

 
Table 3. Indicators for fixed plant 
 Hypothesis 1 Hypothesis 2 
Net Present Value 310.334,14 4.587.917,00 
Profitably Index 0,984 1,7 
Payback Period 86 months 30 months 
Discount rate equal 6% for NPV, PI outlay and PP; discount rate for 
PI proceeds equal 8% 

 
 

2.3.2 ECONOMIC FEASIBILITY – MOBILE PLANTS 
Investigated mobile plants are shown in the table below. 
 
Table 4. Characteristics of machineries 

Plant Machineries Average Price  
[€] 

Mobile plant A Jaw crusher with magnetic separator - weight 30 t
Vibrating screen – weight 22 t 420000 

Mobile plant B Double toothed shafts crusher with magnetic sepa-
rator and vibrating screen – weight 36 t 350000 

 
The following working hypotheses are valid: 

• The capacity of the plant is 70% the maximum capacity; 
• The value loss is 8% per year calculated with decreasing quotas method; 
• The plant works 500 hours per year; 
• The capacity of the plant decreases 4% yearly; 
• Every machine is operated by one worker (labour cost is 50 € per hour per person). 

Figure 4. Costs and proceeds to determine
the breakeven point 

Figure 5. Not discounted cash flows  



 
Figure 6 shows the non-discounted cash flow; indicators are shown in table 5. 

 
 

Table 5. Indicators for mobile plants 
 Mobile plant A Mobile plant B 
Net Present Value 1.509.455,55 2.168.732,35 
Profitably Index 1,994 3,008 
Payback Period 16 months 11 months 
Discount rate equal 6% for NPV, PI outlay and PP; discount rate for 
PI proceeds equal 7,2% 

 
 

3. PRESENTATION OF STUDIES ON DEMOLITION MODES 
Much interest has been lately shown towards the inert fraction (which is about 80% the total 

C&D waste) to be recycled in the building and civil works. All existing plants (used for collec-
tion, recycling and disposal) of metal scraps and lightweight discarded fraction can be used to 
treat the inert fraction. 

To show pros and contras of C&D waste reclamation and reuse, the case study of an aban-
doned industrial area’s renewal, North of Milan, is herein investigated. Prior the construction of 
new buildings, the old industrial structure must be dismantled. Different hypotheses about the 
reclamation and recycling of the debris have been formulated along with economic assessments 
and cost analysis. 

There are several warehouses in the area: the old ones, dating back to early XIX century, are 
disused; the others, built in the 1960s and the 1970s, are still in good conditions. 

The area is about 22800 m2 and the total built volume is 173300 m3. There are fifteen indus-
trial buildings with a steel structure, lightweight roof (saw-tooth roof and saw-tooth with sky-
lights) and external steel studwalls clad in bricks. Some sheet metal roofing material is used in 
the upper part of some under-roof external walls. 

An inspection has to be performed and records of all the collected data have to be kept in a 
registry: materials, quantities, classification of elements and different recycling or reclamation 
methods. 

This case study first analyzes how the buildings are knocked down and secondly how the ma-
terials are separated. 

Economic assessments have been carried out. Costs and proceeds have been compared under 
the following hypotheses: 

A. Building demolition and waste disposal; 
B. Building demolition and C&D waste reclamation/recycling. 

figure 6. Graph of non-discounted cash flows for two types of mobile 
plants 



 
Table 6. Cost of demolition and disposal of all the waste produced in the hypothe-

sis of their disposal in authorized landfill sites 

Cost of demolition 1˙096˙468,00 €
Cost of asbestos-cement slabs disposal 186˙201,60 €
Cost of non-reusable material disposal  5˙167,08 €
Cement, brick debris cod.C.E.R. 17.01.07 57416,56 €
Concrete - C.E.R. 17.01.07 10622,45 €
Wood - C.E.R. 17.02.01 8080,45 €
Plastic - C.E.R. 17.02.03 6572,78 €
Iron and steel - C.E.R. 17.04.05 -123488,65 €
Sandwich panels - C.E.R. 17.09.04 23884,00 €

Difference between relative costs and remaining proceeds due 
to the disposal of the material products 

-16˙912,21 €

Total 1˙270˙924,47 €
 
 

Table 7. Cost of demolition and disposal of all the waste produced in the hypo-
thesis of their disposal to dedicated storage and reclamation sites  

Cost of demolition 1˙096˙468,00 € 
Cost of asbestos-cement slabs disposal 186˙201,60 € 
Cost of removal of some elements  51˙109,52 € 
Cost of non-reusable material disposal  5˙167,08 € 
Cement, brick debris cod.C.E.R. 17.01.07 -14835,00 €  
Concrete - C.E.R. 17.01.07 -9044,41 €  
Wood - C.E.R. 17.02.01 4150,80 €  
Plastic - C.E.R. 17.02.03 6148,96 €  
Iron and steel (first rate) - C.E.R. 17.04.05 -223142,18 €  
Iron and steel (second rate) – C.E.R. 17.04.05 -73431,16 €  
Sandwich panels - C.E.R. 17.09.04 12811,00 €  
Difference between relative costs and remaining revenues 
due to the recovery of the material products

-297˙342,37 € 

Total 1˙041˙603,83  € 
 
Thanks to waste reclamation and recycling, 18% of the demolition costs can be cut off. 
Disposal and reclamation costs for non-metallic fractions are outlined in table 6. The follow-

ing operational hypotheses have been considered: 
A. All waste are disposed of in authorized landfill sites; 
B. All waste are recycled in specific plants; 
C. All waste are recycled in specific plants but while inert fractions are crushed in 

demolition sites. 
The metallic fraction is not included because it is always a proceeds. 



 
Table 8. Comparison among the three working hypotheses  

 Hp. A Hp. B Hp. C 
Cost of non-reclaimable material dispos-
al 5˙167,08 5˙167,08 5˙167,08 

Cost disposal/reclaimed scraps 57˙416,56 57˙416,56 -14˙835,46 
Cost disposal/reclaimed concrete 10˙622,45 10˙622,45 -9˙044,41 
Cost disposal/reclaimed wood 8˙080,45 4˙150,80 4˙150,80 
Cost disposal/reclaimed plastics 6˙572,78 6˙148,96 6˙148,96 
Cost disposal/reclaimed sandwich panels 23˙884,19 12˙811,08 12˙811,08 

total 111˙743,52 96˙316,94 4˙398,05 
  -13,81% -96,06% 

 
Table 8 shows the cost differences in the different hypotheses. Hypothesis C allows 96% cost 

reduction out of the overall demolition and disposal costs than the first hypothesis. 
 
 

4. CONCLUSION 
 
This study confirms that building demolition and waste reclamation in specific plants provide 

high quality reclaimed materials that can be efficiently re-used.  
Economic assessments show that a careful management of C&D waste can determine eco-

nomic and environmental advantages. 
This is true especially when debris is crushed inside demolition sites and reused in place. In a 

financial perspective, studies on mobile plants confirm they are sustainable in most respects. 
Furthermore, mobile plants can be calibrated to be fuelled with bio-fuel.  
Fixed plants, instead, are profitable when recycling and quarry’s activity are complementary.   
The use of machineries and special techniques for demolition and waste reclamation can re-

duce the environmental degradation and the depletion of raw materials.  
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Be Aware: Built environment action on waste awareness and 
resource efficiency 
 
Gilli Hobbs & Amanda Conroy 
BRE; Malcolm Sutherland, Loughborough University UK    ABSTRACT:  
The aim of this project is to reduce waste and resource use across the whole life cycle of 
any given construction product. The project objectives include researching the viability 
of modifying product design, manufacture, packaging/distribution, application, 
maintenance and end of life management to maximise resource efficiency. This 
integrated approach to considering the whole life cycle of construction products will be 
enhanced by conducting pan-industrial waste exchange analysis, characterisation, 
testing and evaluation providing opportunities for knowledge transfer. The project will 
model scenarios for improving resource use throughout the whole life cycle by re-
engineering processes.  Project web site: www.beaware,org.uk.  
 
1 INTRODUCTION 

Construction, demolition and refurbishment accounts for around 100 million tonnes of 
waste in the UK each year. About half of this waste is recycled, from the demolition 
sector and parts of the construction sector. Around 380 million tonnes of resources are 
also consumed by the construction industry each year, suggesting that greater scope for 
waste reduction, reuse and recycling exists.  

Construction and demolition waste (including asbestos) is the largest component of haz-
ardous waste in England and Wales, constituting 32%, nearly 1.7 million tonnes.  
Nearly all of this goes to landfill, but although arisings increased sharply in 2004 as de-
velopers sought to beat the co-disposal ban, the trend is downwards. 
 
2  PROJECT OVERVIEW 
 
The Department for Trade and Industry funded project is called BE AWARE – Built 
Environment Action on Waste Awareness and Resource Efficiency. This project aims to 
help construction product manufacturers to make more efficient use of materials and 
processes by investigating their products’ design, manufacture, installation, use and 
eventual disposal. There are 2 main workstreams: 

- supply chain resource efficiency 
- cross sector recycling opportunities 

 
BE AWARE is looking at the wastes created at each stage of a product’s life cycle in 
order to find other uses for them.   
 
The 30-month project is being undertaken by an industry consortium led by the Con-
struction Products Association, and is managed by BRE. Others involved in developing, 
manufacturing, using or disposing of construction product are involved with the project.  
 

http://www.beaware,org.uk/


BE AWARE will look in detail at around 40 products to see whether waste can be re-
duced and resource efficiency improved. BRE believes that the research will show that 
the project’s approach could bring industry savings of up to 25%.  
 
Direct help for organisations engaged in construction product design, manufacture, in-
stallation, use and end-of-life, is possible by becoming involved in the BE AWARE 
project, 
 
The project will create publicly available guidance and case studies to illustrate how 
adopting efficient practices in product design and manufacture can help.  There will also 
be a series of workshops during the project to discuss findings and invite further input.  
 
The BE AWARE project’s industry consortium is led by the Construction Products As-
sociation, which represent the construction product manufacturing sector. Other partici-
pating associations/groups with manufacturing members include plastics (British Plas-
tics Federation), concrete (British Precast Concrete Federation), composites 
(NetComposites) and wood (Wood Panel Industry Federation, British Woodworking 
Association).  
 
Modular buildings are represented by the Modular & Portable Building Association. 
Key clients/advisors include Charnwood Borough Council and National House Builders 
Council. Biffa Waste Services and the National Federation of Demolition Contractors 
provide guidance on the end of life stages. 
 
Partners from the packaging (Packaging and Industrial Film Association), agriculture 
(Agrifibre Technologies Ltd) and solid timber (UK Forest Products Association) pro-
vide opportunities for pan-industrial knowledge transfer. Loughborough University 
bring their technical expertise with regards to cross-cutting industry waste mapping. As-
sociated parties include Resource Efficiency Knowledge Transfer Network and National 
Industrial Symbiosis Programme (NISP). BRE provides overall project management 
from its Centre for Resource Efficiency.  
 
3   OBJECTIVES 
 
This project will reduce waste and resource use across the whole lifecycle of any given 
product. Research objectives include:  
a) Mapping a product’s resource profile and highlighting where improved resource use 
is possible through reduction, reuse, recycling, recovery and end of life recyclability. 
These include design (e.g. primary feedstock substitution with recycled materials), 
manufacturing process (e.g. cost v. benefit of changing practices), packaging (e.g. de-
sign for minimal packing) and end of life considerations (e.g. maintenance, recyclabil-
ity/ retrieval arrangements),  
b) Simulating reduced resource use through the whole life cycle by modelling a re-
engineering of processes and changing, for example, the design, distribution, packaging 
and end of life recovery options,  
c) Creating a pan-industrial waste exchange process through researching waste map-
ping, characterisation, testing and evaluation.  
d) Marketing and disseminating the results to wider industrial audiences.  
 



Figure 1: Diagram explaining project scope 
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3  BENEFITS 
 
Lifecycles will be modelled rather than individual industry interests. This involves 
combining perspectives and data from over 50 companies to develop the results of the 
project; the manufacture around 40 products will be improved as a consequence. Results 
will reveal the extent to which input resources can be minimised and, through tests, 
characterisation and optimisation of waste materials, identify what can be put back into 
construction and other product manufacture.   
 
Specific outputs will be full accounts of resource flows throughout a product lifecycle, 
contrasted against alternative methods of manufacture, installation and end of life treat-
ments to create more sustainable manufacturing practices.  Generic industry guidance 
will promote wide scale uptake of the approach/findings. The waste characterisation 
process effectively matches supply and demand in materials output from all stages of 
product lifecycles.  Results will also optimise resource use between different industry 
sectors.  Commercially, manufacturers need to be more resource efficient due to rising 
disposal costs; corporate social responsibility and preparing for legislative change. e.g. 
extension of the EU Eco-design Directive.  
 



Companies participating in the project will be provided with the necessary knowledge to 
change processes, design and feedstock to reduce waste and save money.  Obviously, 
the whole construction products sector will not adopt the research findings, but the key 
trade bodies are committed to the project and the requirement to disseminate the results/ 
encourage uptake. Additional exploitation derives from where product redesign would 
reduce environmental impact. This will inform policy makers, e.g. the Market 
Transformation Programme. Wider exploitation and dissemination are inextricably 
linked; the launch, web presence, seminars, press releases, guidance documents, 
industry workshops, advisory groups and task groups will all serve to engage potential 
users of the results and ensure the outputs are fit for purpose. 
 
4 PROGRESS TO DATE 
 
Supply chain resource efficiency 
 
The objective is to reduce resource use across the supply chain withour increasing other 
impacts. This involves finding out detailed data on resource use for energy, water and 
materials at several stages, including manufacture, installation and demolition. A 
questionnaire to capture this data has been developed, along with a process for 
quantifying the impact reduction for any interventions or changes to the process.  
 
Figure 2-4 shows how resource impacts can be broken down for a composite product.  
 
Figure 2: Overall impact 
 

 



Figure 3 Impact of raw materials 
 

 
 
Figure 4 Impact of raw material 1 
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By having the ability to see each impact of each raw material, it is possible to model the 
effect of changes in feedstock and suppliers upstream of the product manufacturers. 
This aspect of the project is continuing to be developed with a series of construction 
products and their supply chain.  



Cross sector recycling opportunities 
 
A waste characterisation literature review was conducted to examine existing waste 
characteristics, approaches, technologies and methodologies. The main findings were as 
follows: 
 
Waste characteristics approaches 
Waste materials are classified into groups of similar items, such as plastics, wood and 
bricks. Waste streams and materials are quantified through onsite observation, sam-
pling, interviews or questionnaires. Waste materials are generally studied for their 
chemical or physical composition, in order to identify and hazardous chemicals or con-
tamination, or to assess their suitability for recycling. The viability of recycling a waste 
material is affected by financial costs, including haulage, capital costs (e.g. purchase of 
equipment), market value and environmental taxes. Finally, the potential for recycling a 
waste material is also governed by its performance related properties, including durabil-
ity, purity, safety and physical stability.  
 
Waste characterisation technologies 
Waste characterisation depends on the use of technical tools, including databases, mod-
els and laboratory equipment. Computer databases can be used to assemble and organise 
extensive data which can be altered and updated. Computer modelling can be used to 
map complex processes such as the transfer of materials and wastes within an industry 
sector in order to predict different waste management scenarios. Assessment of waste 
materials can involve the analysis of hazardous chemicals in samples and comparing re-
sults against environmental legislation.  
 
Waste characterisation methodologies 
Waste characterisation methodologies including sampling, analytical techniques and the 
marketing of recycled products. Sampling involves collecting waste samples, or gather-
ing information through interviews and questionnaires. The accuracy of data collected 
through sampling will be limited by time, cost and accessibility to information or the 
materials. Possible contamination of laboratory equipment and the precision of the data 
produced are the key issues to consider when analysing waste materials. Marketing a re-
cycled material includes surveying customer’s opinions, establishing a market value, as-
sessing the level of competition in the market and examining all the costs involved in 
producing and selling the material.  
 
Industry workshops 
Be Aware recently organised and held the project’s second workshop on cross sector re-
cycling opportunities. Attended by delegates from a range of sectors in the construction 
industry, this successful workshop set out to identify the factors which currently inhibit 
waste recycling and reuse, and to subsequently propose solutions for addressing such 
limiting factors. 
 
Representatives of construction product manufacturing companies, demoli-
tion/refurbishment contractors and consultancies worked together to consider the limit-
ing factors within both an economic and a material performance-based context. 
  



Waste materials considered during the workshop included by-products which are cur-
rently being recycled or reused to a certain extent, as well as residues being sent to land-
fill. 
 
The data collected during the workshop will be used to develop a methodology for se-
lecting a number of waste materials, which in turn will be tested further in the labora-
tory in order to optimise their recycling potential. 
 
5 INTERIM CONCLUSIONS 
 
The companies working with the Be Aware project are already seeing benefits of 
involvement through identifying quick wins in terms of waste reduction and recycling 
actions.  
 
A stronger linkage across the supply chain in terms of defining the resource and waste 
issues sends a powerful message. Everyone involved with the construction supply chain 
has some form of accountability and potential to influence resource use outside of their 
immediate control.  
 
There are still technical issues for key wastestreams and recycling opportunities that 
need to be set alongside the financial viability and technical performance requirements 
of the construction products sector. These form the basis of a cost benefit evaluation 
that will determine if recommendations are able to be implemented.  



1 INTRODUCTION 

The term wood is used in this paper to connote both lumber and timber, as tree products used in 
construction works. The relative abundance and unique characteristics of wood, has made it a 
momentous construction material throughout recorded human history. Today, wood is used in a 
multitude of applications including construction of buildings, bridges, railroad crossties, boats 
and ships, power and communication posts, furniture-making and sculpting (Linstrom & 
Schwartz 2007, Milton 2002 & FPL 1999).  

The need for sustainable utilisation of wood (i.e. meeting the wood needs of the present 
without compromising the ability of future generations to meet their own wood needs), follows 
the observed increase in construction activities in Tanzania (Mufuruki et al. 2007) with a corre-
sponding utilization of wood products. This adds to the already aggravated deforestation due to 
wood harvest for fuel; manufacturing and forest clearance for agricultural purposes. While 8753 
tree species are listed as threatened globally, logging alone is threatening 1000 of them (Magin 
2001). Consequently, there is deterioration of the use and non-use values of forest (UNEP 2002, 
MNRT 2001& Shechambo et al. 2001). In Tanzania for instance, wood from sensitive environ-
ments like mangrove forests, is used for temporary structures such as scaffolds and formworks 
(Fig. 2) which are used once or twice then become firewood.  

The information presented inhere comes from literature and field survey conducted as part 
of the on going research. The field survey and observations were conducted to identify and 
characterize the wooden materials used and waste generated at construction and demolition 
sites. Twenty two building construction sites were identified from Ilala, Kinondoni and Temeke 
municipalities (Table 2) in Dar es Salaam City, Tanzania. A checklist was used to record among 
other aspects, the type and amount of wood used for temporary structures namely, scaffolds and 
formworks. The findings led to recommending use of scaffolds and formworks made of steel. 
Furthermore, reusing and recycling of wood where technology, economics and healthy aspects 
are in favour of the process (Magin 2001), may contribute to sustainable use of wood.   

The need and means for sustainable use of wood in the Tanzanian 
construction industry 

T.S. Mufuruki, E.L.C. van Egmond & F.J.M. Scheublin 
Technical University of Eindhoven, Netherlands 

ABSTRACT: Pronounced increase in construction activities in Tanzania has a corresponding 
utilization of wood products. This adds to the already aggravated situation by wood harvest for 
fuel; manufacturing and forest clearance for agricultural purposes. In most cases exploitation of 
wood is done to fulfil the immediate social and economic gains while paying minimum attention 
to the extended environmental ramifications. Among other aspects, the industry is characterized 
by use of wood harvested from sensitive environments like mangrove forests, for temporary 
structures such as scaffolds and formworks. On the other hand, high quality timber is used for 
relatively undeserving joinery works. Worse still, when the temporary structures are demolished 
the wood end up in cooking stoves as fuel while they could be reused or recycled for construc-
tion purposes. This paper presents the observed shortcomings and highlights the applicable 
mitigations that are being explored in the ongoing research. 



2 WOOD AS CONSTRUCTION MATERIALS 

The Wood is a heterogeneous, hygroscopic, cellular and anisotropic material. Its dry weight 
composition constitutes 50% cellulose fibres; 15% to 25% of hemicellulose held together by 
15% to 30% of lignin (Milton 2002 & FPL 1999). The fibrous nature of wood strongly influ-
ences how it is used (FPL 1999). Literature (Milton 2002 & FPL 1999) gives detailed mechani-
cal, structural, functional and aesthetic properties of wood that facilitate its workability as con-
struction material.  Nevertheless, wood is venerable to biological deterioration and fire. These 
problems may be mitigated by application of preservative and fire retardant treatment respec-
tively. As such, wood can be highly durable if properly protected or treated (Milton 2002). 

3 THE NEED FOR SUSTAINABLE USE OF WOOD 

Wood comes from the forests which on a global scale are estimated to occupy about 30% of the 
land area (FAO 2005, Katila & Simula 2005). The world has about 3.9 billion hectares of for-
ests, of which 95% are natural and 5% are plantations. The largest proportion of the world’s for-
ests is in the tropical zone (47%), followed by the boreal (33%), temperate (11%) and sub-
tropical (9%) zones (Katila & Simula 2005). In Tanzania, about 38% of the Country’s 886,000 
km

2
 total land area is covered by forests and woodlands (Table 1) that provide for unique wild-

life habitat, natural ecosystems and biological diversity and water catchments.   
 
 

Table1. Wood-related land uses in Tanzania as reported by various authors in different years 

 
Area (106 ha) Wood-related 

land uses Flinkman 

(2004) 

Wang, et al. 

(2003) 

Shechambo et 

al. (2001) 

Yahya, 

(2000) 

MNRT 

(2000) 

FBD 

(1999) 

Semesi 

(1992) 

Forests 1.40 - 1. 141  1.4 00 - 2.72 - 
Mangrove  0.08 0.108 0.115 0.115 0.115 - 0.116 
Woodlands 42.9 - 32.299 42. 891 - 37.44 - 

 
Tanzania is facing unprecedented urban growth and commercialisation as is the case for many 
countries in the sub-Saharan region.  This in turn, exerts enormous pressure on natural resources 
including forest products such as wood (Shayo 2006, UNEP 2002, MNRT 2001 & Shechambo 
et al. 2001). The situation is aggravated by the skewed market preference on few indigenous 
tree species. This leads to over exploitation of these trees in natural forests. Indigenous hard-
woods from the natural forest account for about 300 000m3/year round wood whereas planta-
tions contribute about 600,000 m3/year round wood (Shayo 2006). 

3.1 The value of Tanzania forestry resources  

The use values (UV) of the forest resources (Eq.1) have a crucial role in the contribution to-
wards poverty eradication for the rural poor, economic development, biodiversity and environ-
mental conservation (MNRT 2001).  UNEP (2002) and Shechambo et al. (2001) detailed the use 
and non-use values of the forestry resources, a discussion below makes use of some of their 
concepts.    

3.1.1 Use values (UV) of the forests 
 

Equation 1 gives an expression for the use value of forests: 
 

( )1                                                                                 OVIUVDUVUV ++=  

Where: DUV = Direct use value, meaning what humans extract or consume directly from the 
forest for commercial and industrial market forest goods and services i.e. fuel wood, 
timber, pulpwood, poles, fruits, animals, fodder and food, medicines, recreation etc.), 



IUV = Indirect use value are the benefits from ecological services, such as flood con-
trol, storm protection, carbon sequestration, climate amelioration etc; 
OV = Option value regarded as a premium placed on maintaining resources for future 
possible direct and indirect uses, some of which may not be known now e.g. cure for 
deadly diseases such as  AIDS.  

3.1.2 Non use value (NUV) of the forests 
 

The non-use value of forests includes both existence and bequest values as illustrated by Equa-
tion 2.  

 

( )2                                                                                          BVXVNUV +=  

Where: XV= Existence value is the value that human beings attach to the fact that they would 
like to have the forest resource exist for its intrinsic value, and their destruction is a 
bad thing. 

BV = Bequest value, this is the value that future generation may also have the oppor-
tunity to enjoy such forest resource in their own right. 

 

3.1.3 Total value (TV) of the forests resources 

Summing up Equations 1 and 2 gives Equation 3, which is the expression for the total value of 
forestry resources. 
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3.2 Deforestation due to human interventions and its ramifications 

The Tanzanian forests are depleted at a rate of between 130,000 and 500,000 ha per annum, 
which results from heavy pressure from agricultural expansion, livestock grazing, wild fires, 
over-exploitation and unsustainable utilization of wood resources and other human activities 
(MNRT 2001). According to FAO (2005), Tanzania lost 412267 ha equivalent to 14.9 % of for-
est area in fifteen years from 1990 to 2005. Measuring the total rate of habitat conversion (de-
fined as change in forest area plus change in woodland area minus net plantation expansion) for 
the period 1990-2005, Tanzania is estimated to have lost 37.4% of its forest and woodland habi-
tat (FAO 2005). 

A significant change in wood consumption is attributed to the liberalization of forestry sec-
tor and implementation of the National Forestry Policy in Tanzania since 1998. During that pe-
riod the three key wood consuming activities namely fuelwood, manufacturing and construc-
tion, recorded change in wood consumption of 900,000m

3
;  551,838m

3
; and 459,000m

3
 giving 

an estimated ratio of 2:1.2:1  respectively (UNEP, 2002).  

3.3  Wood consumption and wastage in construction of new buildings 

The results from the investigated twenty one construction sites indicated that 73% of the sites 
used wooden scaffolds and formworks. The remaining 27% used both timber and steel for the 
two temporary structures (Table 2). It was observed that even the site that used the majority of 
steel, sawn timber was still used for slab support plates, stages and ladders (Figure 1). This is an 
indication of continued reliance on timber for temporary structure at construction sites. 

 
 
 
 



Table 2. Usage of steel and timber for making formworks and scaffolds at observed building construction 
sites in Dar es Salaam City, Tanzania  

Scaffolds Formwork  
Municipality 

Number of 
construction 

sites 
Timber Steel Timber 

and Steel 
Timber Steel Timber 

and Steel 
Ilala 10 6 0 4 6 0 4 
Kinondoni 7 5 0 2 5 0 2 
Temeke 5 5 0 0 5 0 0 
Total 22 16 0 6 16 0 6 

Percent 100 73 0 27 73 0 27 

(Data from field survey and observation) 

 
 
The data collected from the sixteen sites that used wood for scaffolds and formworks (Table 

3), lead to the establishment that the sites used a combined total of 39179 wooden poles. On av-
erage, each of the structures used 7 wooden poles per square meter of floor area. Additionally, 
the estimated average of used sawn softwood timber amounted to four metric tonnes per floor 
area of 235 m

2
, giving a total of average of 92 tonnes for the sixteen observed sites. 

 
 

Table 3. Number of wooden poles used as scaffolds at observed building construction sites in Dar es Sa-
laam, Tanzania 

Site 
Code 

Number 
of floors 

Number of poles 
per floor 

Total number of 
poles 

Floor area 
(m2) 

Average number 
of poles per m2 

I1 2 713 1426 108 7 
I2 1 1920 1920 300 6 
I3 2 324 648 36 9 
I4 2 1220 2440 192 6 
I5 2 1457 2914 216 7 
I6 1 800 800 108 8 
K1 2 3055 6110 450 7 
K2 1 2091 4182 320 7 
K3 1 1767 1767 252 7 
K4 2 1930 3860 288 7 
K5 1 3250 3250 396 8 
T1 1 2170 2170 300 7 
T2 2 2015 4030 264 8 
T3 1 1240 1240 180 7 
T4 1 1302 1302 192 7 
T5 1 1120 1120 160 7 
Total  23  39179 3762 Average  7 

(Data from field survey and observation) 

 
 

While it may not look as a big deal to use a total of 39179 poles in sixteen buildings, but the 
fact that they were used temporarily raise concern because as observed in this study most the 
wood is used once or twice. Thereafter the old wood is used as firewood, in most cases sold to 
food vendors and fish mongers who use it as fuel for cooking food and frying fish at the Ki-
vukoni fish market, in the City. This implies that the contractor will purchase new poles and 
sawn timber for the next project.  

Even more alarming is the fact that each of the wooden poles was a whole young tree by it-
self (Fig. 2).  The amount of trees used at the sampled sites coupled with the building construc-
tion rate in Dar es Salaam, may be extrapolated to predict other scenarios such as deforestation 
rate and the associated ramifications. This is one of the goals of the ongoing research. 

 
 
 
 
 



 

 
 
 

Figure 1. One of the six sites (Table 1) where both wood and steel were used for temporary formwork and 
scaffolds in casting in-situ reinforced concrete in the construction of multi-storey buildings in Dar es Sa-
laam City, Tanzania (field observation) 

 
 
 
 
 

 
 
 

Figure 2. Typical wooden formwork used as temporary supporting structures in casting in-situ reinforced 
concrete in the construction of multi-storey buildings in Dar es Salaam City, Tanzania (field observation) 



4 APPLICABLE MEANS FOR SUSTAINABLE USE OF WOOD IN CONSTRUCTION  

The means for attaining sustainable use of wood in the Tanzanian construction industry include 
minimisation of wood used for formwork and scaffolds and embarking on reusing and recycling 
of construction wood products 

4.1 Minimisation of wood used for temporary structures 

As observed in Section 3.3, a lot of trees are cut only to be used once or twice for temporary 
structures such as form works and scaffolds. It was also observed that reusable steel formworks 
and scaffolds have the capacity to save the trees. However, most building contractors claim that 
it is financially cheaper to use wood instead of steel which require relatively high initial capital. 
But looking at the cost from the environmental point of view, it is appealing to incur financial 
cost rather that environmental costs. The former can be recovered in many ways while the latter 
may be irreversible for example loss of habitat and consequent species extinctions. 

Even though it is out of the scope of this paper, a scientific approach to establish the line of 
argument would be carrying out a detailed cost benefit analysis, on one hand for investing in 
steel formworks and scaffolds to be used in several estimated number of projects and on the 
other hand, a corresponding cost benefit analysis of using wood for the same number of pro-
jects. A comparison of the two would then give a decisive choice.  

The next step is to establish the mechanism to ensure that contractors opt for steel instead of 
wood. This would be in line with the Tanzania Construction Industry Policy (CIP), which 
clearly promotes application of sustainable construction practices including; application of tech-
nologies, products and practices, which are not harmful to the environment, human health and 
safety (MoW, 2003). One of the aspects inspected for registration or upgrading of contractors by 
the contractors’ registration board in Tanzania, is the equipment owned by the company (CRB, 
2006). As such, steel formworks and scaffolds may be included in the list of obligatory equip-
ment prior registration of contractors. 

4.2 Reusing and recycling wooden materials 

While describing the state of the art of reusing and recycling timber in the UK, Magin, (2001), 
explained the constraints to increasing timber reuse and recycling.  The discussion below gives 
the constraints that are likely to have impact in developing countries like Tanzania and the pro-
posed applicable remedial measures: 

There exist stringent building regulations and material specifications for structural and load 
bearing functions that are hard to meet with reused and recycled wood. The choice here is to ap-
ply reused or recycled wood to less demanding non-structural or load bearing applications. 

Sporadic nature of supply of reclaimed wood does not guarantee the availability of the right 
material at the right time in the right place for a specific project.  Establishment of centres for 
reclaimed and sorted wood may in one hand help in formalising the business and on the other 
help to make easy the search for certain wood specifications. 

Demolition is often done very fast to maximise use of equipment which are in most cases 
hired (e.g. bulldozers) in limited short time scale.  In turn limits efficiency in reclamation of ma-
terials that require more time and personnel. Deliberate and careful planning of deconstruction 
instead of demolition activities and if enforced by law, may facilitate reclamation and sorting of 
useful wood from old structures. 

Contamination of materials mainly due to preservatives, glues, metals e.g. nails may limit 
the recycling reclaimed wood into panels, chipboard etc. Meticulous sorting by waste producers 
could minimise this problem. 

Many of the sources of waste wood that might be appropriate for reuse or recycling are rela-
tively small and dispersed, making the economics of waste collection by recycling companies 
marginal. Where business space is available, establishment of centres for storage of sorted re-
claimed wood may facilitate the business. 

The equipment required for wood recycling (principally a chipper) is expensive to purchase. 
It is therefore only viable where a large, uncontaminated, reliable supply of recyclable timber 
and a market for the woodchips are both assured. 



Wood reuse and recycling is still in its infancy. Many companies, especially smaller busi-
nesses, are unaware of the options for waste wood apart from fuel. Public awareness of wood 
waste, transmitted to the timber industry via retailers, could prove an important driver in de-
creasing waste levels and increasing reuse and recycling 

Certain types of preservatives applied to some timber, especially items for external use such 
as railroad crossties and telephone and power communication poles, render wood unsuitable for 
recycling for panel manufacture, or for burning (the preservatives generate toxic emissions 
when burnt). Careful sorting is needed to exclude them from the general wood waste stream, 
and an alternative method of disposal is needed. However, it is possible that the uninformed 
population in developing countries continue to use them as firewood.  

4.3 Appropriate use of natural hardwood  

Field observation and information from literature indicated skewed market preference on few 
indigenous hardwood tree species such as Pterocarpus angolensis (mninga) which is the most 
preferred species of timber for furniture making in Tanzania. Other hardwood species include 
Afzelia quanzensis (mkora), Brachystegia spiciformis (mtundu) and Erythrophleum africanum 
(mkarati),  Pao rosa (msekeseke),  Swartzia fistuloides and Chlorophora excelsa i.e. iroko 
(mvule) (Shayo 2006).  

The use of such, high quality hardwood for otherwise cheap furniture may be translated as 
ignorance or as a result of cheap illegal means of obtaining the wood from protected areas, be-
cause the culprits do not pay appropriate taxes. On the other hand, the furniture made from such 
wood as P. angolensis are relatively very heavy. One way of solving this problem is raising 
public awareness and minimizing opportunities for illegal logging.  

5 CONCLUSIONS AND THE WAY FORWARD 

The need for sustainable utilisation of wood in the Tanzanian construction industry stems on the 
fact that the current deforestation rated at 130000 to 500000 ha per year is alarming. The ratios 
of 2:1.2:1 for the key wood consuming activities namely fuelwood, manufacturing and construc-
tion, indicate a significant share of the construction industry. Field observations, have demon-
strated the need to minimise use of wood in formworks and scaffolds as they consume a lot of 
young trees and timber. Above all, the risk of loosing the use and non-use values of the forests 
from which the wood products are harvested, present an even stronger reason for exploring sus-
tainable ways of utilising wood products.  

The current use of wood for scaffolds and formworks can and has to be minimised by using 
steel materials which are reusable several folds of times as compared to wooden ones. However, 
a detailed cost benefit analysis (financial and environmental) is required to form the basis for 
making use of steel mandatory. Furthermore, reusing and recycling of wood has promising but 
undeveloped capacity to reduce pressure on virgin wood resources. The lack of sufficient data 
on wood use and waste generation, the infancy of wood recycling industry and poor public 
awareness are some of the key issues that need keen attention before successful sustainable use 
of wood in the Tanzanian construction industry can be guaranteed.   

REFERENCES 

Contractor’s registration board -Tanzania (CRB). 2006. Directory of registered contractors 
Flinkman Matti. 2004. Institutions and Wood Supply to Construction Wood Markets in Dar es Salaam 

and Mwanza: Implications for Policy and Enforcement, Scandinavian Journal of Forest Research, 
19:4, 25 - 35 

Food and Agriculture Organization of the United Nations (FAO). 2005. Global Forest Resources Assess-
ment 2005.Progress towards sustainable forest management, FAO Forestry Paper 147 

Forest Products Laboratory (FPL). 1999. Wood handbook-Wood as an engineering material. Gen. Tech. 
Rep. FPL-GTR-113. Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products 
Laboratory. 463 p. 



Katila Marko and Simula Markku.2005. Sustainability impact assessment of Proposed WTO negotiations. 
Final report for the forest sector study. Savcor indufor Oy, Finland in association with Impact assess-
ment research centre, Institute for development policy and management, University of Manchester, UK 

Linstrom Amy and Schwartz Jeff. 2007. The Colour of Materials: Wood. Internet site:  
http://research.the-bac.edu/color/wood/index.html (accessed in May 2007) 

Magin Georgina. 2001.  An introduction to wood waste in the UK. Fauna and Flora International, Cam-
bridge, UK; 40 pages 

Milton, F. Thomas. 2002. The Preservation of Wood. A Self-Study Manual for Wood Treaters. Depart-
ment of Wood and Paper Science, College of Natural Resources, University of Minnesota 

Ministry of Natural Resources and Tourism (MNRT). 2001.  National forest Programme in Tanzania 
2001- 2010  

Ministry of Natural Resources and Tourism (MNRT). 2000.  Forestry studies in Africa –United Republic 
of Tanzania  

Ministry of Works (MoW).  2003. Construction Industry Policy (CIP). Government printers, Dar es Sa-
laam-Tanzania 

Mufuruki Tobias, S.; van Egmond Emilia L. C. and Scheublin Frits J.M. 2007. Reusing and Recycling 
Construction Aggregates as Mitigation Measures to Environmental Destruction. The Case of Dar es 
Salaam, Tanzania (CIB2007-485). Proceedings of the CIB World Building Congress 2007 on Con-
struction for Development. Cape Town, 2007 

Semesi, K. Adelaida. 1992. Developing management plans for the mangrove forest reserves of mainland 
Tanzania. Hydrobiologia 247(1-3): 1-10 

Shayo Hildebrand.2006. Forestry governance in limbo in Tanzania-A case study of a supply chain of the 
indigenous hardwood timber, timber trade and procurement code. RICS Research paper series, Vol-
ume 6, Number 5 

Shechambo Fanuel, Salehe John and Mariki Stephen. 2001. The economic value of Tanzania’s forests. 
Report of a workshop held at the courtyard hotel, Dar es Salaam – Tanzania 15th august 2001. Tech-
nical report No. 3 

United Nations Environment Programme (UNEP). 2002. The forestry sector in Tanzania.  Country pro-
jects – round II – A synthesis report, New York and Geneva. 

Wang Y.; Bonynge G.; Nugranad J.; Traber M.; Ngusaru A.; Tobey J.; Hale L.; Bowen R.; Makota V. 
2003. Remote Sensing of Mangrove Change along the Tanzania Coast. Marine Geodesy, Volume 26, 
Numbers 1-2, Numbers 1-2/Jan-Jun 2003, pp. 35-48(14) 

Yahya Saad S.2000.Woodfuel and Change in Urban Tanzania. SYA Associates, Nairobi, Kenya  

 
 
 
 



































1 INTRODUCTION 

The use of steel as construction material for buildings is a first step towards ecological, sustain-
able building. The entirety of the production of steel beams and columns are made from indefi-
nitely recyclable ferrous scrap. Steel is a sustainable, flexible material by fulfilling all esthetic 
expectations [1]. But at elevated temperatures the mechanical properties of steel (and concrete) 
are decreasing.  
The traditional way of “fire design” is the cladding of columns and beams with fireproof mate-
rials (spray, board or paint). Because of the cladding the temperature increase in the construc-
tion is reduced and the member resist to the fire for a longer time. No information about the real 
behavior of the structure and the safety is given by this method. In the last decades a new ap-
proach of fire design was developed. By taking the active fire fighting measures (e.g. sprinkler) 
and the real fire evolution into account, the NFSC is a more realistic approach for the structural 
safety in case of fire. The material use is optimized; the costs needed for fire protection are 
strongly reduced and, in some cases, omitted [2]. Compared to modern Fire Safety Concepts, 
the traditional method is a waste of material, resources and energy. 

2 EVOLUTION OF REAL FIRES 

A real fire can be distinguished in three different phases (Figure 1): First, the pre flashover or 
growth phase (A), the fire load begins to burn; temperature within the compartment varies from  
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ABSTRACT:  

Sustainable construction means optimized utilization of raw materials and energy during their 
entire life cycle and reducing to a minimum any adverse effects on the environment. This con-
tribution describes the Global Natural Fire Safety Concept (NFSC) and highlights its impor-
tance for sustainable construction. In contrary to conventional methods of guaranteeing struc-
tural fire protection for steel structures with board claddings or reactive (intumescent) fire 
protection systems, active fire fighting measures as well as probabilistic aspects on the fire oc-
currence are respected. Hence by optimizing the material use, the costs for fire protection are 
strongly reduced. The application of the NFSC is described on the basis of realized buildings. 
The NFSC produces real safety for people and at the same time guarantees the needed fire resis-
tance for the structure in real life. It was established in the scope of European Research spon-
sored by the ECSC and is now fully considered in the European Standards. 



one point to another, with important gradients and there is a gradual propagation of the fire. The 
average temperature in the compartment grows; if it reaches about 300°C to 500°C, the upper 
layers are subjected to a sudden ignition called flashover and the fire develops fully.  
In the second phase (B),  after flashover, 
the gas temperature increases very rapidly 
from about 500°C to a peak value, often in 
excess of 1000°C, and becomes practically 
uniform throughout the compartment.  Af-
ter this phase, the available fire load be-
gins to decrease and the gas temperature 
necessarily falls (C, cooling phase). The 
fire severity and duration of these phases 
depend on many parameters: The amount 
and distribution of combustible materials 
(fire load) ; the burning rate of these mate-
rials; the ventilation conditions (openings); 
the compartment geometry and the thermal 
properties of surrounding walls. 
There are two types of fire, controlled respectively by ventilation and by fuel (fire load) charac-
teristics (Figure 2). Ventilation controlled fires take place when openings of the compartment 
are relatively small compared to its overall dimensions. An increase of the opening areas results 
in higher peak temperatures and a faster decay phase. If the air supply is sufficient, so that the 
fire is fuel controlled, the amount of 
fire load and its arrangement have a 
decisive influence on fire severity. 
To summarize, short and relatively 
benign fires can be expected when 
the air flow rate into a compartment 
is rather high and the fire load den-
sity rather small. On the other hand, 
higher temperatures and longer dura-
tions take place with higher fire load 
densities and little heat dissipation 
through openings and walls. The de-
sign fire exposure, together with 
structural data for the proposed struc-
ture, thermal properties of the struc-
tural materials and coefficients of heat transfer for various surfaces of the structure, give the 
necessary information to determine the temperature development in the fire exposed structure. 
Together with the mechanical properties of structural materials, the load characteristics, and the 
variation of resistant forces and moments, it is possible to determine thermal stresses and load 
bearing capacity in fire conditions [3]. 

3 THE NATURAL FIRE SAFETY CONCEPT (NFSC)  

The NFSC or Global Fire Safety Concept, is a more realistic and credible approach for the 
analysis of structural safety in case of fire. It takes account of active fire fighting measures and 
real fire characteristics. In June 1994 the European Research “Natural Fire Safety Concept” 
started. It has been undertaken by 11 European partners and is coordinated by PROFIL-
ARBED- Research. The research project ended in June 1998 [2]. 
The NFSC takes into account: a) the building characteristics relevant to fire growth: fire sce-
nario, fire load, pyrolysis rate, compartment type and ventilation conditions; b) quantifies the 
risk of fire start and considers the influence of active fire fighting measures and occupation 
time; this risk analysis is based on probabilities deduced from European databases of real fires;  

 Figure 1 : Realistic Fire Evolution 

 Figure 2:  Temperature Time Curves acc. to  
 EN 1991-1-2: 2002, Annex A + ISO 



c) deduces from the previous step, design 
values for the main parameters such as the 
fire load; d) determines the design heating 
curve as a function of the design fire load 
that takes into account the fire risk and 
therefore the fire fighting measures; e) 
simulates the global behavior of the struc-
ture submitted to the design heating curve 
and the static load in case of fire; f) de-
duces the fire resistance time nat tfi,d; this 
may often be infinite such that the structure 
is able to support the loads from the begin-
ning to the end of the fire; g) verifies the 
safety of the structure by comparing the fire 
resistance time nat tfi,d with the required 
time depending of the evacuation time and 
the consequences of the failure.  
The European Research on the NFSC [2] allowed to analyze natural fire models based on more 
than 100 new natural fire tests; consequently permitting to consider natural fire models in the 
European Standard. Furthermore these natural fire models allow, through design fire load, to 
consider the beneficial effect of the active fire safety measures i.e. by safe escape ways, proper 
smoke venting or by conveniently designed and maintained sprinkler systems. Also the danger 
of fire activation is taken into account. Thus the so-called Global Fire Safety Concept produces 
real safety for people and at the same time permits to guarantee the required structural fire resis-
tance in real live. A prescription of the verification of steel structures in case of fire according to 
the European Standards is given in the following chapter. 

4 THE NFSC AND THE EUROPEAN STANDARDS 

According to the EN [6, 7, 8] the design of structural members in fire situations has to be carried 
out at the ultimate limit state. It should be verified that, during the relevant duration of fire ex-
posure t: 

tdfitdfi RE ,,,, ≤  (1) 

where Efi,d,t is the design effect of the actions in the fire situation determined from the accidental 
combination rule, including effects of thermal expansions and deformations and Rfi,d,t is the de-
sign value of the corresponding resistance in the fire situation. As an alternative to (1) the veri-
fication may be carried out in the time or the temperature domain [7]. 

4.1 Mechanical Actions 

The probability of the combined occurrence of a fire in a building and an extremely high level 
of mechanical loads is very small. Therefore actions on structures from fire exposure are classi-
fied as accidental actions and shall be combined by using the following accidental combination: 

( ) ∑∑∑ +∗+∗+= tdikikjktdfi AQQorGE ,,,21,1,21,1,,, ψψψ  (2) 

where Gk,j is the characteristic value of a permanent action j; Qk,1 is the characteristic value of 
the leading variable action 1; Qk,i is the characteristic value of the accompanying variable action 
i; ψ1,1, ψ2,1, ψ2,i are combination factors for buildings according to Table A1.1 of [6] and Ad is 
the design value of an accidental action resulting from the fire exposure. The accidental action is 
represented by the temperature effect on the material properties and the indirect thermal actions 
created either by deformations and expansions caused by the temperature increase in the struc-
tural elements, where as a consequence internal forces and moments may be initiated, P-δ effect  

Figure 3 : Natural Fire Safety Concept 



included either by thermal gradients in cross-sections leading to internal stresses. Generally this 
leads in the accidental fire situation to a loading which corresponds from 50% to 70% of the ul-
timate design value of actions at room temperature. 

4.2 Design resistance of structural steel in fire 

At elevated temperatures the mechanical properties of steel are decreasing [8]. In comparison to 
room temperature (20°C), the modulus of elasticity decreases at 100°C and the yield strength at 
400°C (Figure 3). 
Thus the design resistance of steel in fire situation 
depends on the thermal actions and the material 
properties at elevated temperatures. To determine 
the gas temperatures in the compartment the appro-
priate temperature-time curve has to be defined first. 
Then the increase of the temperature in the struc-
tural member can be calculated by using simple cal-
culation methods or advanced calculation methods. 
The design resistance is determined with the tem-
perature and the mechanical properties at elevated 
temperatures.  

4.3 Thermal Actions 

The thermal actions are given by the net heat flux hnet [W/m2] to the surface of the member. On 
fire exposed surfaces the net heat flux should be determined by considering heat transfer by 
convection and radiation [7]. 

rnetcnetnet hhh ,,
&&& +=   [W/m2] (3) 

The net convective heat flux component should be determined by: 

( )mgccneth θθα −∗=,
&  [W/m2] (4) 

with αc is the coefficient of heat transfer by convection [W/m2K]; Θg is the gas temperature in 
the vicinity of the fire exposed member [°C] and Θm is the surface temperature of the member 
[°C]. To define the gas temperatures Θg, [7] gives the opportunity to use Nominal temperature-
time curves (= ISO fire curve) and Natural fire models with parametric temperature-time curves. 

4.3.1 Nominal temperature-time curves 
In EN 1991-1-2: 2002 [7] three nominal temperature-time curves are given. The standard tem-
perature-time curve (or ISO fire curve) is given by: 

( )18log34520 10 +∗∗∗+=Θ tg   [°C] (5) 

Where t is the time [min] and the coefficient of heat transfer by convection αc = 25 W/m2K. 
This fire curve does not represent realistic fire conditions in a compartment. The temperature is 
always increasing; the cooling phase and the real fire load of the compartment are not consid-
ered. This curve has no probabilistic background. The real fire evolution is not considered and it 
is not possible to calculate realistic temperatures with this curve. But this curve is simple to han-
dle (only one parameter, the time t). 

4.3.2 Natural fire models – parametric temperature-time curves 
In the last decade modern design models to describe the real fire behaviour are developed. The-
se natural fire models take into account the main parameters which influence the growth and 
development of fires. Natural fires depend substantially on fire loads, openings and thermal 
properties of surrounding structure. The gas temperature in the compartment can be determined 
with parametric temperature-time curves. These curves are considering the ventilation by an 
opening factor and the design value of the fire load density [7, Annex A].  

Figure 4: Reduction factors of carbon 
steel at elevated temperatures 



Also advanced fire models taking into account the gas properties, the mass and the energy ex-
change are given in [7, Annex D]. A distinction is made between one-zone models, assuming a 
uniform, time dependent temperature distribution in the compartment and two-zone models as-
suming an upper layer with time dependent thickness and with time dependent uniform tem-
perature, as well as lower layer with a time dependent uniform and lower temperature. 
An essential parameter in advanced fire models is the rate of heat release Q in [W]. It is the 
source of the gas temperature rise, and the driving force behind the spreading of gas and smoke. 
The following temperature-time curve is valid for fire compartments up to 500m2 of floor area. 
It is assumed that the fire load of the compartment is completely burnt out [7, Annex A]: 

( )*** 197.12.0 472.0204.0324.01132520 ttt
g eee −−− ∗−∗−∗−∗+=Θ   [°C] (6) 

where t* = t * Γ and Γ = (O/b)2/(0.4/1160)2; O is the opening factor [m1/2]; b = (ρ*c* λ)1/2 in 
[J/m2s1/2K]. The maximum temperature Θmax in the heating phase happens for t*  = t*max with 

( )[ ]lim,
3*

max ;/102.0max tOqt dt∗∗= −
 [h] (7) 

where qt,d is the design value of the fire load density related to the total surface area At of the en-
closure.  

4.3.2.1 Fire load densities 
The design value of the fire load density qf,d is defined as [7]: 

nqqkfdf mqq δδδ ∗∗∗∗= 21,,  [MJ/m2] (8) 

where qf,k is the characteristic fire load density per unit floor area [MJ/m2]; m is the combustion 
factor; δq1 is taking into account the fire activation risk due to the size of the compartment and 
δq2 the fire activation risk due to the type of occupancy; δn = Σδni is taking into account the dif-
ferent active fire fighting measures i from Tables E.1 and E.2 [7]. These active measures are 
generally imposed for life safety reason. 

4.3.3 Steel temperature development 
The calculation of the development of temperature fields in the cross section of a structural 
member exposed to fire involves solving Fourier’s differential equation: 
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Q is the internal heat source and is equal to 0 in case of non-combustible walls. The boundary 
condition is expressed from the net heat flux hnet,d. Simple models for the steel temperature de-
velopment calculation are based on the resolution of the equation (3) in the hypothesis of uni-
form temperature distribution in the cross section of the structural member. According to [3] the 
increase of temperature ∆Θa,t in an unprotected steel member during a time interval ∆t [s] 
should be determined from: 
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where ksh is the correction factor for the shadow effect; Am/V is the section factor for unprotected 
steel members [1/m]; ca is the specific heat of steel [J/kgK] and ρa is the unit mass of steel 
[kg/m3]. 



5 EXAMPLES 

In this chapter the advantages of the application of the NFSC is shown on three examples: an 
open parking structure, realized 2004 in France and two multi-story buildings erected 2003 and 
2007 in Luxembourg. According to the building use fire scenarios were determined, a realistic 
natural fire curve was calculated and the structure was verified for the elevated temperatures. 
Cost estimated for passive fire protection was generally based on [10]. The real savings may 
vary depending on the used fire protection products and the manufacturer. 

5.1 Parking “CARREFOUR”, Aix en Provence, France 

Till 2004 it was impossible to built open car parks with unprotected steel members in France as 
no difference between open and closed car parks was made in the regulation from 1975. Due to 
of the research and fire tests done by CTICM, PAB and ARCELOR a design model based on 
real fire scenarios and realistic fire loads was developed [9]. 
The parking “Carrefour” is the first open car park realized with unprotected steel beams; it was 
the starting point for a new generation of parking structures in France and launched a large in-
terest in this construction type. 
 
Architect:  Yves Melia –  
 Sud Architectes 
  
Erection:  Baudin-Châteauneuf 
 
600 Places, 12400 m2,  
Grid 15 x 10m 
Span composite slab a = 3,33m 
(Cofraplus 60) 
Primary steel beams: 
HE 500A/550B S355, 
Total length +/- 500m; +/- 93t  
Secondary steel beams: 
IPE 450/500 S355, 
Total length +/- 4400m; +/- 370t 
 
Circular composite Columns  

 
The structure is designed to resist a 
real fire without any failure [9]. The 
esthetic and light structure with un-
protected secondary and primary 
beams fulfills all architectural expec-
tations.  
Estimated saving for the secondary 
beams compared to spray-protected 
beams: approx. 30.000 €.  
But a sprayed structure would never 
fulfill the architectural expectations!  
Compared to fireproofing painted 
beams, the savings are approx. 
160 000 € and 12.000 kg of paint. 
 

With the realized solution no energy must spend on the maintenance of passive fire protection. 
The steel structure is easy to demount and to approx. 100% recyclable. 

Figure 5 : Parking « Carrefour »  

    Figure 6 : « Carrefour » - Composite Floor 



5.2 Banque Populaire, Plateau de Kirchberg, Luxembourg 

Architect: Tatjana Fabeck,  
 Thomas Krähenbühl 
Design:  Schroeder & Associés 
Contractor:  Hochtief Luxembourg 
 
4 + 6 Storey office building 6400m2, 
(+3 underground parking floors) 
Hybrid Composite Cellular Beams 
HE 400B/M, S460, Span 16,8m 
Composite Slab of 16cm (C30/37), 
Span 4,2m 
Columns HD 400, S 355 

Fire Safety Concept: 
- Active fire fighting meas-
ures:  Sprinklers with water 
reservoir 20m3; Automatic 
alarm detection; Automatic 
alarm transmission to the fire 
brigade  
- Connection with an ex-
tended end plate (Figure 9). 

The natural fire curve of the most critical fire 
scenario is shown in Fig. 10. The maximum 
gas temperature is 490°C; the maximum steel 
temperature is less than 330°C. No significant 
reduction of the steel yield strength has to be 
done. With the application of the Natural Fire 
Safety Concept it was possible to use unpro-
tected columns and unprotected beams. This 
amazing result is due to the implementation of 
the full set of active fire fighting measures. 
Compared to spray protected steel beams, the 
estimated savings are approx. 30.000€ and compared to fireproof painted beams approx. 
66.000€ and 4000 kg of paint. A protection of the columns with fireproof board would cost ad-
ditional approx. 70.000€ and 15000kg of board. The total estimated savings due to the applica-
tion of the NFSC are approx. from 100.000€ to 136.000€. 

5.3 Centre Médical de la Clinique d’Eich, Luxembourg 

This building is an extension of the “Clinique d’Eich”, Luxembourg. To respect the floor levels 
of the existing building and to guarantee a clear height of 2865mm the total slab thickness was 
restricted to 365mm. Therefore the Slim Floor system with composite beams was chosen. Due 
to the application of the NFSC it was possible to use unprotected columns and unprotected 
beams. 

    Figure 7 : Banque Populaire 

    Figure 8 : Banque Populaire – Cellular Beams 

Fig. 9 : Connection 

Fig. 10 : Banque Populaire - Natural Fire Curve 



Architect: G + P MULLER Luxembourg 
Design: Schroeder & Associés S.A. 
Slim Floor Beams, Span 6,5m;  
Fire Safety Concept with active fire fighting measures: 
Sprinklers, Automatic smoke ventilation, Automatic alarm 
detection, Automatic alarm transmission to the fire brigade 

In the fire design situation, the load bearing capacity of the 
Slim Floor Beam (Fig. 13) is calculated by taking the 
composite action into account. The collaboration of the 
concrete slab and the SFB is achieved by additional trans-
versal reinforcement (∅ 20, all 200mm). Compared to a 
conventional fire design procedure, protecting the columns 
and the lower flange of the SFB with fireproof board the 
estimated savings are approx. from 90.000€ to 100.000€ 
and approx. 20000kg. 

6 CONCLUSION 

The EN procedure for providing structural safety in case of fire is quite realistic as it takes ac-
count of real fire characteristics and of existing active fire fighting measures. It consists in esti-
mating the real behavior of a structure subjected to the natural fire which may arise under those 
real fire conditions. The consideration of real actions leads to real safety and also to optimized 
economy. Applying active fire fighting measures such as fire detection, alarm, automatic alarm 
transmission to the fire-fighters, smoke exhaust systems and sprinklers, provides protection to 
people that safety of people is ensured in an optimal way. The passive protection by insulation, 
needed in former times to guarantee the stability of the structure in case of fire, is strongly di-
minished and the budget dedicated to the fire safety will be used in a perfectly efficient way. In-
stead for paying for protection materials in order to fulfill ISO fire requirements of 90 minutes 
and more, this money shall be used for the installation of active fire safety measures. Indeed ac-
tive fire safety produces real safety for people. 
Steel is to 95% recyclable. In addition to the effective production process, steel constructions of-
fer the advantage of prefabrication and short erection time. 
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Fig. 11 : Centre Médical 

Fig. 12 : Centre Médical 
– Slim Floor System 

Fig. 13: Slim Floor Beam 



1 INTRODUCTION 

Increasing environmental awareness has forced the industries and businesses to start assessing 
the impact of their activities upon the environment. When the concept of sustainable develop-
ment (Our common future 1987) was introduced, attention was gradually being focused on is-
sues related to natural sources depletion and environment degradation. Environmental perform-
ance has become a key issue, and many companies have begun to investigate ways to minimize 
the effects on the environment of their activities (EPA 2006).  

Building materials production offers a wide range of possibilities for recycling of industrial 
waste. Waste generated in construction as well as in other industry types can be used instead of 
virgin raw materials required to produce construction materials. This leads to conservation of 
natural resources as well as to reduced need for space required to landfill the waste, and is there-
fore in line with the sustainable development of the natural and built environment. 

One of the possibilities of recycling waste materials is to use certain types of industrial and 
demolition waste, such as slag, glass, crushed brick or concrete rubble, as a substitute of natural 
aggregate in concrete, the most widely used construction material. Another way is to re-use 
waste wash water that is being produced during concrete production as mixing water for con-
crete. Cement can be partly substituted by supplementary cementing materials that originate 
from secondary sources. 

Using secondary materials in concrete, however, poses certain challenges. During its use in 
structure, concrete has to exhibit performance level which is defined in the design phase. If con-
stituent materials, i.e. cement, aggregate, water and admixtures, are replaced by secondary raw 
materials, the influence of these materials has to be determined prior to the application of such 
concrete in practice. Each waste material that shows a potential to replace a virgin constituent 
material in concrete has to be carefully tested in laboratory as well as in field conditions. 

The following cases have been investigated within the scope of this paper: 
- behavior of concrete containing crushed waste concrete (rubble) as aggregate, and 
- behavior of concrete containing waste wash water from concrete production. 
Being a preliminary study, only laboratory testing was carried out. 

Sustainable concrete production 

J. Šelih & R. Žarnić 
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ABSTRACT: Concrete is the most widely produced construction material, and large quantities 
of waste materials from construction as well as from other industries can be re-used in its pro-
duction. The paper presents results of experimental investigations of the behavior of concrete 
containing crushed waste concrete (rubble) as aggregate and the behavior of concrete containing 
waste wash water from ready mix concrete production. The influence of different additions to 
concrete upon various mechanical properties as well as durability of such concrete are pre-
sented. The results show that both recycled materials investigated have a potential to be used in 
concrete production.  



2 SUBSTITUTION OF NATURAL AGGREGATE WITH RECYCLED RUBBLE-BASED 
AGGREGATE   

Concrete is a composite material consisting of aggregate and binding material. Approximately 
60-70% of the concrete volume is occupied by aggregate, usually of mineral origin.  

Based on the source material, secondary aggregates originating from construction and demo-
lition (C&D) waste can be distinguished as concrete aggregate, masonry aggregate, mixed ag-
gregate and asphalt aggregate (Hendriks 2000). The aim of the work presented in this paper was 
to use concrete rubble-based aggregate in concrete, where all constituent materials (including 
rubble) originate from local sources. 

Level of impurities in the source material (parent concrete) is one of the most influential fac-
tors affecting the successful use of such aggregate. Wood, sulphates originating from waste 
plaster, soil, aluminium, chlorides, plastic and alkali reactive stone are potentially harmful com-
ponents of the source material that pose physical and chemical threat to the quality of the struc-
ture (Hendriks 2000). Further, rubble-based concrete contains larger quantities of fine particles 
that arise from crushing the cement paste of the parent concrete. These fine particles may affect 
the properties of both fresh and hardened concrete. 

For the purpose of the study, the source material for rubble-based aggregate was carefully 
monitored so that the level of impurities was reduced to a minimum. Waste concrete was then 
crushed to smaller particles with the help of a jaw crusher and sieved to obtain fine (particle size 
range 0/4 mm) and coarse aggregate (of particle size ranges 4/8 and 8/16 mm) for concrete. 

Mechanical and durability properties of concrete where only part of the aggregate was 
substituted by crushed waste concrete were determined and compared to properties of a) 
reference concrete containing only natural aggregate and b) concrete prepared with recycled 
aggregate only. Five concrete mixtures were prepared and labelled as 

A – contains natural aggregate only (reference concrete) 
B – contains recycled fine aggregate and natural coarse aggregate (both particle size ranges) 
C – contains natural fine aggregate, recycled coarse aggregate (particle size range 4/8 mm) 

and natural coarse aggregate (particle size range 8/16 mm) 
D – contains natural fine aggregate, natural coarse aggregate (particle size range 4/8 mm) and 

recycled coarse aggregate (particle size range 8/16 mm) 
E – contains both fine and coarse recycled aggregate 
Locally obtainable constituent materials were employed. Cement of CEM II/A-S 42.5R type 

was supplied and produced by the largest Slovenian cement producer. One of the most 
frequently used regional river gravels was employed as natural aggregate. All concrete types 
contained the same amount of cement and superplasticizer (SP). Composition of the concrete 
mixtures prepared is presented in Table 1.  

 
 

Table 1. Composition of concrete prepared with natural and recycled aggregate. 
 per m3 concrete 
Label Aggregate cement water SP w/c 
 (kg) (kg) (kg) (l)  
 fine coarse     
  4/8 mm 8/16mm     

A 854 387 696 360 169.2 6.5 0.43 
B 733 331 546 360 270.0 6.5 0.74 
C 793 334 646 360 219.6 6.5 0.62 
D 822 372 602 360 195.8 6.5 0.64 
E 630 283 492 360 320.0 6.5 0.90 

 
 
It is expected that the aggregate origin will affect more significantly the fine aggregate 

fraction. Sieve analysis was therefore carried out for both natural and recycled fine aggregate, 
and the results are presented in Figure 1. It can be seen that rubble-based fine aggrregate 
contains a larger proportion of fine particles; it contained more particles under 0.125 mm than 
natural material, and less particles with size ranging between 0.25 and 2 mm. 



 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Sieve analysis of the fine aggregate for natural and recycled aggregate employed. 
 

The level of water was adjusted to achieve the same level of fresh concrete consistency for all 
concrete types investigated. The results presented in Table 1 show that the largest amount of 
water was added when fine aggregate is substituted by the recycled material.  

The largest differences in particle sizes between natural and recycled aggregate were 
observed for the fine aggregate. Figure 1 shows the sieve analysis of fine aggregate for both 
aggregate types.  

Fresh concrete properties, slump, air content and density were measured in accordance with 
the standards EN 12350-2, 7 and 3. The values obtained are presented in Table 2. It can be 
observed that the air content increased when fine aggregate contained recycled aggregate, and 
density was decreased accordingly. Slump ranged between 50 and 90 mm, as designed, for all 
concrete mixtures prepared. Values for selected mechanical properties of hardened concrete 
containing recycled aggregate are presented in Table 3. Standard procedures EN 12390-3 and 11 
were used to measure the compressive strength and water-tightness. 

 
 
Table 2. Fresh concrete properties for different concrete mixtures containing recycled aggregate. 

label slump, mm w/c air content, % unit weight, kg/m3 
A 80 0.43 1.7 2444 
B 50 0.74 2.7 2275 
C 90 0.62 1.9 2375 
D 60 0.64 1.9 2338 
E 70 0.90 3.4 2110 

 
 
Table 3. Influence of recycled aggregate upon hardened concrete properties. 

label comp.strength @ 28 days, MPa depth of water penetration, mm 
A 53.3 32 
B 31.1 25 
C 44.9 15 
D 48.8 13 
E 31.3 27 

 
 
Depth of water penetration is an indicator for the permeability of concrete; the larger the 

depth, the more permeable is the porous material. Despite a significant increase in water to ce-
ment ratio, w/c, depth of water penetration decreased for concrete containing coarse recycled 
aggregate. This trend was observed for both aggregate particle size ranges. Penetration depth of 
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concrete containing fine recycled aggregate (type B and E) was only slightly reduced when 
compared to the reference concrete (no recycled aggregate). This could be explained by the 
presence of increased quantity of fine particles in the fine recycled aggregate. 

Compressive strength was significantly decreased when recycled aggregate was used. This 
can be predominantly attributed to the increased water to cement ratio. It is interesting to note, 
however, that the strength of concrete containing only recycled aggregate (E) was practically 
equal to the strength of concrete containing recycled fine aggregate only (B).  

The obtained results show that the behavior of concrete types C and D that both contain recy-
cled coarse aggregate of different particle size range is very similar for all properties investi-
gated. 

3 USE OF RECYCLED WATER IN CONCRETE 

In the production of concrete, large amounts of water are used for washing the mixer, the mix-
ing drums of truck mixers or agitators and other equipment in ready mix concrete plants. Typi-
cally, 100 l of wastewater is generated per cubic meter of concrete in ready-mixed production 
(Chini 2001). After the washing process is completed, the wash water contaminated predomi-
nantly with fine concrete particles is usually disposed. Prior to disposal, water is retained in 
sedimentation basins in order to reduce the level of solid particles. 

Large quantities of fresh tap water are therefore used and consequently disposed of in con-
crete production. Fresh water resources could be preserved if this water could be re-used. Slo-
venia has recently imposed an increase of tax for disposing waste water, therefore several con-
crete mixing plants have shown interest in improving the sustainability of their production 
processes. 

If quantities of solids are not too high, the waste wash water can replace tap water as one of 
the constituent materials in the concrete mixture. Ready mix concrete plants often avoid using 
ready-mix truck wash water in the production of fresh concrete, partly due to limited data avail-
able (Sandrolini 2001). Local source materials should be used in preliminary testing if reliable 
concrete production is to be ensured. 

In order to investigate the possibility of re-using waste wash water, a comparative study of 
the influence of recycled water on the concrete properties was carried out. Concrete samples 
were produced in three different concrete batching plants. For each plant, properties of reference 
concrete (prepared with tap water) were compared to properites of concrete prepared with 
recycled water. In each plant, routinely used local aggregate was employed in the preparation of 
mixes.  

The same amount of water was used in the preparation of both types of samples. Chemical 
analysis of waste wash water from one of the plants is presented in Table 4. Based on the 
recommendations of the EN 1008  and the results obtained for the density of recycled water, 
mass of solid material in recycled water was estimated to be 0.057 kg/l. Additional mass od 
solid material in the concrete resulting from the use of water recovered from processes in the 
concrete industry is therefore below the limitation imposed by EN 1008 (1%). 

 
 

Table 4.  Analysis of recycled water. 
type of water sedimentation,  

ml sediment / 80 ml 
sample 

pH Cl- , mg/l SO4 2- , 
mg/l 

density, kg/l 

tap - 7.94 10.64 22.43 1.00 
recycled 37 11.42 6.91 10.70 1.03 

 
 
Composition of concrete produced at the selected concrete plant is presented in Table 5. 

Maximum aggregate size of 32 mm was selected. Designed compressive strength and water to 
cement ratio were 30 MPa and 0.40, respectively. Cement type CEM I 42.5 R was employed. 
2% of superplasticizer and 0.1% of the air entraining agent (with respect to the cement mass) 
was added to the mixture. The same type of superplasticizing agent was employed as in concrete 



containing recycled aggregate. Slump, air content and fresh concrete density were measured 
according to the standards EN 12350-2, 7 and 3. Results for fresh concrete properties collected 
in Table 6 indicate that the replacement of tap water with recycled water resulted in increased 
consistency of fresh concrete, i.e. decreased slump, and decreased air content. This can be 
attributed to the increased level of fine particles contained in the water used in the preparation of 
concrete mixture. 

Both compressive strength and watertightness, i.e. depth of water penetration, were measured 
according to EN 12390-3 and 11. The results are collected in Table 7. Compressive strength of 
both types of concrete was measured at 3, 7 and 28 days. At 28 days, the loss of strength due to 
the replacement of tap water with recyled wash water was 10%. Use of recycled wash water 
leads to significant increase of watertightness, or, in other words, depth of water penetration 
reduced by 38% when recycled wash water was employed. Again, this happens probably due to 
the presence of fine particles in waste water. 

 
 

Table 5. Composition of concrete prepared with tap and recycled wash water. 
aggregate,  

kg 
cement, kg water, kg SP,  

l 
AE,  

l 
type of water 

fine coarse     
tap 801 906 388 159 7.76 2.13 

recycled 796 903 387 155 7.80 2.16 
  SP = superplasticizer, AE = air entraining agent 

 
 

Table 6.   Fresh concrete properties. 
type of 
water 

slump, 
 mm 

w/c air content, 
% 

unit weight, 
kg/m3 

water compliance 
with EN 1008 

tap 130 0.41 7.0 2263 yes 
recycled 40 0.40 4.8 2325 yes 

  
 

Table 7.   Properties of hardened concrete prepared with tap and recycled water. 
compressive strength,  

MPa 
water-tightness,  

mm 
 

type of water 
@ 3 days @ 7 days @ 28 days  

tap 28.6 34.6 42.6 25.3 
recycled 34.9 40.8 47.5 15.7 

4  CONCLUDING REMARKS 

One of the possibilities to implement the principles of sustainable development into construc-
tion is to recycle construction materials. The largest benefit is obtained if the most widely used 
materials, such as concrete or its constituents, are recycled. A study dealing with the possibili-
ties of recycling concrete rubble and waste water that results form the concrete production was 
therefore initiated. The obtained results show that both recycled materials investigated can be 
used in concrete production. 

Concrete crushed into appropriate particle sizes has a potential to be used as aggregate in 
concrete instead of virgin stone material. However, in order to ensure the performance of 
concrete placed in a structure, the influence of such secondary material upon concrete properties 
has to be assessed prior to its use in practice. The results presented show that substitution of fine 
aggregate has the greatest influence on the concrete properties. This is probably due to the large 
content of fine particles present in recycled fine aggregate. Chemical composition of recycled 
aggregate, especially its hardened cement paste content, has also large influence upon concrete 
behaviour.  

Waste wash water that would otherwise had to be disposed can be used as mixing water in 
the preparation of concrete. The results of the investigations show that the influence of waste 
water on both fresh concrete and mechanical properties is minute.  



If use of waste water is to be incorporated into the concrete production technology, 
confidence into the waste water composition should be established by its monitoring. Maximum 
permissible levels of individual potentially harmful components have to be known, and 
chemical composition fluctuations should be kept within these pre-determined intervals. 
Successful use of waste wash water leads to preserving precious natural resources of drinking 
water, therefore the producers should be encouraged to recycle their waste wash water in several 
ways. 
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1 INTRODUCTION 

The demolition of building structures produces enormous amounts of materials that in most 
countries results in a significant waste stream. Construction and Demolition waste (C&D) in-
clude waste from the construction, renovation, and removal of buildings; from the construction 
and demolition of roads, bridges, and other nonbuilding structures; and from the clearing of 
rocks, trees, and dirt. Quantifying the annual C&D waste in the US is an inexact science.  Build-
ing related C&D waste was estimated to be 143.3 million metric tons in 2000 (Chini and Bruen-
ing, 2005).    This estimate was achieved by multiplying number of buildings being constructed 
or demolished by amounts of waste estimated to be generated per square foot.  Renovation fig-
ures were derived from estimates of consumer and business spending on specific remodeling 
and renovation activities (see Table 1). Franklin and Associates (1998) estimates that 35 to 45 
percent of this debris is sent to Municipal Solid Waste (MSW) landfills or unpermitted landfills 
and 20 to 30 percent is reused or recycled (see Table 2).   
 
Table 1 Summary of estimated building-related C&D debris generation, 2000 
(Million Metric Tons) 
 
 Residential Non-residential Totals 
Construction   8.8 (14%) 6.0 (7%)     14.8 (10%) 
Renovation 34.5 (56%) 30.2 (37%) 64.7 (45%) 
Demolition 17.9 (30%) 45.9 (56%) 63.8 (45%) 
Totals 61.2 (43%) 82.1 (57%) 143.3 
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ABSTRACT: Nearly all building materials have the potential for reuse following their initial 
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tion, deconstruction maximizes this potential because it allows these materials to be recovered 
with the least possible amount of damage.  Additionally, the organizational nature of decon-
struction involves sorting separate materials, which further facilitates reuse opportunities.  
Wood, steel, concrete, asphalt roofing, brick, plastics, and drywall all have high reuse potential.  
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Table 2 Estimated quantities of materials bound for C&D landfills, MSW and unpermit-
ted landfills, or recovery (Million Metric Tons). 
 

  
C&D  
Landfills (40%) 

MSW/Unpermitted 
Landfills (35%) 

Recovered 
(25%) 

Total 
(100%) 

Residential      
demolition 7.2 6.3 4.5 18.0 
renovation 13.7 12.1 8.6 34.4 
construction 3.5 3.1 2.2 8.8 
Non-
Residential     
demolition 18.4 16.1 11.5 46.0 
renovation 12.1 10.4 7.6 30.1 
construction 2.4 2.2 1.4 6.0 
Total 57.3 50.2 35.8 143.3 

 
Deconstruction may be defined as the disassembly of structures for the purpose of reusing com-
ponents and building materials. The primary intent is to divert the maximum amount of building 
materials from the waste stream. Top priority is placed on the direct reuse of materials in new or 
existing structures. Immediate reuse allows the materials to retain their current economic value.   
 
The next desirable option for waste is to recycle. In a perfect world, the term recycling would 
describe a process in which raw materials achieve an endless useful life.  Each conversion for 
reuse of the material would have future reuse possibilities designed in.  It is true that nothing 
can be used forever.  The passing of time eventually renders all materials useless.   However, 
the concept of an endless useful life potential for raw materials is achievable.  “Closed-loop” re-
cycling should be the end goal of the recycling industry in order to maximize the usefulness of 
virgin materials and minimize the necessity to extract them. 
 
Currently, the recycling of materials frequently does not allow for future use of the material af-
ter the initial conversion.  When lumber extracted from deconstruction or demolition site is 
ground into mulch for landscaping, the useful life of the material is extended and that quantity 
of virgin materials is preserved.  However, the possibility for future use after that is virtually 
eliminated.  Processes such as this, which we usually call recycling, are not actually recycling at 
all.  The process of reducing a raw material’s quality, potential for future uses, and economic 
value, is called downcycling.  The process of reusing a material for similar uses, thus maintain-
ing the possibility for reuse again later, is recycling.  The process of increasing the material’s 
quality, potential for future use, and economic value is called upcycling.   
 
Nearly all building materials have the potential for reuse following their initial useful life. 
Although reuse possibilities are available for building materials following demolition, decon-
struction maximizes this potential because it allows these materials to be recovered with the 
least possible amount of damage and contamination. Additionally, the organizational nature of 
deconstruction involves sorting separate materials, which further facilitates reuse opportunities. 
Wood, steel, concrete, asphalt roofing shingles, brick, plastics, and drywall all have high reuse 
potential.  A close-up of each of these materials follows. 

2 RECYCLED AGGREGATE 

Recycled aggregate is produced by crushing concrete and asphalt pavement to reclaim the ag-
gregate.  The primary market for recycled aggregate is road base.  More than 91 MMT of worn-



out asphalt pavements are recovered annually. About 80 percent of the recovered material is 
currently recycled, and the remaining 20% is land filled. One-third of the recycled material is 
used as aggregates for new asphalt hot mixes and the remaining two-third is used as road base 
(Kelly, 1998).   
 
Total building related and infrastructural C&D waste concrete generated annually in US is esti-
mated to be about 182 MMT (Sandler, 2003).  It is estimated that about 50 percent (91 MMT) of 
waste concrete is recycled annually into usable aggregates.  This is roughly 5 percent of 1.8 bil-
lion metric tons total aggregates market.  The rest is supplied by virgin aggregates from natural 
sources.  An estimated 68 per cent of aggregate recycled from concrete is used as road base and 
the remainder is used for new concrete (6 percent), asphalt hot mixes (9 percent), and low value 
products like general fill (Deal, 1997).   The low usage rate of recycled concrete aggregate 
(RCA) in new concrete and asphalt hot mixes (15 percent) compared to the higher usage rates in 
lower valued products is related to real and perceived quality issues.  Many State agencies have 
allowed use of RCA mostly as road base materials and not for high-quality uses such as road 
surfacing.  
 
Concrete can be recycled by hauling the concrete debris to a permanent recycling facility for 
crushing and screening or it can be crushed and screened at the demolition site where the aggre-
gate is reused when it is processed.  The latter approach is preferred because it reduces transpor-
tation costs and energy use due to hauling materials. Some States convert existing worn-out 
concrete roads to rubble-in-place.  The old concrete surface is broken up and compacted, and 
asphalt pavement is placed over the enhanced base. 
 
For concrete recycling to be profitable, transportation costs need to be kept low, which forces 
the market to be urban oriented.  The availability of feedstock into recycling plants depends on 
the amount of demolition taking place, which is much higher within older, larger cities.  Recy-
cling concrete plants often have the opportunity to charge a fee for accepting concrete debris, 
especially where fees for depositing materials into landfills are high.  This added revenue can 
compensate for a lower market price for recycled aggregate products.   
 
The future of recycled aggregates will be driven by higher landfill costs, greater product accep-
tance, government recycling mandates, and a large stock of existing roads and buildings to be 
demolished.  Favorable in-service experience with recycled aggregates and development of 
specifications and guidelines for their use are necessary for recycled aggregate acceptance. A 
sustainable recycling aggregate industry requires sufficient raw materials, favorable transporta-
tion distances, product acceptance and limited landfill space.  

3 ASPHALT ROOFING SHINGLES RECYCLING 

Shingles in the waste stream are tear-offs from re-roof jobs, demolition debris, tabs that are cut 
out to shape the new shingles for assembly, and discarded new shingles that did not meet quality 
standards.  Asphalt shingle scrap can be used in asphalt pavement, aggregate base and subbase, 
cold patch for potholes, and new roofing.  In U.S., approximately 10 MMT of waste asphalt 
roofing shingles (ARS) are generated per year.  Re-roofing jobs account for 9 MMT and manu-
facturing scrap generates another 1 MMT (CIWMB, Shingles). 
 
ARS are made of asphalt cement (19 to 36 percent), mineral filler (limestone, silica - 8 to 40 
percent), mineral granules (ceramic-coated natural rock - 20 to 38 percent), and felt backing 
(organic or fiberglass - 2 to 15 percent).   Between 1963 and 1977, three of the largest shingle 
manufacturers used asbestos in their fiber mat of their shingles.  The average asbestos content 
was 2 percent in 1963 and 0.00016 per cent in 1973.  Due to the practice of covering a worn out 
roof with new shingles, there may continue to be a very small amount of asbestos in the shingle 



waste stream until about 2016 (some shingles last up to 20 years).  Although only a small per-
centage of shingle production over a limited number of years involved asbestos, asbestos-
containing roofing materials is a potential hazard that recyclers must face (NAHB, 2007). 
 
Scraps produced during the manufacturing process has a uniform content, whereas tear-off 
waste may be composed of varying composition and has been exposed to ultraviolet sunlight.  
Many State departments of transportation have specifications that allow the use of recycled 
shingles in pavement materials.  Some do not allow the use of tear-off scrap for potential asbes-
tos-content and content and condition variability. 
The factors that affect roofer’s disposal choices between recycling yards and landfills are trans-
portation costs and disposal fees.  Recyclers typically charge about $30 per ton to cover process-
ing costs.  The differential between the recycler’s charge and the landfill tip fee must be large 
enough to provide an economic incentive to roofers to avoid landfill disposal. 

4 WOOD RECYCLING 

According to Falk and Mckeever (2004) an estimated 25.2 MMT of demolition waste and 10.5 
MMT of construction waste for total of 35.7 MMT of C&D waste wood was generated in 2002.  
Their study also concluded that about 18.4 MMT or approximately 50% of the generated waste 
was recoverable.  With the exception of scrap steel, wood products have the highest recoverabil-
ity level of any building materials.  This is due to the large amount of recoverable wood in the 
deconstruction and demolition market.  Additionally, the ways in which wood can be reused are 
numerous.  Wood products can be recycled for direct reuse in similar applications, they can be 
downcycled into mulch, or they can be upcycled into more valuable items, such as custom cabi-
netry or furniture. 
 
Many wood products can be recovered and reused directly, with little or no processing neces-
sary.  Currently, recovered structural timbers are in high demand in the United States because of 
their lack of availability from any other source. Virgin stocks were overexploited during the 
years of heavy logging and have yet to recover.  People value the timbers for their aesthetic 
quality and historical significance.  Additionally, dimension framing lumber can be recovered 
and reused as is.  The market for recycled dimension lumber is still a fledgling industry.  The 
reuse applications for recovered lumber are currently limited due to a lack of standardized grad-
ing requirements.  This should change with the establishment of grading requirements.  Once 
the structural uses of recovered dimension lumber are established, the demand will increase ex-
ponentially.  Reusing recovered wood products in similar applications extends the lifecycle of 
the product because it maintains the potential for further recycling down the line.   
  
Wood products can be upcycled into more valuable products.  This is often the ideal situation 
because it maintains the recyclability of the product while increasing its economic potential.  An 
example of upcycling wood products includes the conversion of recovered framing lumber into 
custom cabinetry, furniture, or wood flooring. 
 
Downcycling of wood products involves decreasing the future recyclability and economic po-
tential of the wood.  For example, one option for wood waste is to use it as a feedstock for engi-
neered wood products such as, particle boards or oriented strand boards.  Sometimes scrap wood 
from demolition is sent through a grinder and turned into mulch.  This eliminates the possibility 
of further recycling of the wood at a later date and diminishes its economic value.  The markets 
for downcycled wood products include mulch, fibers for manufacturing, animal bedding, and 
biomass.   
 
Downcycling of wood products should be the last option when considering reuse possibilities 
because it degrades the material.  However, downcycling is an important alternative in the recy-



cling industry.  Many used wood products have no available reuse options.  Downcycling this 
wood serves to divert it from the waste stream and create supply for the mulch, biomass, and 
animal bedding markets. 
 
Wood treated with chromated copper arsenate (CCA) for preservation against insects may need 
to be managed using alternative methods.  The use of CCA treated wood products in residential 
applications has been banned by the EPA and regulations are being developed for the handling 
of treated wood and its disposal.  

5 STEEL RECYCLING 

The North American steel industry is far ahead of any other building material industry in its use 
of recycling to conserve raw materials and create economic opportunity.  “Each year, steel recy-
cling saves the energy equivalent to electrically power about one-fifth of the households in the 
United States for one year and every ton of steel recycled saves 2,500 pounds of iron ore, 1,400 
pounds of coal, and 120 pounds of limestone” (Steel Recycling Institute).  The steel industry’s 
overall recycling rate is nearly 75%.  This includes the recycling of cans, automobiles, appli-
ances, construction materials, and many other steel products.  All new steel products contain re-
cycled steel.  In 2005, almost 70 MMT of steel were recycled or exported for recycling (Steel 
Recycling Institute). 
 
There are two processes for making steel.   The Basic Oxygen Furnace process, which is used to 
produce the steel needed for packaging, car bodies, appliances and steel framing, used a mini-
mum of 31% recycled steel in 2005.  The Electric Arc Furnace process, which is used to pro-
duce steel shapes such as railroad ties and bridge spans, used nearly 95% recycled steel (Steel 
Recycling Institute).  According to the Steel Recycling Institute 97.5 percent of structural beams 
and plates and 65 percent of reinforcing steel were recycled in 2005. 

6 DRYWALL RECYCLING 

Drywall, also referred to as gypsum board is the principal material used in the U.S. for interior 
applications.  It is made of a sheet of gypsum covered on both sides with a paper facing and a 
paperboard backing.   The U.S. produces about 13.7 MMT of new drywall per year.  Most dry-
wall waste is generated from renovation (10 MMT), new construction (1.5 MMT), demolition 
(0.9 MMT), and manufacturing (0.3 MMT) (Sandler, 2003).   
 
Scrap gypsum drywall is currently being recycled in several applications including: 

• The manufacture of new drywall  

• Use as an ingredient in the production of cement  

• Application to soils and crops to improve soil drainage and plant growth  

• A major ingredient in the production of fertilizer products  

• An additive to composting operations  
In recent years, scrap drywall from new construction is separated and processed at the project 
site using a mobile grinder and used as a soil amendment or a plant nutrient.  This approach may 
be feasible when the soils and grass species show a benefit from the application of gypsum.  
This recycling technique offers a potential economic benefit when the cost to process and land 
apply the ground drywall at the construction site is less than the cost to store, haul and dispose 
of the drywall. 



 
The presence of gypsum drywall in landfills has been linked to the production of hydrogen sul-
fide (H2S). H2S has a foul, rotten-egg odor that has caused numerous complaints at landfills 
around in U.S. and Canada. As a result, several communities in Canada do not accept drywall at 
landfills and, several locations in U.S. are considering placing restrictions on the amount of 
drywall that may be land disposed. 
 
Despite its successful use in many locations, most drywall is still disposed in landfills due to 
challenges in collection and separation and low landfill disposal fees (CMRA, Drywall). 

7 BRICK RECYCLING 

The preferred method of recycling used bricks is to remove them undamaged and reuse them di-
rectly.  The only current method used commercially to enable used bricks to be made suitable 
for reuse in their original form involves cleaning the old mortar from the bricks by hand.  A 
small blunt hand axe can be used to knock the mortar from the bricks.  The problem with this is 
that it is extremely difficult to remove modern Portland cement based mortar from bricks using 
the technique described above.  Thus only old bricks are generally cleaned and recycled by this 
method. There are however, studies in progress involving the use of pressure waves to break the 
bond between the mortar and the bricks.  This may become a viable solution and create more 
brick recycling opportunities in the near future.   
 
There are currently studies ongoing concerning the use of crushed brick in road base.  The re-
sults have been inconclusive to this point. 

8 PLASTICS RECYCLING 

According to the 2000 State of Plastics Recycling, nearly 1700 companies handling and re-
claiming post-consumer plastics were in business in 1999. This was nearly six times greater 
than the 300 companies in business in 1986.  The primary market for recycled PET bottles con-
tinues to be fiber for carpet and textiles and the primary market for recycled HDPE is bottles.  
However, a recently updated Recycled Plastics Products Source Book lists over 1,300 plastic 
products from recycled content, including waterproof paper products and plastic lumber for 
structural applications.  New ASTM (American Society for Testing and Materials) standards are 
paving the way for plastic lumber that could be used in framing, railroad ties, and marine pilings 
(State of Plastics Recycling).  The use of recycled plastics for such applications could mean 
longer life and less maintenance, which translated to lower cost over the life of the product. 
 
There is however a need to increase the reuse and recycling rates for plastics, which are 
currently much lower than other major construction materials steel, concrete, and wood. 
The construction industry uses 60 per cent of global PVC, which is difficult to recycle 
and can contaminate recycling of other commonly recycled plastics. There was only a 
1.7% increase in the pounds of plastic collected in 2005 (0.96 MMT) compared with 
that of 2004 (0.87 MMT) (State of Plastics Recycling).   

9 SUMMARY AND RECOMMENDATIONS 

Table 3 summarizes estimated waste due to building and infrastructure related construction and 
demolition as well as municipal solid waste.  The table also shows estimated weight of recov-
ered materials.  As Table 3 shows only concrete and steel have a recovery rate of 50 per cent or 



above.  The recovery rate for other materials is not significant, but it is increasing due to rising 
cost of landfilling waste, stringent new government regulations, and a steady growing concern 
for the environment.  Many demolition contactors are integrating recycling as a side business.  
According to one estimate in 2005, there were about 3500 C&D recycling facilities in U.S. 
(Taylor 1, 2005). 
 
Table 3 C&D waste generation and recovery (MMT) 
 

Material Building 
C&D 
Waste 

Infrastructure 
C& D Waste 

Steel  
Products  

Municipal 
Solid Waste 

Re-
covered 

Concrete 55 127 - - 91 
Wood 36 - - 27 10 
Drywall 13 - - - 2 
     Roofing 10 - - - NA 
Steel 9 12 59 13 70 
Bricks 4 - - - NA 
Plastics 4 - - 24.3 1 

NA: the recovered weight is Not Available 
 
Several of the states have established regulations that require a minimum recycling rate for 
C&D waste.  Chicago recently adopted an ordinance requiring a certain percentage of construc-
tion and demolition waste to be recycled — 25 percent for projects that had a permit issued in 
2007, and 50 percent if the permit is issued in 2008 (Martin, 2007).  In Oregon, the city of Port-
land requires a 75 per cent recycling rate on all C&D projects exceeding $50,000.  In addition to 
$24 per metric ton tipping fee, a $38 per metric ton tax is imposed on all landfill debris (Taylor, 
2005a).  In Sonoma County, California C&D waste loads that have not been sorted for recycla-
bles must pay a 25 percent surcharge for the county to handle resorting.  
 
According to the National Demolition Association (NDA) only four materials – concrete, metal, 
high quality lumber, and wood have current market value.  NDA suggests that the federal gov-
ernment establish specifications and purchasing guidelines for each recovered material; take a 
leading role in promoting the development of new technologies and processes that will produce 
durable, economical, high quality recycled products ; provide tax incentives for end users of the 
recycled products; and develop national inspection standards for recycling facilities (Taylor, 
2005b).  
 
The future of recycled materials will be driven by higher landfill costs, greater product accep-
tance, and government recycling mandates.  Favorable in-service experience with recycled ma-
terials and development of specifications and guidelines for their use are necessary for recycled 
materials acceptance. A sustainable recycling material industry requires sufficient raw materials, 
favorable transportation distances, product acceptance and limited landfill space.  
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1 INTRODUCTION 

Cement industry is one of the most pollutant industrial sectors worldwide, ranking as the third 
largest carbon emitting industry in the EU (Rehan, 2005, Szábó, 2006). It is estimated that each 
tonne of cement produces approximately one tonne of CO2, mainly from the burning of fossil 
fuels and from the de-carbonation of limestone (Rehan, 2005) Due to the Kyoto protocol and 
growing environmental awareness, various measures concerning reduction in CO2 emission are 
under study, ranging form process improvement, use of different raw-materials and alternative 
fuels (Gäbel, 2005, Rehan, 2005, Szábó, 2006). A valid possibility is the use of pozzolanic ma-
terials (Gartner, 2004) either with the traditional cement binder or with other binders such as air 
lime or hydraulic lime, which are themselves less pollutant than cement. These materials have 
been used in structural concrete since Roman times, attaining great durability, evident in build-
ings such as the Pantheon in Rome. 

Pozzolanic materials are characterized by the ability to react with lime (calcium hydroxide) in 
the presence of water, forming calcium silicate hydrates. These materials, of natural or artificial 
origin, must contain a high percentage of amorphous silica and a high specific surface in order 
to generate a pozolanic reaction. Currently, the re-use of waste materials with pozolanic proper-
ties is a growing reality as cementitious materials are widely applied and provide a suitable ap-
plication possibility with evident advantages (mitigation of AAR, increase in mechanical 
strength, among others). Amongst these, products deriving from clay calcination, such as meta-
kaolin, are starting to e applied in Portugal. The residue of expanded clay production used in 
this study is a similar product, resulting from clay calcinations at temperatures surrounding 
1200ºC. Collected as a fine powder, or grinded, this material is a strong possibility for use in 
concrete ad mortars. 

Portland cement is the usual binder for concretes, due to its deeply studied performance and 
achieved resistance. However, high resistance concrete is unnecessary for some applications and 
in this field other, less pollutant binders, such as hydraulic lime may be used. Hydraulic lime 
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production decreases CO2 emissions in 82% compared with cement production (Portland Ce-
ment Association). In order to increase mechanical resistance of hydraulic lime concretes, poz-
zolanic additives may be used. 

2 CHARACTERIZATION OF EXPANDED CLAY RESIDUE 

Obtained during the process of expanded clay production, this residue is a fine material with the 
same composition as expanded clay. It was characterized by X-Ray Diffraction (XRD) in terms 
of mineral composition and by X-Ray Fluorescence (XRF) for the determination of chemical 
composition. 

 

 
Figure 1 – XRD of expanded clay residue. 

 
Expanded clay residue, ECR, is mainly composed of quartz (Q), spinel (SP), calcite (C) and 
feldspars (A, E). It has a small but evident band ranging from 20º to 30º, indicating the presence 
of amorphous material (Figure 1). Silicates and aluminates are predominant in terms of chemi-
cal composition (Table 1) that also indicates the presence of iron, calcium and basic elements 
(sodium and potassium). 

 
Table 1 - Chemical composition of expanded clay residue.  
Oxides CaO SiO2 Al2O3 Fe2O3 K2O MgO Na2O TiO2 P2O5 MnO L.O.I. 
Percentage 
in weight 3.92 56.52 19.50 8.05 4.58 3.97 0.33 0.95 0.18 0.14 0.70 

 

3 METHODOLOGY 

Aggregates used in this study were natural sand and calcareous coarse aggregate. Hydraulic 
lime was NHL 5. 

 
Table 2. Mixture composition.  

Constituents [kg/m3] Name 
Agg. 10-25 Agg. 5-10 Sand NHL 5 ECR Water 

M0 945.6 67.3 550 - 247.5 
M2 945.6 67.3 440 110 247.5 
M3 

381.5 
945.6 67.3 385 165 247.5 

 



The developed experimental program was designed to assess the effect of the addition of ex-
panded clay residue on the mechanical strength of hydraulic lime concrete. Hydraulic lime was 
replaced by 20 and 30 % of expanded clay residue, by weight. The results were compared with a 
reference mixture containing only hydraulic lime. Table 2 summarises the three different com-
positions. Water/cement ratio was 0.45. Different curing conditions were used where the rela-
tive humidity, RH, of the environment was changed. Concrete specimens were cured immersed 
in water, at 90 % RH and at 60 % RH. The temperature was kept constant at 20 ºC. 

Compressive tests on 15 cm cubes were performed at 7, 28 and 90 days according NP EN 
12390-3:2003 standard. Additionally, workability of fresh concrete was measured using the 
slump test (NP EN 12350-2:2002). 

4 RESULTS AND DISCUSSION 

Slump results are all in the range 0.5 to 1.5 cm that indicates a rather small workability of con-
crete. Since the aim of this study was the investigation of the effect of expanded clay residue 
and of curing conditions, this lack of workability wasn’t considered a very important issue at 
this stage. Nevertheless, this is an important aspect that must be accounted for in the subsequent 
development of the study that can probably be solved by addition of a plasticizer. 

The effect of the curing conditions on the compressive strength of limecrete can be observed 
in Figures 2 to 3. It is apparent from the figures that reference limecrete, mixture M0, has higher 
strength if cured at normal conditions (20 ºC and 60 % RH) than in a saturated environment. 
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Figure 2. Compressive strength in different curing conditions for mixture M0. 

 
The presence of expanded clay residue (Figures 3 and 4) reverses the situation. For mixture M3 
the effect of curing conditions is quite apparent, especially between 28 and 90 days, where a 60 
% increase in strength can be observed if specimens are cured in a saturated environment. The 
results observed for mixture M2 show transition behaviour between mixtures M0 and M3, as 
can be easily seen in Figure 5. Thus, it seems clear that when expanded clay residue is used, 
curing in saturated conditions is better. 
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Figure 4. Compressive strength at different curing conditions for mixture M3. 

 
The addition of expanded clay residue only has a beneficial effect on strength at 90 days and in 
saturated curing conditions or under water. 

Figure 5 shows results of mortars cured in different curing conditions at age 28 days. Al-
though this is too early to asses the influence of the addition of pozzolans, the behaviour of hy-
draulic lime concrete with expanded clay residue is slightly improved in saturated conditions or 
under water. 
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Figure 5. Compressive strength at 28 days. 

 
These results show that the influence of curing conditions at early ages is small but becomes 
evident at age 90 days. Additionally, concretes with expanded clay residue perform better in 
saturated curing conditions or under water. This may be explained by water demand of the poz-
zolanic reaction, which is slower than hydraulic reaction but will only take place in the presence 
of available water. This slower reaction will only produce visible results at later ages, account-
ing for the differences between results of concretes stored in saturated conditions or under water 
at age 90 days. 



5 CONCLUSIONS 

Expanded clay residue is a suitable material for application in concrete with hydraulic lime 
binder as a pozzolanic addition. A substitution of hydraulic lime by 20% and 30% expanded 
clay residue produced increased compressive strength at adequate curing conditions, especially 
in the latter case. 

As results indicate, curing conditions produce significant changes in mechanical strength, but 
not at early ages, due to the development of chemical reactions in time. Daily variations of envi-
ronmental conditions, reaching peaks of over 90% relative humidity, favour pozzolanic reaction 
and the addition of pozzolans to hydraulic lime. 

The use of these materials contributes towards the production of sustainable concrete. How-
ever, these are preliminary studies and further studies need to be conducted towards the im-
provement of workability (using less water and introducing plasticizer) and characterisation of 
hydraulic lime with pozzolan behaviour at latter ages, aiming towards definition of usage possi-
bilities in construction. 
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ABSTRACT: In the present paper, the influence of structural aluminium alloys in the sustain-
able character of structures, namely ecological and economical performance throughout their 
expected lifetime is presented. Aluminium alloys represent a series of relatively new structural 
materials that incorporate special characteristics in terms of sustainability.  In particular, dura-
bility, recyclability, low maintenance costs and high reflectivity are some features among others 
that prove the environmental-friendly character of them. There is a large number of aluminium 
alloys which differ to each other due to chemical composition and the process they have been 
subjected to, thus each aluminium alloy exhibits a different behaviour. The scope of the present 
research effort is to present all the special characteristics of the most commonly used aluminium 
alloys and their effect on building applications regarding energy efficiency and conservation. 
The influence of material special features on the phases of Life-Cycle Analysis (LCA) and their 
role in sustainability evaluation has been thoroughly discussed, while at the final part of the pa-
per, special mention with respect to intelligent aluminium buildings and their interaction with 
the exterior environment has been made. 

1 INTRODUCTION 

It is undoubtful the fact that the uncontrolled human activities along with the industrial opera-
tions carried out through years have severely damaged the environment. The greenhouse effect, 
the depletion of the ozone layer and the climate change are some of the phenomena that charac-
terize the nowadays situation. As the consequences of environmental burdens have day by day 
negative influence in a more directive way to our daily life, the need for taking immediate 
measures for the protection of the environment is deeply felt by more and more people every-
day. A global ecological concern is being developed and the majority of industries worldwide 
are starting to adopt friendlier approaches to the environment. 

In this framework, all factors in the building industry have started investigating for tech-
niques in order to deal with the environmental unfriendly operation of buildings. When consid-
ering the full lifetime of a structure, the building sector is the biggest consumer of raw materials 
and energy, while the role of environmental parameters regarding the design and construction of 
building applications is becoming more significant. In the construction field, the need to reduce 
the consumption of fossil sources of energy, to deal with the problem of material flow and waste 
production and its treatment is imperative. In the last years, the green building perception has 
started to become a nowadays trend, whereas the necessity to adopt an approach in assessing the 
impact of building activities on the environment, economy and society is recognized by all fac-
tors in construction business. 

 The concept of "sustainable construction" has been developed which involves minimizing 
building costs, materials and waste, minimizing energy use and improving energy efficiency of 
the structure. Sustainability also includes low operating and maintenance costs, along with cre-
ating the conditions for healthy, safe and comfortable living. Furthermore, it includes also the 

 



 

choice of recyclable construction materials and products, as saving energy is a major objective 
and the removal or not of materials at the end of their life cycle is dependent on this choice. In 
addition, sustainable design means considering the whole lifetime of a structure, investigating 
ways of reducing the environmental impacts of building activities, importing the assessment of 
life-cycle costs of buildings in the primary process. In this framework techniques and methods 
of minimizing the release of emission and the consumption of resources in the construction of 
building products in transport, installation and maintenance during their service life, are also    
included in sustainable design. Generally, sustainable building is the building where the princi-
ples of sustainable development in the construction industry are applicated. These are to opti-
mize structures depending on their requirement at 3 levels simultaneously, namely ecological, 
economic and socio-cultural (Maydl 2006).  

The scope of the present research effort is to focus on environmental perception and to inves-
tigate the relationship of sustainability and aluminium alloys material. Aluminium alloys are 
new constructional materials comparable to steel or concrete and can contribute to sustainability 
of structures. Their physical and mechanical properties can provide buildings a green perform-
ance in terms of ecology and economy besides functionality and structural stability. This paper 
aims at presenting some of the most commonly used alloys and all their special features that 
contribute to sustainability. Life cycle analysis procedure is described and special mention has 
been made regarding intelligent facades and future expectations. 

2 ALUMINIUM ALLOYS AND BUILDING APPLICATIONS 

In civil engineering works, aluminium is concerned usually as a metal whose basic ingredient is 
either aluminium or aluminium alloys. Pure aluminium is a metal with a strength varied from 90 
N/mm2 to 140 N/mm2, thus its use in construction is reluctant. When it is added with other met-
als such as Mg, or Si though, aluminium alloys are formed whose strength is high and in some 
cases it can reach to 500 N/mm2 (Kissel & Ferry 2002). Aluminium alloys are classified in vari-
ous categories regarding their chemical composition and their further process they are subjected 
to, where every alloy is characterized by unique properties and exhibits different structural be-
haviour. Aluminium alloys are divided into two categories, namely wrought alloys which are 
worked to shape and cast alloys, which are poured in a molten state into a mold that determines 
their shape. While strength and other properties for both products are dependent on their ingre-
dients or the selective addition of alloying elements, further variations on these properties can 
be achieved by tempering, a process that refers to the alteration of the mechanical properties of 
a metal by means of either mechanical or thermal treatment. Temper can be produced in 
wrought products by the strain-hardening that results from cold working. Thermal treatments 
may be used to obtain temper in cast products, as well as in those wrought products identified as 
heat-treatable. Conversely, the wrought alloys that can only be strengthened by cold work are 
designated non-heat-treatable. Regarding wrought aluminium alloys, the basic types that are 
used in industry and construction are summarized in Table 1. 
 
Table 1. Basic categories of aluminium wrought alloys. 

Series number Primary alloying element 
1xxx None- Pure Aluminium 
2xxx Copper  
3xxx Manganese 
4xxx Silicon 
5xxx Magnesium 
6xxx Magnesium and Silicon 
7xxx Zinc and Magnesium 

 
Wrought aluminium alloys are tempered by heat treating or strain hardening to further in-

crease beyond the strengthening effect of adding alloying elements. They are divided into two 
groups based on whether or not their strengths can be increased by heat treating. The classifica-
tion depends on the alloying elements and generally, the 1xxx, 3xxx, 4xxx, 5xxx series wrought 

 



 

 

alloys are not heat treatable and can only be strengthened by cold working, while the 2xxx, 6xxx 
and 7xxx wrought series are.   

Aluminium alloys represent a wide family of constructional materials, whose mechanical 
properties make them extremely popular in civil engineering works and cover an extended range 
of application fields. In addition, their physical properties, such as lightness give advantages as 
erection phases can be simplified, as the loads transmitted to foundations can be reduced and as 
the physical labour can be reduced. Another characteristic of aluminium alloys is their corrosion 
resistance which results in reducing the maintenance costs and adopting a good performance in 
highly corrosive environments (Efthymiou 2005). It is noteworthy that the functionality of alu-
minium alloys regarding geometrical shapes can make them really competitive as the geometri-
cal properties can be improved through the design of sections, as stiffened shapes can be ob-
tained without using built up systems and as simplifying connecting systems among different 
structural members, thus improving joint details (Baniotopoulos 2003). 

Aluminium applications can be both structural and non structural. Regarding structural appli-
cations, aluminium alloys are usually used in large span roof systems, where live loads are small 
compared to dead loads. In addition they are used in structures located in inaccessible places far 
from the fabrication shop, thus they can provide transport economy and ease of erection.  In 
structures like swimming pool roofs, harbour elements, river bridges, which are characterized be 
humid environments, the aluminium alloys is preferable (Mazzolani 1995).  

In the building sector popularity of aluminium alloys in load carrying structures as well as in 
secondary or decorative elements has increased significantly over the past 50 years. Currently, a 
total of 26% of all aluminium products is used in building applications. Where with 51% they 
represent the biggest customer of the extrusion market and cover 11% of the rolled products 
market. All kinds of aluminium products are used in new home construction and in rehabilita-
tion and renovation of existing structures. The range of building applications of aluminium is 
extensive: it is commonly used in the building envelope for facades, glazed and roofing systems, 
curtain walling, window frames and doors. It is also applied for railings, balconies, staircases, 
heating/ air conditioning and solar elements (Fig. 1) (European Aluminium Association 2004).   

 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
Figure 1. Aluminium in building applications 
 

Regarding aluminium alloys series and their usage in building applications, non heat treatable 
alloys of 3xxx series as AW 3103, which are characterized by rising strength and big corrosion 
resistance are mostly used in cladding systems, in façade engineering. Alloys of series 5xxx are 
very corrosion resistant, exhibit good weldability and alloys like AW 5083, AW 5454 are used 
in chemical plants and road tankers. The most commonly used series is that of 6xxx series, 



 

where alloys like AW 6063, AW 6061, AW 6082 are used in architectural extrusion window 
frames and roof trusses (European Aluminium Association 1999). 

3 SUSTAINABLE CHARACTER OF ALUMINIUM ALLOYS 

3.1 Sustainable features of aluminium alloys 
From the sustainable point of view, aluminium alloy structures provide great credibility when a 
long term approach is being adopted. Despite the initial high cost and the great amounts of en-
ergy consumption during production, the special features of alloyed aluminium enable sustain-
able performance when the consideration refers to the whole service lifetime of the structure 
(Radlbeck et al. 2004).  
 To begin with, building aluminium material has a very long life cycle, ranging from 30 to 50 
years and due to durability, the maintenance costs are very low over the lifetime of the structure. 
In addition, the majority of alloys used in construction are weather-proof and corrosion resis-
tant, thus a long serviceable lifetime is assured. Another important characteristic of the material 
is its high reflectivity, which can be exploited in several building techniques and systems. An 
example of this is when aluminium solar collectors are installed to lower energy consumption 
regarding heating in winter and artificial lighting while there is the case of aluminium shading 
devices reducing the need for air-conditioning in the summer. Furthermore, aluminium alloys 
exhibit excellent recyclability. Used aluminium products and scrap can be recycled and at the 
same time the environmental impact related to recycle processes is reduced. As almost all alu-
minium material used in construction can be recycled, the considerable energy invested in the 
production of primary aluminium can be reinvested into other aluminium products. Scrap may 
not necessarily be recycled back into its original product or even reused in the country in which 
it was first manufactured, but the original energy investment will not be lost. 

Concerning structural applications and aluminium alloys, their strength, weight and versatil-
ity make them ideal building and cladding materials. Since they are corrosion resistant, they are 
mostly used in maintenance-free applications such as siding, windows, skylights, doors, screens, 
gutters, down spouts, hardware, canopies and shingles, etc. Regarding aluminium siding, sys-
tems are also available with insulation and reflective foil backing, so walls can be made weath-
erproof and energy-efficient. A layer of insulated aluminium siding is four times more effective 
than uninsulated wood siding, four inches of brick or ten inches of stone masonry.  

In addition, the relatively low melting point (660°C) of aluminium alloys means they will 
"vent" early during a severe fire, releasing heat and thereby saving lives and property. Regard-
ing recycling, aluminium not only has important economic implications but also contributes to 
environmental production, whereas depositing or incineration does not have harmful side-
effects even if inadvertently dispersed in the environment.  
3.2 Embodied energy 
The embodied energy of a material is a measure that compares the amount of energy required to 
produce an equal mass of different building materials. The measure is often misinterpreted as a 
measure of environmental impact or sustainability despite the fact that embodied energy fails to 
take into account the entire life cycle of a building. 

Primary aluminium production is energy intensive and because of this has been criticised on 
the assumption that the volume of embodied energy in some way equates with the volume of 
greenhouse gas emissions as a result of the electricity generation process and the actual smelting 
process. In case of aluminium alloys this is not true. The embodied energy approach takes no 
account of differences between energy sources (International Aluminium Institute 2003). A fo-
cus on the energy embodied in a material can often lead to a choice of material that may not be 
the best one from a whole of life perspective. The optimum choice of a material in any applica-
tion involves tradeoffs and a compromise between factors like cost, availability, ease of con-
struction, surface finish and maintenance requirements. The embodied energy of materials, 
represents only a small percentage of the total life cycle energy requirements of a building, nor 
does it consider other environmental burdens, for example emissions and resource depletion. 

 



 

The use of embodied energy is therefore a rather misleading approach and could, for exam-
ple, lead to a building that is at the same time energy intensive during its use phase and energy 
intensive to maintain. This could also result in a considerable environmental burden during the 
demolition and disposal phases. 
3.3 Life Cycle Analysis and Aluminium 

When choosing a material for any application it is important to look at the whole of the prod-
uct's life cycle. Life cycle analysis in fact goes far beyond the production processes alone. It 
also covers the impacts and benefits of the material throughout the lifespan of the different alu-
minium products, including its re-use and recycling. The typical building will have four major 
parts to its life cycle; construction, use (mainly heating, lighting & air conditioning), mainte-
nance and demolition/disposal. In this case, the "use" phase of the building's life takes 63% of 
the building's energy requirements while the repair and maintenance take 19%. The materials 
and construction account for only 10% of the building's energy requirements. Choosing the right 
material for the right application is therefore critical in reducing all the energy requirements 
over the life cycle of the building. 
The life cycle of aluminium alloys is divided into several stages. In the first phase which refers 
to design and calculation, various alloys with different characteristics and strength values are 
considered. According to the type of alloy, high strength values, even within the range of steel, 
are available. The low material density values of aluminum can reduce the total weight of struc-
tures significantly, with savings up to 50% of comparable steel sections. Static design and qual-
ity control are covered in various standards, currently being further developed and harmonized. 
The second phase includes the production, transport and assembly. Production of 1ton of alu-
minium requires 4 tons of bauxite. The subsequent chemical and electrolytic processes consume 
a rather high amount of energy. For the production of one ton primary aluminium currently an 
average of 15.5 MWh sufficient for the production of 5 tons of steel are required. Depending on 
product, cross section form and respective energy price the initial cost is rather high, but may 
vary widely. Due to its light weight and its high grade of formability aluminium cuts costs, en-
ergy and time in transport and erection too. The next stage is the use- service phase. The natural 
corrosion resistance provides a high level of durability, together with minimum inspection and 
maintenance requirements. This leads to significant cost and energy savings, especially in com-
parison to other materials requiring regular painting. Aluminium in the building envelope re-
quires well-planned thermal insulation because of its high heat conductivity value  (λRAlu=200, 
λRAlloy=160) compared to other building materials (λRGlass=0.80, λRSteel=60). The dismantling, 
transport and recycling procedures are the final phase in the life cycle, as the disposal of a rele-
vant matter, being non-hazardous and of high scrap value.  
 Aluminium structures are easy to dismantle and transport, while the recycling process is 
carried out with only 5% of the input energy for primary aluminium and with no loss in quality. 
Currently, a recycling rate of 85% is achieved in the building industry. In total 6% of recycled 
aluminium is reused in building structures. The final phase of a building's life needs to also be 
considered when making material choices. Ideally the material will be recycled in an economi-
cally and environmentally sustainable way. Usually the least desirable option is landfill, 
whereas a large amount of waste building materials goes to landfill sites at a cost to both the 
economy and the environment; others are recycled at a cost to the community. In contrast, alu-
minium is recycled in a way that pays for itself and is sustainable. Aluminium has a low melting 
temperature and is therefore able to be recycled with comparatively little energy. The energy re-
quired to produce secondary ingot from scrap is only about 5% of that required to produce pri-
mary aluminium. About 30% of the world's annual aluminium usage is supplied from process-
ing post-consumer scrap. Indicatively, life cycle analysis of an aluminium window is depicted in 
Figure 2 (Asif et al. 2002). 
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Figure 2. LCA- Building product: Aluminium window 

4 CONCLUSION AND PROSPECTIVES 

The construction industry is faced with a number of environmental issues ranging from its direct 
impact on climate change to its choice of materials and its methods of waste disposal. The entire 
life cycle of a building must be considered when assessing these issues. At the same time envi-
ronmental considerations need to be balanced against the realities of design, function and econ-
omy. When choosing the optimum material for each building an approach which takes account 
of the full lifetime of the material should be adopted, covering construction, use, maintenance 
and disposal phases. When planning an environmentally sustainable and cost effective building, 
factors like minimal energy minimal maintenance, suitability for local climate and minimal 
waste should be considered. Furthermore low material toxicity and high material recyclability 
must be also design aims of a green perception. 

Aluminium alloys can make a valuable contribution towards achieving these environmentally 
friendly goals, when used appropriately. Increasing demand for adequate and sustainable per-
formance with high quality materials in structures offers an opportunity for aluminium alloys 
since they possess properties such as formability, functionality, flexibility, light weight, excel-
lent recyclability and corrosion resistance. Despite the fact that aluminium alloys are character-
ized by high energy consumption during their production and initial costs, they perform in a sus-
tainable way with the consideration of the building in the full service lifetime.   
 Nowadays, new building systems and innovative design concepts regarding aluminium alloys 
cooperating with building elements are adopted in order to provide more sustainable solutions 
and to meet future ecological demands. In particular intelligent facades incorporating aluminium 
systems that can decrease energy consumption in buildings up to 50% have just started to ap-
pear in european construction era. They are characterized by constructive interaction with the 
exterior, markedly reducing heating, cooling, ventilation and lighting energy demands. New 



 

 

technologies mean solar power captors can be inserted in aluminium frames, thus saving con-
siderable amounts of energy and protecting the environment. Numerous techniques are being 
adopted and processes including photovoltaics, optimised ventilation mechanisms and appropri-
ate light and shade management are applicated in order to ensure long term sustainability and at 
the same time static stability and fitness. By means of these innovative systems, where alumin-
ium is the basic structural element the environmental performance of constructions can be im-
proved and thus providing more sustainable solutions.  
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1. GENERAL INSTRUCTIONS

1.1 Vernacular Settlements and the Turkish House

Since the beginning of tribal acts of the human beings, housing has been one of the main needs 
of the mankind. Within this need, many settlements were formed and most of them grew, 
becoming the cities of today. This mature brought different variations of settlements depending 
on the cultural, economical, physical features of the environments and communities, which they 
were built in. A fast examination on these settlements may form an idea of complete difference 
at every comparable element. But a closer look could point out to some similarities of the 
formation of the settlements. These can be the materials, construction techniques, and formation 
of the house plans and body according to the weather conditions and sunlight or the topographic 
features of the environment. 

The Turkish House we know today has begun to be formed during the settlement of the 
nomadic Turks from the Middle East to Anatolia. This type of housing has spread through the 
Southern Anatolia to the Balkans forming a large area of social and cultural typology. The 
principles of construction for the houses mostly are the same but the cultural details completely 
vary. 

Eco-efficiency and the sustainability of 
traditional Turkish houses 

M. Tanac Kýray
Instructor, Dr.architect, Dokuz Eylul University, Izmir, Turkey

ABSTRACT: The Turkish House can be defined as the types of houses which Turks have 
lived in throughout history. The timber frame construction is compatible with the forest 
cover of Anatolia and the Trace region and is also preferable because these regions are 
within the seismic zones. Furthermore, this method enabled quick construction and 
therefore suited the needs of an ever-expanding society, continuously on the move. For 
the same reason the details of wood construction are very simple; simple joints and 
nailed bindings have been preferred to complicate joint details. This construction 
method also facilitated the reconstruction, within a short time when whole quarters were 
destroyed instantaneously by fire. The basic-system of construction is the timber frame with 
infilling material or the lathe and plaster. In this paper the traditional Turkish Houses will be 
examined in the frame of sustainability of the timber frame construction system. The 
sustainability criteria are summarized below and will be discussed with several cases. 



Accepting the Islamic religious life and settling in Anatolia as a homeland, and changes in the 
cultural and social characteristics joining with the aerial properties of Anatolia, like climate, 
topography, materials etc., started the progress of a new settlement style and house typology, 
Turkish house. 

There is very little information on the process of the development from the tent to the Turkish 
house. The migration according to the seasons, as an action shows itself within the Turkish 
house as a movement to different floors of the house or as moving to a nearby summer or winter 
house. The rooms in a house are considered as a family’s room, like tents. Whole life of a 
family is lived in this room. Other room’s shelter the other families related to the main parents 
of the house like aunts, uncles, sons, etc.1 The rooms open to a main hall named as “Sofa” 
bringing forth the strength and the privacy of the relations and bonds within a family. This is the 
main fact that is preserved in a Turkish house, Turks’ being a “Family Based” community. 
Rooms are the private areas where the sofa is used as the family room of the house.

 
Figure: Room and the Sofa of Traditional Turkish Houses

The vernacular settlements have developed with a similar process just like the Turkish house. 
The main fact about the settlements is to acquire a source of any kind in order for the 
community to survive and defray their needs. The settlements begun when this point is reached. 
Just like the settlements, the decision for the area needed for a house is decided by the needs of 
the family and an area is bordered for construction of the house. At this point the relations with 
the street, or in other words “the community” is shaped and formed. High garden walls with an 
organic formation of the streets and roads according to the topographic criteria is the mostly 
seen part of a vernacular settlement. And finally the houses are built in these areas. The ground 
level is formed by the organic development of the streets where the upper levels are built with 
wooden frame structures forming a 3rd dimensional accent.2

 
Figure 2: Settlement Characteristics

For example because the settlement in Tire has developed at the foot of a mountain, the houses 
face towards the main panorama and as a result of this the streets are desolate. But in Kula the 
settlement has developed at a plain therefore the houses has no other social inclination than the 
streets and therefore the houses face to the streets with closed balconies named as “Cýkma” or to 
their own garden areas with open spaces as “Sofa”.



 
1.2 The Eco-efficiency of the House and Settlement Behavior

The only effective factor which human being cannot change and have to adapt his constructions 
and settlements to is climate. The sun, moisture, cold, heat or the winds are the main aspects of 
climate. The vernacular settlements are generally formed as concentric settlements in desert 
conditions and climates, or separate and dependently formations according to the wind and the 
sun in moist areas. For example in Antalya the vernacular houses are built facing the offshore 
breezes where the drying effect of the breeze on moisture is used. But in contrast with this act, 
in Diyarbakir, the settlement is concentric in order to form a protection from the sun and drying 
desert climate. From these examples it can be observed that the climate in Anatolia differs in 
many areas. This affects the width of the streets directly in vernacular settlements. The houses 
in desert areas are more deserted from the streets than the houses in moist areas. 

“Sofa” – the open family areas of the Turkish house is one of the main element of the 
vernacular settlement facades. The sofa is shaped due to the weather conditions.  The Turkish 
house plan types were first classified by S.H.Eldem.3 The most significant of these, with proper 
order of development are: Outer sofa, inner sofa and central sofa types.  Location of the sofa 
indicates the main criteria of the settlement. It is mostly located at the most important place of 
the house. In desert climates “sofa” is always placed in the middle of the house or in some 
examples it does not exist. In Tire “sofa” is mostly placed according to the visual criteria but 
being on the foot of a hill the “sofa’s direction can be dedicated considering the climate effects 
like the sun direction and local permanent winds. 

Sun is one of the main criteria in the formation of the vernacular settlements' facade. The walls 
facing to North are mostly solid and as thick as possible. The walls facing the south facade are
mostly designed for the location and climate criteria’s in order to get a better use of the sun. The 
eaves of the vernacular settlements' facades are also formed according to sun. The length of the 
eaves changes the character of the settlements directly. For example in Kula the eaves are long 
and because of the concentric formation of the settlement and the narrow streets give the façade-
shadowed areas for use and a more cool air circulation within the settlement. A closer research 
on the eaves points out a group of values matching the sun light directions of the seasonal turns. 
The lengths of the eaves are directionally related with the areas’ seasonal turns’ sun direction 
angles.  

Room is the second significant element of the house after Sofa.  The closet-cupboard is the most 
important element within the room. Every room has its individual closet.  The purpose of the 
wooden closet in the houses is to obtain the noise control between two individual rooms located 
side by side, and the “sofa” placed between the rooms.4 The wooden floors are covered with 
carpets to obtain the heat isolation of the room. The ceiling and the ornaments of the ceiling 
have much more symbolic meanings than the building physics. The doors; are placed angular 
not to be opened directly into the rooms, just not to cause grow cold in the room.5 The furnace is 
placed on the thick and solid stonewall to prevent the fire diffuse. The furnaces are placed in the 
rooms located near the south directions, or in the rooms, which are in the middle of the two 
rooms that don’t have furnace equipment.

The house is located on south-north direction, to obtain more efficient daylight into the living 
spaces of the house. The façade has rhythmic fenestration orders, two windows are placed one 
below the other. The lower windows have wooden shutters. The upper window is for getting 
light into the room when the shutters of the lower window are closed during the cold weathers. 

 
Effect of the topographic factors on the vernacular settlements is the areas’ being in a slope or 
plains. Houses built in a slope area, like the foot of a hill or similar, are more independent than 
the houses built in plains. The criteria of a house at the foot of a hill can be the view aspects, 



direction of the sun or the primary wind directions where a house on plains can only consider a 
choice between facing the street or the garden and can only take constructive precautions for the 
sun or the winds of the area. Because of this the streets of a settlement at the foot of a hill like 
Tire, is more deserted than the streets of a settlement in a plains. But the streets of a settlement 
in plains are mostly the center of the social life. The streets of a hillside settlement are formed 
according to the topographic slopes of the area, and mostly follow the slope as parallel as 
possible. The connections between two or more parallel streets are made through stairs or short 
street connections at points where the slope drops to a comfortable value for such connections. 
This formation brings forth very good examples of an organic vernacular facade. Although it is 
expected for the plain settlements to have a more organized and functional facades, they don’t. 
The settlements at plains are as much organic as the hillside settlements. This fact is the most 
important heritage of the Nomadic Turks. Never having the knowledge of an organized and 
well-developed settlement during the nomadic period, Turks have continued their unorganized 
settling manners. This resulted with today’s vernacular settlements and their organic formation.6

3 CONCLUSION

These historical traditional settlements are preserved to nowadays since 18th –19th centuries. and 
can be an example of sustaining the eco-efficiency of the buildings.  In dry and desert areas the 
settlement forms a concentric formation in order to protect from the sun. But in moist areas the 
settlement forms itself according to winds like offshore breezes. In cold areas the North walls 
are thick and solid, but the south walls are light and organized for the best use of the sun. The 
only factor, which always is tried to be controlled, is the sun. Long eaves and location of the 
“sofa”s are the main acts, which affect the facade of the settlement. The elements of the rooms 
are used both as noise, heat and the light control elements, and as elements of the houses. 
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1.INTRODUCTION

PDEC originates from the vernacular architecture of the middle-east and is still a common cool-
ing device in hot-arid regions worldwide. It is a low cost and passive/low energy consumption 
cooling system that can improve thermal comfort and reduce CO2 emissions. 

The device consists of single or multiple towers equipped with a water/vapour supply placed 
on the top. During the constant injection of water, droplets descend through the tower and con-
ditions close to saturation persist throughout its length. Cool air descends the tower and exits at 
its base where it is delivered to the adjacent spaces.. The concept is based on the relatively large 
amount of energy required to convert water from its liquid form to its gaseous form within a 
local thermal imbalance with subsequence differences in air density. This leads to the move-
ment of air from a zone of high pressure, where air is hot and less dense (top of the tower) to a 
zone of lower pressure, where air is colder and denser (bottom of the tower). When the system 
uses only passive means, and the local thermal imbalance is caused by “free convection”, it is 
considered passive downdraught. The movement of air inside an evaporative cool tower may 
occur as a result  of “forced convection” produced when air is deflected by a solid object or 
driven by mechanical means such as an electric fan. 

Since PDEC is a natural and ventilated system is important to ensure that air flow rates are 
vertically and horizontally balanced to ensure uniform supplies of fresh and thermally treated 
air.  This is specially important to verify humidity stratification and local air movement to re-
duce risk of  Legionella,  condensation and microbiological growth in stagnant zones that can 
lead to fabric deterioration and air contamination. It is also important to prevent from high rates 
of exit air speed resulting from of draughts produced when water downdraught is activated. 

The  best way to solve the Navier-Strokes (N-S) problem of conservation of energy, move-
ment and mass of the fluid is using a computational program, such as a CFD. Today there are 
few programs that allow a PDEC simulation because there is the need to recognize top-down 
airflows and driven forces. PDEC is often described as a “reverse chimney” because the column 
of cool air falls. STAR-CCM+ is a CFD program that analyses particle routine of the water and 
air inside the PDEC tower and adjacent room in a tridimensional way. A bidimensional CFD 
program can also be used although  it does not reproduce the interior environment in such an 
accurate way.

Dynamical and thermal modelling of PDEC: using traditional 
chimney and new dwelling as case studies in Portugal

C. Melo
Instituto Superior Técnico, Universidade Técnica de Lisboa, Lisboa, Portugal

ABSTRACT: The present paper is a study on the importance of thermal and dynamic simula-
tion of Passive Downdraught Evaporative Cooling (PDEC) towers once applied to both new 
dwellings and refurbishments in hot-dry areas. The first step was an experiment using PDEC in 
a hot-dry area in Alentejo where a PDEC shower system was introduced and tested on an exist-
ing brick chimney traditionally used for summer ventilation through “chimney” effect. The next 
step was to validate the collected data with mathematical, thermal and Computer Fluid Dynam-
ics (CFD) models. Finally the results helped dimensioning a PDEC tower for a private house  in 
Castelo-Branco where this  evaporative  cooling system was applied in a complex volumetric 
room. In this case a tridimensional CFD was used to ensure a good particle routine inside the 
whole room thus revealing efficiency of PDEC maintaining thermal comfort conditions indoors.



In order to evaluate thermal and dynamical modelling of PDEC two case studies were used to 
analyse  cooling and air  routine  efficiency of  PDEC in two hot-arid  regions  of  Portugal:  in 
Moura (38º13N:07º13W),  a PDEC shower  system was introduced on an existing  traditional 
chimney  adjacent  to  a  regular  room  with  a  dense  occupancy.  In  Castelo-Branco 
(39º43’N:07º15’W), a PDEC system was proposed as a cooling device in a private house with 
complex geometry and architectural form but low internal gains.

On the  first  case  measurements  and  collected  data  were  first  validated  through Givoni’s 
mathematical model and tested conditions were reproduced on a thermal and a CFD model. On 
the second case,  a thermal model  helped defining thermal performance of the building thus 
helping dimensioning PDEC with Givoni´s and Perlmutter et al mathematical models and defin-
ing envelope conditions.  Such conditions were imputed in a CFD model to evaluate cool air 
movement within the room. In both cases internal conditions were reproduced according to an 
occupancy pattern (number of users of the space/building, heat gains from people, machinery, 
etc.)  and physical  properties  of the construction (envelope,  heat  losses  from envelope,  etc.). 
More investigation on case study 2 will include a CFD simulation of downdraught evaporative 
cooling effect inside the tower.

Results led the author to argue about the importance of PDEC as a cooling and ventilation 
system in buildings that should be protected from such an extreme natural environment.

2.CASE STUDY 1 – MOURA´S TRADITIONAL CHIMNEY

The chimney object of the case study is located on the first floor of Ateneu Mourense, a small 
cultural centre in Moura. It has a cylinder shape measuring 4,8 m in height (measured from the 
floor of the room) and 0,9 m diameter. It is located on the first floor adjacent to a room with ap-
proximately 19 m2 floor area and 63 m3 of volume. The room has tree old wooden doors (two 
interior  and one exterior),  and one north-facing window with single  glazing and aluminium 
frame. Internal and external walls are 60 cm thick, made from adobe and finished with lime. 
The chimney walls are in adobe 0,30 m thick. On the upper limit there are few openings. There 
is no lime rendering on it. The chimney is adjacent to a fireplace that has its own smoke con-
duct. This confirms its use as a ventilation tower producing coolness by stack effect.

2.1. PDEC inertial shower

2.1.1.FIELD REPORT 
A single shower was placed 4,5 m high above floor plan, with coarse water.  The water was 
provided from an existing tap on the exterior that could be easily controllable. The water flow 
rate was 10,5 l/min.  Water did not circulate continuously in order to avoid flood problems and 
the shower operated for only a few minutes. Testing conditions were not ideal, especially due to 
the use of coarse instead of fine spray. 

   

Figure 1 – Plant and Section of the chimney and adjacent room
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2.2. Measurements

The measurements took place in the 6th of August, every hour, between 11:30 and 15:30. The 
room´s exterior and interior atmospheric conditions are registered on row 1 and 2 of Table 1. 
The drop of temperature and relative humidity registered at 12:30, is due to a breeze. 
    Results show that after the shower system was activated, both exit air temperature and RH 
were not stable on the measured periods . Temperature ranged from 22 oC to 26.6.oC and RH 
from 62 % to 95.5 %. 
     To validate the experiments measured values, the outdoors climatic data and chimney phys-
ical properties  were first  tested  on Givoni´s inertial  shower mathematical model. Values ob-
tained are very similar with the ones measured, except for those registered at 13:30. The differ-
ential is more than 4oC, when the remaining is approximately 0.5oC .

Table 1-Collected data

2.3.Modelling

2.3.1. Thermal Model

TAS 8.4 was used to create a thermal model with an envelope similar to Moura´s chimney and 
adjacent room. It was tested according to the weather profile of the experimental day with input 
data from 4 people.  The program does not include Moura´s weather data, so a place with simil-
ar climatic conditions was used: Phoenix, Arizona, USA because of its hot dry climate and sim-
ilar latitude(33º26N:112º01E). Also, the test day was not the 6th of August but 29th of July, 
more similar to the climate parameters measured on the experiment day. Output data was simil-
ar to those verified on the field report. 

Measured Parameters / time (hour) 11:30 12:30 13:30 14:30 15:30
1 Exterior conditions

1,1 Air Flow Velocity (m/s) 0,15 0,3 0,2 0,15 0,15
1,2 Dry Bulb Temperature (ºC) 40 37,1 42,3 41,8 40,7
1,3 Relative Humidity (%) 19,7 23,4 14,2 15,5 17,2

2 Room conditions before evaporative cooling shower
2,1 Air Flow Velocity (m/s) 0,2 0,15 0,15 0,2 0,2
2,2 Chimney Temperature (ºC) 31,2 28 31,5 32,3 33,6
2,3 Chimney Relative Humidity (%) 46,7 53,6 43,7 39,8 34,8
2,4 Room Temperature (ºC) 28,8 27,9 30,4 30,8 32,6
2,5 Room Relative Humidity (%) 48,5 50,3 42,2 39,6 31,9

3 Room conditions after evaporative cooling shower
3,1 Air Flow Velocity (m/s) 0,5 0,6 0,6 0,6 0,5
3,2 Chimney Temperature (ºC) 26,5 25,5 22,0 26,6 23,4
3,3 Chimney Relative Humidity (%) 62 79,7 95,5 74 94,2
3,4 Room Temperature (ºC) 26,6 25,3 22,2 25,2 23,7
3,5 Room Relative Humidity (%) 56,6 75 91,7 78,6 92



 

   

 
70%             80% 90%                 100%

Figure 2 – Output data from TAS model

2.3.2. CFD Model

AMBIENS is a CFD two dimensional Cartesian grid system, in which a transversal “slice” 1m 
tick including exit air from chimney, was modelled. The grid represents the computational cells 
that will be the basis of the simulation. Building elements were not placed reproducing reality 
thus maximizing output information to better  understand indoors thermal comfort.  Therefore 
window and outlets (corresponding to doors gaps) are placed in the same plan, although this 
does not happen in any 1m slice. 

    Features represented are:
a) one window b) one cooling source (air inlet)  c) two door gaps (air inlet and air outlet) 

   Please note that inlet air volume should equal outlet air volume.
Definitions of modelling included:

a) each pixel is equivalent to 0.1m height or width and 0.1m2 area  b)4 pixels for each 
opening, equivalent to 0.41m2 assuming 2.5m2 in reality

        Input data for modelling included:
a) 63m3 of room volume b) 2 ACH of infiltration,  equivalent  to 0.035m3/s of Airflow 

Rate in the whole room, therefore 5.83 x 10 -3m3/s in the “slice” c) air speed of 1 pixel 
equivalent to 0.0075m/s at 0.6m/s or 8 pixels at 0.3m/s i.e., “slice” volume  divided by 
area of each pixel d) 0.6m/s definition of exit air speed, either 4 pixels

Temperature surface (obtained from TAS model) included:           
roof - 34o;  floor - 31oC; walls - 32oC ; window - 40oC

Figure 3–Relative Humidity      Figure 4–Air Temperature               Figure 5 – Air Speed

2.3.3.Results

According to AMBIENS model, there is an excessive production of humidity inside the chim-
ney (between 90% - 100%) than can lead to mould growth, Legionella and fabric corrosion in-
side  chimney.  Junctions  of  chimney  walls  and  ground  are  especially  affected  and  water 
particles  that did not fully evaporate before reaching the ground can warmer situation on the 
bottom PDEC tower. Air beside a window has a higher RH than the rest of the room, excluding 
the chimney since its surface has a higher temperature. (Figure 4). Here risk of condensation is 
higher. However, air is distributed in a very satisfactory way within the room, and door gaps are 
important to help extract “old” air. 

Exit air openings can play an important role defining water flow rate. Results also show 
that even though thermal comfort benefits from reducing on exit air speed, increase of tempera-
ture penalizes it. By reducing the water flow rate by 2.5l/min, exit air temperature will increase 
1oC. Regarding ventilation supply, the system is efficient since 25 people require approximate-
ly 13 ACH (assuming 8l.person.second), and the system can supply 38 ACH.



3. CASE STUDY 2 – CASTELO BRANCO PRIVATE HOUSE

Figure 6 – Aerial view of the building

This building is located in a rural area of Castelo-Branco.It includes a private house and ateliers  
for sculpture. PDEC is part of an holistic environmental strategy for hot and dry periods that in-
cludes proper shading, a well insulated envelope and high thermal mass on the walls. Ground 
works as a temperature stabilizer therefore there is no insulation or slab on it.
     The object of this study is the living room located on the south west part of the building. It 
has a sitting room 4.4 m heigh, a dinning room and kitchen 2.4 m heigh and a corridor 4.4 m 
heigh that ends on stairs and a door and links to the rest of the dwelling. It has a zenital window 
on it.  The Floor Area is 90 m2  and the Volume is 311 m3.    

Figure 7 – Scheme of ground floor and upper floor of the living room

3.1 Thermal Model

First thermal performance of the building was tested on RCCTE whose results led to an estima-
tion of energy consumption of 11.46 KWh/m2.year. 
     Ecotect was used to create a thermal model to obtain thermal performance of the room on an 
extreme hot-dry condition. Since there was no valid meteorological data for Castelo Branco it 
was used Cáceres  (39º5N:06º5W)  with similar latitude. Test day was 21st of August, an ex-
treme hot-dry day.It was assumed 4 occupants.
Input data includes: 

u - value external walls 0.43 W/m2ºC b) u-value floor  0.79 W/m2ºC c) u-value roof 0.27 
W/m2ºC d) u-value windows 2.7 W/m2º e) 5 and 7 w/m2 sensible and latent heat gains

3.2. Dimensioning PDEC tower

Further developments of PDEC in Castelo Branco should detail design of the tower. It should 



Cooling Power Required 3,95 kW

Cooling power delivered 5,37888 kW

Minimum diameter of chimney 0,8 m Height of shower 6,5 m
Minimum area of chimney 0,5 m2 Water flow rate 6,153846 l/min
Velocity of air flow 0,5 m/s Exit opening 1 m2
Outdoor temp 42 degC Air flow rate 1800 m3/hr
Desired exit temp 25,36 degC Volume of room 311,5 m3
outdoor wetbulb temp 23 deg C ACH 5,778491
Indoor max RH% 70 %Rh Water consumption

Abs Hum ambient air temp t 10 g/Kg Energy consumption per year 2726 kwh
Abs hum max at that temp 18 g/Kg Money savings per year 272,6 €

Expected wet bulb depression 13,3 degC Water Consumption 4.8* l/min
Water Consumption (13 h) 0,3744 m3/day

Delivered power in ambient conditions 3,765216 kW Water Consumption (7 h) 0,2016 m3/day

include a recycling water system from domestic sources since in PDEC all types of water can 
be used .In a first stage and taking in account energy consumption from RCCTE and Ecotect it 
was assumed an aluminium frame cylindrical inertial shower PDEC tower according with para-
meters from Table 2. A pond needs to be placed at the bottom to collect non evaporated water 
particles. 

Table 2 – Input parameters for dimensioning PDEC

3.2.CFD Model

3.2.1.Validation 

STAR-CCM+ was first subject to a verification exercise whereby a heated cavity flow was sim-
ulated.  Experimental measurements were taken from Cheeswright R, King KJ, Zini S [6] who 
took a cavity with a 5:1 aspect ratio and a temperature difference between the longer vertical 
sides of 45.8 º. The top and the bottom of the cavity were assumed to no-slip adiabatic walls. 
The other sides are set to a symmetry condition.

3.3.2.STAR-CCM + Model

Radiant temperature from building envelope was necessary to build  STAR-CCM+ model and 
this values where obtained from ECOTEC. It was assumed always the same temperature for 
each building element since variations according to solar orientation were negligible. Therefore 
glazing - 30ºC; walls- 27.5 ºC , roof 29ºC . It was assumed floor was adiabatic  since it uses 
earth as a temperature stabilizer.
It was used 42ºC as a standard outdoor temperature and it was assumed that  all the top win-
dows would be 30% open, except UW1 and ZW1 window, that would be totally open. UW4 
was disregarded.  UW1 – 0.08 m3/s  UW2 – 0.05 m3/s UW3 – 0.25 m3/s 



Figure 8 (clockwise) –Air Speed, Air Speed, Relative Humidity, Temperature

The model included a mesh with 123280 cells and 655088 interior faces. The working fluid 
was air, taken as an ideal gas. The Reynolds-averaged form of the Navier-Stokes equations was 
solved with the Realizable K-Epsilon turbulence model  implemented in STAR-CCM+. Buoy-
ancy was considered via the inclusion of an additional  acceleration  term in the momentum 
equations, something which is already an option in STAR-CCM+. Relative humidity was simu-
lated as a passive scalar, to insure conservation and efficiency reasons. A second-order accurate 
discretization scheme was employed on all convective terms.

3.3.3. Results 

Regarding STAR CCM+ results, a clear stratification of the indoor air happens on account of 
the window openings. Due to the PDEC a good mixture of the lower layer is also achieved, as 
can be seen in the streamline plots. Please note that the streamlines in the air coming from the 
windows is coloured red to better show the layering. Although this air does not mix with fresh 
air from PDEC it act as a “buffer” (with lower RH and higher T) helping maintaining stable and 
comfortable conditions (26ºC T and 70% RH) on the thermal comfort zone. This “buffer” also 
protects roof from excessive production of RH thus fabric deterioration due to condensation, 
corrosion and microbiological growth. Zenital window is important to extract “old” air. Here 
air velocity is high (0.8 m/s) but this phenomena occurs above thermal comfort zone. This is 
due to its placement on a “corner” of different walls with different heights that act as obstacles. 
Also air in contact with higher temperature increases its velocity. Results suggest zenital win-
dow  should be placed on the end of the stairs corridor to minimize air turbulence. This kind of 
turbulence occurs in all the room but with air velocities much slower (0.08 m/s – 0.2 m/s) than 
the maximum recommend (0.5 m/s). 
Results also show that exit air from PDEC has a high speed. Therefore pavement and walls sur-
rounding tower and pond need to be impermeable and protected from water droplets that may 
not evaporate before reaching the ground.

4.DISCUSSION
    
In both studies simulation led to argue about PDEC advantages and disadvantages helping mak-
ing some decisions  about  tower  design.  Simulation  proved that  PDEC provides  appropriate 
rates of cooled and ventilated air at the bottom of the rooms where it can be mixed with ambi-
ent air within the thermal comfort zone. Efficiency of PDEC depends on the replacement air 
cycle since it deals with high rates of humidity and indoor environment can easily get saturated, 
i.e., air can not hold more moisture. Therefore an exhaust (like an upper window or an electric 
fan) should always be placed opposite to PDEC tower to extract “old” air thus renewing the air 
and creating a replacement cycle. Also placement of an microbial bio film on all tower surfaces 



in contact with water is essential , since these films can consume certain inhibitors and prevent 
access of inhibitors; 

Nevertheless in such an extreme environment (hot-dry) PDEC seems an excellent way to nat-
ural  ventilate a room. As an example, cross ventilation is not recommended since opening a 
window would induce warm exit air and increase interior air temperature. No ventilation at all 
should be avoided since internal environment becomes stagnant and no renewal of air causes 
thermal discomfort.

Also in PDEC natural replacement air is introduced at a high heigh where air is cleaner than 
in at the pedestrian level thus minimizing introduction of dust and other particles.  Please note 
that  the  tower  can be used as well  as  for  night  cooling through chimney or Venturi  effect 
without PDEC activation. 

However PDEC is a specific technique can help reducing the impact of global warming thus 
providing thermal comfort in building and occupants. In 2004 the  annual temperature of Por-
tugal increased 0.6 ºC and  recent studies predict  that the  dry condition will affect  1/3 of the 
Portuguese territory.
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1 INTRODUCTION 

Although the use of pozzolanic materials predates the invention of modern Portland cement 
by more than 2,000 years, its adoption has been largely abandoned due to long curing times 
necessary for sufficient strength gain. Hence, the accelerated rate of modern construction does 
not allow for their large-scale application.  

The present research reports the development of metakaolin and lime mortars based on, 
evaluating the most efficacious proportion of the former and the latter. In addition, this work 
analyses temperature effects in the mixture curing process  at 10º and 50ºC and the effect of in-
corporating different activators in the standard mixture. The evaluation procedure involved the 
characterization of utilized materials, the manufacture of specimens as well as compressive 
strength at different ages. 
 
 
2 MATERIALS 

Metakaolin is a pozzolan originating from kaolin, mineral clay traditionally used in the manu-
facture of ceramic products. The word kaolin owes its name to the mountainous region in China, 
known as Kao-Ling, where large kaolin deposits had been discovered and later exported to 
Europe (www.metakaolin.com, 2006 & Oliveira, Jalali, Fernandes and Torres, 2005). During 
heat treatment, kaolin loses two molecule of water:   Metakaolin is an energy-free material that 
reacts chemically after the heat treatment it receives, exhibits a natural amorphous state and re-
acts with lime much like other pozzolans. 

 

Al2 Si2 O5 (OH)4                    Al2 O3 2Si O2 + 2H2O 

Eco–efficient Mortars with Enhanced Mechanical, Durability and 
Bactericidal Performance  

 

R. Eires, A. Camões & S. Jalali 
University of Minho, Guimarães, Portugal 

ABSTRACT: The cracking phenomena readily found in cement-based building structures not 
only paves the way for deleterious structural damage resulting from water penetration, but also 
degrades the aesthetic elements of the edifice. Lime-pozzolan mortars, however, demonstrate a 
promising alternative against the effects of weathering by accommodating expansion, contrac-
tion, temperature variability and moisture change. The present work identifies lime and meta-
kaolin amounts, curing time and temperature as key factors affecting both the mechanical and 
durability properties of mortars using metakaolin-lime mixtures. In order to improve applica-
tion-specific mortar performance along mechanical, durability and bactericidal lines, the present 
work employs a small percentage of activators that bring about effects in terms of bactericidity, 
strength gain enhancement and strength improvement at long curing time. Furthermore, this new 
mixture is especially suited for replacing cement-based mortars due to its specific characteristics 
of flexibility, water vapour permeability and environmentally sound, composition consisting of 
a lower measure of both embodied energy and manufacturing-related CO2  emissions.  



 
Much like fly ash or fume silica, metakaolin is ideal as a partial substitute for cement in con-

crete and mortar compositions thereby substantially reducing the amount of cement consump-
tion. This specific application of metakaolin, moreover, covers structural concrete, lightweight 
concrete, pre-cast concrete, mortars and plasters while improving  compressive and flexural 
strength, reducing  permeability and efflorescence, offering better protection against chemical 
attack, , reducing  fissures and improving the finishing, colour and appearance.   

The metakaolin used in the current study was extracted from aggregate mining wastes that 
underwent heat-treatment. This process, moreover, led to the obtaining of an amorphous, alu-
mino-silicate material that readily reacts with calcium hydroxide which, in turn, gave rise to 
cementitious materials. 

The utilized metakaolin resulted from the transformation of kaolin at 600ºC in an industrial 
oven (referred to in this work as Mk600). This material is rich in silica (SiO2) and alumina 
(Al2O3), has a pink coloration that is lighter than those found in red ceramics and has a density 
of 2564 kg/m

3
. Particle size analysis indicated it to be 20% coarser than 0,212mm and 80% 

coarser than 0,106mm, with a maximum particle size of 0,425mm. 
Lime mortars exhibit a very low rate of strength gain, are structurally vulnerable at early cur-

ing time, gain strength sufficient for most uses after a long curing period and are not water resis-
tant. It is in light of the abovementioned reasons, therefore, that pozzolans are added to lime 
mixtures. The main benefits associated with the use of this type of lime-metakaolin mixture are 
not only functional and environmentally sound, but also much more cost efficient.. In functional 
terms, metakaolin improves workability and can, in some cases, reduce water content; increase 
mechanical properties boost permeability and enhance durability against chemical attacks. Fur-
thermore, it substantially decreases the presence of cracks due to the low hydration heat and 
slow strength gain. From an economic standpoint, , pozzolans are less expensive than ordinary 
Portland cement, and have the added advantage of consuming less energy than OPC during  the 
production phase. Furthermore, industrial by-products were used in this study in order to en-
hance environmental efficacy while lowering costs. When used as a cement substitute, poz-
zolans decrease energy consumption levels and lower CO2 (Malhotra & Kumar, 2000) emis-
sions.    

Hydrated lime was used in this study with less than 1% water content, a maximum particle 
size of 0,2 mm and a bulk density at roughly 500 kg/m

3
. 

The activators consisted of calcium and sodium chlorides, sodium hydroxide, borax (tetrabo-
rate of hexahydrated sodium) and gypsum with a selection criteria consisting of their possible 
positive effects on mechanical strength, as well as on either the acceleration or retardation of 
mortar strength gain with respect to curing time. The amounts of activator used were 1 to 2% of 
the binder mass.  

 
 

3 METHODOLOGY AND RESULTS  

3.1 Manufacture of Test Specimens  

Metakaolin-lime mixtures were prepared with 75% metakaolin and 25% lime with a water to 

binder ratio of 0,6 due to high water absorption of the components and wet earth consistency. A 

homogeneous mixture of dry metakaolin and lime was prepared in a laboratory mixer, to which   

water was then added to achieve a workable mixture. The mineral activators were dissolved in 

water and later added to the mixture.  
Cylindrical test specimens were molded by static compaction (see figure 1). The specimens 

were 3cm in diameter and 3.7cm in height. The equipment allowed for the production of test 
specimens with constant mass. The manufactured specimens had a wet mass density of 40g (see 
figures 2 and 3) and a dry mass of 25g, corresponding approximately to an apparent dry density 
of 956kg/m

3
. 

The specimens were stored in a hermetically sealed conventional plastic box, with a small 
container of water and absorbent paper in order to maintain a relative humidity close to 100% 
without the specimen coming into direct contact with either water or air.  By invoking this 



method, it was possible to uphold the necessary conditions for the curing process with a mini-
mal interference of CO2, and a consistently high level of relative humidity.   

The obtained compressive strengths consisted of average test values for three specimens at 
each age. 
 
 

 

Figures 1 and 2 – Hydraulic press and packing of specimens for tests 

 

3.2 The Effect of Lime Percentage in Metakaolin-Lime Mixtures  

In order to evaluate the effect of lime percentages on mixture performance (See the table 1), two 

distinct compositions of metakaolin-lime were analysed while holding the water to binder ratio 

constant and equal to 0,6.  . 
 
 

Table 1 – Mix Design of metakaolin-lime mixtures 

Mixture Materials Quantities 

MK600 75% 

Lime 25% M1 

Water/Binder 0,6 

MK600 50% 

Lime  50% M2 

Water/Binder 0,6 

 
The specimens were prepared by the static compaction method while keeping the specimen dry 
density constant.(See manufacture of test specimens in 3.1). The specimen showed a smooth 
surface with a light pink metakaolin coloration, satisfactory cohesion and rigidity for handling 
and a characteristic ceramic-like sound when tapped. 

 
 

 

Figures 3, 4 and 5 – Specimens of metakaolin-lime mixtures: before and after the tests   

 
Compressive strength tests showed fragile conic ruptures that are indicative of satisfactory co-
hesion (see figures 3-5). Results of compressive strength tests until the age of 90 days are pre-
sented in figure 6. From this, it may be seen that the M2 mixture, with 50% lime content, shows   
higher strength at the first two weeks. At 14 days the two mixtures, have approximately the 
same strength. From this age onwards, the M1 mixture presents a slightly superior strength.  
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Figure 6 - Compressive strength of mortars using different metakaolin-lime contents 

 
Results demonstrate that a higher amount of lime at early ages produces higher quantities of 

products from the pozzolanic reaction, while from two weeks onwards; the excess of lime inhib-

its the formation of further reaction products. Results obtained indicate that a mixture with 25% 

of lime and 75% of metakaolin has a better overall performance in terms of mechanical proper-

ties.  

 

3.3 Temperature Effect on Metakaolin-Lime Mixtures    

The rate of pozzolanic reaction does not only depend on the used composition, but also on the 

curing temperature. To evaluate the influence of curing temperatures on compressive strength, 

test specimens were molded with 75% of metakaolin, 25% of lime and small amounts of cal-

cium chloride (2% of lime mass). Furthermore, specimens were cured at 10º, 20º, 30º, 40º and 

50ºC, with a relative humidity of 100%.  
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Figure 7 – Temperature effect on metakaolin-lime mixtures until 28 days  

 
 At 28 days and with a temperature of 10º C, compressive strength test results demonstrated 
there to be an induction period of up to 14 days during which compressive strength was con-
stant. After this period, the strength gain began at a lower rate than specimens at higher curing 
temperatures. Specimens cured at 25 ºC also showed a small induction period of around two 



days. At curing temperatures higher than 25 ºC, this induction period was not discernible by 
means of strength testing. The overall strength gain of specimens followed the rates expected, 
i.e. higher rates of strength gain for higher curing temperatures. At 28 days, the strength 
achieved could be ordered with respect to curing temperature, i.e. the highest strength for 50 ºC, 
then 40ºC, while the lowest was for specimens cured at 10 ºC.  

Figure 8 shows the effect of curing temperature up to 90 days of curing. The overall trend of 
strength gain was the same as 28 days. However, the strength gained at 90 days with a tempera-
ture of 50 ºC was significantly higher than that of other specimens. Furthermore, those cured at 
temperatures ranging from 10º to 40 ºC showed a compressive strength within a narrow range of 
10 to 15 MPa, while specimens cured at 50 ºC showed 70% higher strength.  
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Figura 8 – Temperature effect on metakaolin/lime mixtures up to  90 days  

 

3.4 The Effect of Activators on Metakaolin-Lime Mixtures     

The research aim of improving the mechanical properties of the metakaolin/lime mixtures 

prompted the utilization of several mineral activators while evaluating their effects on overall 

compressive strength. Each activator was added in the mixture at a mass ratio of 2% (see Table 

2). 
 
 
Table 2 – Metakaolin/lime mixtures with activators 

Mixture Materials Quantities 

Mk600 75% 

Lime 25% 
M 
 

Water/Binder 0,6 

M3 Calcium Chloride (CaCl2) 

M4 Sodium Chloride (NaCl) 

M5 Sodium Hydroxide (NaOH) 

M6 Borax  (Na2B4O710H2O) 

M7 Gypsum (CaSO4 2H2O) 

2% of mixture 
 

 
Compression test results until the age of 28 and 180 days are presented in figures 9 and 10. 
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Figure 9 – The effect of activators on strength gain of metakaolin-lime mixtures until 28 days 

 
It is readily clear that, compared with the mixture without activator; the composition with cal-
cium chloride had a higher strength from the early age until 28 days. While strength gain of the 
borax containing composition was initially slower than that of the control specimen thereby, in-
dicating a relatively long induction period, however, at 28 days curing times exceeded the val-
ues of all other compositions, including the control. The addition of sodium chloride only accel-
erated the strength gain during the first seven days, with a low rate of strength gain thereafter. 
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Figure 10 – Activator effects on metakaolin/lime mixtures until 180 days 

 
The addition of sodium hydroxide and gypsum apparently did not have a positive effect on the 
strength gain of the mixtures. An unexpected decrease in the strength of the control mixture was 
registered at 180 days.  The reasons for this are not clear at present.  

For practical purposes, borax and calcium chloride seemed to be adequate for two different 
purposes.  On the one hand, if high early strength was of immediate concern, calcium chloride 
would have been the option of choice. Conversely, if the long term strength was the desired end-
result, then the use of borax would have been more appropriate.  

4 CONCLUSIONS 

The current research presented the effect of various factors influencing the strength gain of 
metakaolin-lime mixtures. The mix design with 75% metakaolin and 25% lime showed better 



mechanical performance at curing times longer than 14 days, which is attributable to the inhibi-
tion effect of lime in excess amounts.  

Study of the use of activators indicated that a small percentage of calcium chloride exerts a 
beneficial effect on strength gain at all ages up to 180 days.  The beneficial effect of borax in-
corporation, however, was apparent after 28 day curing period. Moreover sodium chloride only 
exerted an accelerating effect in the first days and reduced strength gain at longer ages.  

It is worthy to note the strength gain delay time effect at 14 days when borax was used. . 
Strength gain, moreover, was quick to recover and became higher than all the other mixtures at 
28 days curing time. This characteristic is especially appropriate for construction applications 
where some mixture flexibility is called for   at early ages. This elevated strength gain also en-
ables the proposed mixture to be used for buildings, or façades that are liable to cracks due to 
structural movements.  On the other hand, when an early strength gain is deemed necessary, the 
chlorides are apparently the best option, especially the calcium chloride.  

Consistent with expectations, study of the influence of curing temperature indicated that 
pozzolanic mixtures have a higher rate of strength gain at higher curing temperatures, while a 
decrease in hardening is seen at lower temperatures. Hence, it is apparent that these mixtures 
have a lower rate of strength gain during the winter when compared to summer period. .  

This research highlights the effect of some factors that commonly affect the mechanical 
properties of mortars used for the rendering and laying of blocks and bricks. Results obtained 
can be used for practical purposes when specific characteristics are desired. Lime-pozzolan 
mortars are especially adequate when used with activators, has a significant environmental and 
economic advantage as compared to traditional OPC based mortars. 
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ABSTRACT: The growing difficulty in obtaining natural coarse aggregates for the production 

of concrete, associated to the environment issues and social costs that the uncontrolled extrac-

tion of natural aggregates creates, led to a search for feasible alternatives. One of the possible 

paths is to reuse Construction and Demolition Waste (CDW) as aggregates to incorporate into 

the production of new concrete. 

Therefore, a vast and detailed experimental phase was implemented at Instituto Superior Téc-

nico, which aimed at determining the viability of incorporating coarse aggregates from concrete 

and ceramic brick wall debris, in the production of a new concrete, with properties acceptable 

for its use in new reinforced and pre-stressed concrete structures. The experimental campaign 

was divided in three distinct stages, in which different compositions were studied by adding 

controlled percentages of recycled coarse concrete aggregates and recycled coarse ceramic plus 

mortar particles, and the main mechanical, deformability and durability properties were quanti-

fied, by comparison with a conventional concrete. 

In the present paper these results are presented in terms of mechanical performance of concrete, 

namely compressive and splitting tensile strength, abrasion resistance and modulus of elasticity. 

 

1 INTRODUCTION 
 

The use of products resulting from the demolition of concrete structures as aggregates for the 

production of new concrete is a theme that has been treated with growing interest within the in-

ternational scientific community. Even though some work has already been developed, there are 

still many doubts in what concerns the use of structural concrete with recycled aggregates. 

 

The present paper presents the results of an experimental campaign developed at Instituto Supe-

rior Técnico where the technical viability of replacing natural coarse aggregates with coarse 

aggregates recycled from concrete and rendered ceramic partition walls was studied. 

 

Various compositions were tested with different replacement ratios: 12.5, 25, 50 and 100% for 

coarse aggregates recycled from concrete (AGRB); 6.25, 12.5, 25 and 50% for coarse aggre-

gates recycled from bricks and adhered mortar (AGRC); and replacement with both materials 

6.25% AGRC-12.5% AGRB, 12.5% AGRC-25% AGRB e 25% AGRC-50% AGRB. Every 

concrete mix with coarse recycled aggregates (BAGR) was compared with a conventional ref-

erence concrete (BR) in terms of mechanical strength and durability. 
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2 EXPERIMENTAL CAMPAIGN 

2.1 Stages of the campaign 

The first stage of the experimental campaign fundamentally aimed at calibrating the various 
compositions tested (considering the various ratios of incorporation of recycled aggregates) in 
order to obtain a constant slump value using the Abrams cone of 80 ± 10 mm. 

 
In the second stage of this campaign, it was necessary to determine the water absorption evo-

lution of the recycled aggregates due to the brisk reductions in the workability of mixes with a 
high percentage of recycled aggregates. This process led to a slight increase in the slump value 
as compared with the first stage (around 87 mm) but still acceptable for this purpose. 

 
This stage allowed the elimination of those mixes that according to a performance-based 

analysis did not fulfill the following criteria, in order to obtain structural concrete with en-
hanced durability: 

1. reduction in compressive strength lower than 15% in comparison with the reference con-

crete (BR); 

2. increase in shrinkage at 90 days lower than 30% in comparison with the BR; 

3. increase in water absorption by capillarity lower than 30% in comparison with the BR; 

4. increase in water absorption by immersion lower than 30% in comparison with the BR. 
 
The third stage of the experimental campaign depended on the results of the second stage and 

allowed further investigating the mechanical, deformability and durability related characteris-
tics of the mixes that fulfilled the criteria mentioned using different tests. Only the results con-
cerning the mechanical performance of the BAGR selected are presented. 

2.2 Concrete mixes analysed 

In Tables 1 to 3 the composition of all mixes tested is presented. The water that was added to 
compensate the higher absorption of the recycled aggregates was the first in the mixer, immedi-
ately after the aggregates, as well as a third of the hydration water. After 15 minutes of pre-
saturation the remaining materials were added. 

2.3 Compressive strength 

In order to determine the compressive strength of the various concrete mixes produced in the 

second and third stages, the European Norm EN 12390-3 of December 2001 [1] was used. 

The average results obtained at 28 days (after curing under controlled conditions) for the 6 

specimens tested per mix in the second stage are presented in Table 4. 
 
Table 1. Composition of the mixes with concrete recycled aggregates (AGRB) (/ m3) 

 

 BR B12.5B B25B B50B B100B 

Replacement ratio (%) 0 12,5 25 50 100 

Cement CEM II 42,5 R (kg) 446 446 446 446 446 

Water (l) 192 194,5 197,0 202,1 212,3 

w/c ratio 0,43 0,44 0,44 0,45 0,48 

Effective w/c ratio 0,43 0,43 0,43 0,43 0,43 

Fine aggregates (natural sand) (kg) 426 426 426 426 426 

Natural coarse aggregates (kg) 1111,8 972,8 833,9 555,9 0 

Recycled coarse aggregates (kg) 0 133,4 266,8 533,6 1067,3 

 
 
 
 
 
 
 



 

 

Table 2. Composition of the mixes with bricks and mortar recycled aggregates (AGRC) (/ m3) 

 

 BR B6.25C B12.5C B25C B50C 

Replacement ratio (%) 0 6,25 12,5 25 50 

Cement CEM II 42,5 R (kg) 446 446 446 446 446 

Water (l) 192 197,2 202,4 212,8 233,6 

w/c ratio 0,43 0,44 0,45 0,48 0,52 

Effective w/c ratio 0,43 0,43 0,43 0,43 0,43 

Fine aggregates (natural sand) (kg) 426 426 426 426 426 

Natural coarse aggregates (kg) 1111,8 1042,3 972,8 833,9 555,9 

Recycled coarse aggregates (kg) 0 58,9 117,7 235,4 470.9 

 

Table 3. Composition of the mixes with concrete, bricks and mortar recycled aggregates (AGRB and AGRC) (/ 

m3) 

 BR B6.25C12.5B B12.5C25B B25C50B 

Replacement ratio (%) 0 25 50 100 

Cement CEM II 42,5 R (kg) 446 446 446 446 

Water (l) 192 199,7 207,4 222,9 

w/c ratio 0,43 0,45 0,47 0,50 

Effective w/c ratio 0,43 0,43 0,43 0,43 

Fine aggregates (natural sand) (kg) 426 426 426 426 

Natural coarse aggregates (kg) 1111,8 903,3 694,9 277,9 

Recycled coarse aggregates (kg) 0 192,3 384,5 769 

 

Table 4. Average compressive strength and difference from the BR (2nd stage) 

 

 fcm (MPa) ∆  

BR 47,51 - 

B12.5B 46,60 -1,43 

B25B 45,86 -2,99 

B50B 49,79 5,34 

B100B 49,60 4,93 

B6.25C 48,01 1,56 

B12.5C 44,07 -6,78 

B25C 44,78 -5,27 

B50C 36,12 -23,58 

B6.25C12.5B 46,29 -2,08 

B12.5C25B 44,96 -4,08 

B25C50B 45,81 -3,09 

 

These results show that for the mixes with incorporation of AGRB only compressive strength 
is not affected by this change in their composition (Figure 1). The same conclusion can be 
drawn for concrete mixes with simultaneous incorporation of AGRB and AGRC (only low ra-
tios) (Figure 2). The main reason for this is the high content in the recycled aggregates of ce-
ment (hydrated and non-hydrated) with a high mechanical strength (CEM II 42,5R), that in-
creases the effective content of cement in the mix when compared with the theoretical value. 
 

 
 
 
 
 
 
 



 
Figure 1. Compressive strength of concrete versus AGRB replacement ratio 

 

 
Figure 2. Compressive strength of concrete versus AGRB and AGRC replacement ratio 

 
 

On the contrary, the incorporation of high ratios of AGRC leads to a significant loss of me-
chanical strength (Figure 3), mostly due to the smaller resistance of the ceramic material itself. 

2.4 Spliting tensile strength 

The tensile strength of concrete is a paramount parameter in its mechanical performance. The 
ultimate tensile stress may be obtained using various methods: pure tension, flexural strength 
and splitting tensile strength (as in this campaign). 

 
In the third stage of this experimental campaign, 3 specimens of each mix (the ones used in 

the non-destructive modulus of elasticity test) were tested. The test was performed according to 
European Norm EN 12390-6, equivalent to Portuguese Norm NP EN 12390-6 [2]. 

 
The test consists in positioning cylinders with a diameter of 150 mm and a height of ap-

proximately 300 mm after rectification under and centred with a hydraulic press. Thus the load 
is radial guarantying that its plan of action passes through the cylinder centre (Figure 4). The 
load was applied at a constant ratio of between 0,04 and 0,06 MPa/s in terms of stress. 

 
 

 

 

 

 

 

 



 
Figure 3. Compressive strength of concrete versus AGRC replacement ratio 

 

After failure (Figure 5), the maximum load (F) is registered and the splitting tensile strength, 

fct,sp, is obtained by: 

,

2
ct sp

F
f

L dπ

×
=

× ×
 

in which L is the height of the cylinder (mm) and d its diameter (mm). The results obtained are 

summarized in Table 5. 

 

 
Figure 4: Splitting tensile strength test using a hydraulic 

press 

 
Figure 5: Failure surface of a specimen through its cen-

tre 

 
Concrete tensile strength is affected by the nature of the aggregate surface (related with its 

degree of adhesiveness to the cementitious mortar matrix) and by the latter’s ultimate tensile 
stress. Thus follows the lesser tensile strength of the mixes with incorporation of AGRC as 
compared with those with AGRB, independently of the aggregates replacement ratio. 

Table 5: Splitting tensile strength and difference from the BR (3rd stage) 

 

 Specimen 1 Specimen 2 Specimen 3  Average (MPa) ∆  (%) 

BR 3,41 3,13 3,13 3,23  

B50B 3,79 2,87 3,03 3,23 0,2 

B100B 3,50 3,05 2,70 3,08 -4,5 

B25C 3,07 3,07 2,89 3,01 -6,6 

B50C 2,58 2,55 2,61 2,58 -20,1 

B12.5C25B  2,62 3,05 2,28 2,65 -17,9 

 

 

For mixes with double incorporation of recycled aggregates up to a limit of 12,5% of AGRC 
and 25% of AGRB, the maximum loss of tensile strength to the reference concrete is 17,9%, 



very similar to the one of the modulus of elasticity of the same threshold mix (see §2.6). 
 
When the cement content and the effective water / cement ratio are maintained, the tensile 

strength is hardly affected (see the result of mix B50B) from the BR to mixes with AGRB (for 
total replacement, mix B100B, a loss of only 4,5% is registered) probably due to an increase in 
the surface roughness of the AGRB. 

 
For mixes with incorporation of AGRC, the tensile strength decreases almost linearly with 

the replacement ratio (Figure 6), with a maximum reduction to the BR of 42,2% (for total re-
placement). Ana Pereira [3], in her experimental campaign where natural coarse aggregates 
were replaced with ceramic aggregates only, when testing in flexion 180 x 400 x 40 mm con-
crete slabs, reached similar results, thus confirming that: 

- tensile strength decreases as the ratio of ceramic and mortar aggregates increases, i.e. 

these aggregates provide a lower contribution to concrete’s tensile strength than natural 

aggregates; 

- this decrease is practically linear, given the high correlation ratios. 
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Figure 6: Splitting tensile strength of concrete versus AGRB and AGRC replacement ratio 

 

2.5 Modulus of elasticity 

The determination of the modulus of elasticity aimed at characterizing concrete in terms of 
deformability, an important feature for structural concrete. 

 

The test to determine the modulus of elasticity was made according to norm LNEC E 397 - 
“Concrete: determination of the modulus of elasticity in compression” [5]. Specimens are cyl-
inders with 150 mm diameter and 300 mm height. 

 
For each mix (BR, B50B, B100B, B25C, B50C, B12.5C25B) 3 specimens were tested during 

the third stage of the experimental campaign by loading them up to 30% of the compression 
failure stress of the material. Two extensometers were glued to opposite faces of each speci-
men. Loading was concentric with the specimens (Figure 8), leading to differences registered in 
the two extensometers no greater than 10%, at the risk of repeating the whole procedure. 

 
 



 
Figure 8: Modulus of elasticity test in a hydraulic press 

Three cycles of loading and unloading were performed. An initial stress of 0,5 to 1,0 MPa 
was applied and the correspondent strain (εs) was registered. Stress was then increased gradu-
ally and continuously at a rate of 1,0 MPa/s until the ultimate value (approximately fcm/3) was 
reached. Final results are presented in Table 7. 

Table 7: Modulus of elasticity values and difference from the BR (3rd stage) 

 Specimen 1 Specimen 2 Specimen 3  Average (GPa)  (%) 

BR 43,5 38,7 40,5 40,9  

B50B 35,8 37,9 36,5 36,7 -10,2 

B100B 30,2 27,1 28,5 28,6 -30,0 

B25C 40,2 30,0 33,2 34,5 -15,8 

B50C 29,7 32,4 33,0 31,7 -22,2 

B12.5C25B  34,2 35,5 33,1 34,3 -16,2 

 

The module of elasticity of the BAGR are lower than the one of the BR and the more so the 
lesser the compactness of the recycled aggregates, i.e. the greater the percentage of cement 
paste adhered in the recycled aggregates, which has lower stiffness than natural stone. This is 
aggravated for ceramic aggregates due to their much lower bulk density. 

 
The stiffness losses to the BR of 10% for a maximum incorporation of 50% AGRB and of 

15,8% for a maximum incorporation of 25% AGRC are nevertheless very promising results for 
this type of concrete, showing that their mechanical capacity is affected to a limited degree 
unlike it is sometimes stated. 

 
Figure 9 also shows that the decrease in the modulus of elasticity with the replacement ratio 

is substantially higher for concrete with AGRC than with AGRB for the same ratio. This situa-
tion is due both to the lower bulk density of the ceramic material and to the worse characteris-
tics of the adherent mortar, namely in terms of the cement used in its production (CEM I 32,5 
R). 
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Figure 9: Modulus elasticity of concrete versus AGRB and AGRC replacement ratio 



3 CONCLUSIONS 
 
The results obtained indicate that the replacement of natural coarse aggregates (AGN) with 

coarse aggregates recycled from concrete (AGRB) and from ceramics and mortars (AGRC) is 
feasible, since: 

- compression strength class of concrete with recycled aggregates (BAGR) is not affected by 

the simultaneous incorporation of AGRB and AGRC, up to a maximum ratio of 25% 

AGRC and 50% AGRB, or the incorporation of 100% AGRB, by comparison with the ref-

erence concrete (BR) with natural aggregates only; 

- tensile strength of concrete depends on the nature and surface type of the recycled aggre-

gate, the content of binder (hydrated and non-hydrated) in the mix and the effective water / 

cement ratio; therefore, for BAGR with AGRB only this strength was not much affected by 

the replacement ratio; 

- modulus of elasticity is affected to a small scale by the incorporation of recycled aggre-

gates up to a maximum percentage of 50% AGRB and 25% AGRC; thus decrease is due to 

the lower compactness of these aggregates as compared with AGN and the higher deform-

ability of the adherent cement paste; for simultaneous incorporation of AGRB and AGRC 

up to a maximum ratio of 25% and 12,5% respectively, a reduction of 16,2% in the 

modulus of elasticity was registered, a value that confirms the potential of both these types 

of recycled aggregates for structural concrete; 

- from all the tests and from a mechanical performance point of view it can be stated that I t 

is technically safe to replace the coarse part of the natural aggregates of a concrete with re-

cycled aggregates from concrete up to a 50% ratio and of ceramics and mortars up to 25%. 
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ABSTRACT: The passive cooling technique proposed in this study is the use of cool materials 
with high solar reflectance and infrared emittance values. A simulation study has been carried 
out using TRNSYS, to assess the impact of using cool materials on cooling energy loads and 
thermal comfort conditions in residential buildings in cooling dominated cities. The results 
show that increasing roof solar reflectance reduces cooling demand and improves indoor 
thermal comfort conditions. Furthermore a modeling study has been undertaken using the 
‘urbanized’ version of MM5 trying to analyze the impacts of large-scale increases in surface 
albedo by the city scale application of cool materials, on ambient temperature. It was found that 
large-scale increases in albedo could lower air temperatures by 2°C. The results of this study 
can help to promote the adoption of high albedo measures in building energy codes and urban 
planning regulations. 

1 INTRODUCTION 

The heat island effect is becoming increasingly more intense in urban areas around the world. 
Some of its consequences are the increase in energy demand, the acceleration of the formation 
of harmful smog and human thermal discomfort and health problems by intensifying heat waves 
over cities (Oke et al., 1991;Santamouris, 2001; Cartalis et al., 2001; Stathopoulou et al., 2005; 
Santamouris, 2006). The mitigation of the heat island effect can be achieved by the use of cool 
materials that are characterized by high solar reflectance and infrared emittance values. These 
two properties are the main factors controlling the temperature of a surface (Bretz and Akbari, 
1997). Increasing either reflectance and/or emittance lowers a surface’ s temperature. At 
building scale this results in decreasing the heat penetrating into the building, and therefore in 
lowering cooling loads if it is an air-conditioned building, or in more comfortable thermal 
conditions if the building is not air-conditioned.  At city scale it contributes to decrease the 
temperature of the ambient air as heat convection intensity from a cooler surface is lower. 
During the summer, this results. (Rosenfeld et al. 1996, Taha et al.  1999). 

Many experiments have been undertaken demonstrating the effectiveness of cool roofs in 
reducing cooling-energy use in residential buildings. Akbari et al. 1997 measured cooling 
energy savings of about 2.2 kWh/day from changing the roof albedo of a residence in 
Sacramento, California from 0.18 to 0.73. Reductions in total and peak air-conditioning load of 
approximately 5% were measured for two identical white (SR= 0.75) compared to gray (SR= 
0.30) and silver (SR= 0.50) roofed scale model buildings in Tucson Arizona (Simpson and 
McPherson 1997). In addition to field studies, computer simulations of cooling energy savings 
from an increased roof albedo have been documented for residential buildings. A simulation 
study performed for two mild and hot climates, showed that as the absorbtance varies from 1 to 
0, the total energy load decreases by 32% and 47%, respectively for not insulated buildings and 
by 26% and 32% for insulated buildings (Shariah et al. 1998). A study on the energy efficient 
envelope design for high-rise apartments in Hong Kong showed that a 30% reduction in solar 



absorptance can achieve 12% saving in annual required cooling energy (Cheung et al. 2005). 
Using cool roofing colored materials it was demonstrated that increasing the roofs reflectance 
from 0.08 to 0.3 and 0.5 decreases the consumed energy by 15% and 30%, respectively in 
Miami and Dallas (Miller et al. 2004)         

Direct field observations verify the impact of high albedo surfaces on near surface air 
temperatures. Experimental measurements were carried out at White Sands Monument in New 
Mexico, an area that has a high albedo (≈0.6) because its surface is composed of white gypsum 
and little vegetation, and also at the surrounding desert area, which has an albedo of 0.26. 
Results have shown that in the morning hours, the air over White Sands Monument was by 3°C 
cooler than the air over the surrounding dark surface. It was also found that the air remained 
cooler throughout daytime hours, but the amount of cooling was reduced later in the day 
because of increased upwelling (Fishman et al. 1994). Sailor (1995) showed by means of 3D 
meteorological simulations that increasing the albedo over downtown Los Angeles by an 
average 0.08 decreased summertime temperature by as much as 1.5°C. Numerical simulations 
undertaken by Taha (1997) found that increasing the albedo of the California’ s South Coast Air 
Basin by 0.13, simulated reductions of averagely 2°C. In another mesoscale modeling study 
Taha et al. (2000 and 2002) showed that cool-city strategies can reduce urban air temperatures 
by a typical 1-2K for the case of three US cities and by 0.5 -1°C for the case of Greater Toronto 
Area, Canada. 

This study aims to evaluate by means of simulation the potential energy savings and the 
impact on thermal comfort from the use of cool roof coatings in residential buildings in various 
climatic conditions worldwide. Furthermore the impacts of large-scale increases in surface 
albedo on ambient temperature were investigated trying to analyze the Urban Heat Island (UHI) 
effect over Athens, Greece, a dense populated city. Numerical simulations were performed by 
the ‘urbanized’ version of the non-hydrostatic PSU/NCAR Mesoscale Model (MM5, version 
V3-6-1). Two scenarios of moderate and high increased albedo have been studied.  

2 EXPERIMENTAL ASSESSMENT OF COOL MATERIALS 

For this study the estimates of the potential for altering the urban albedo of Athens are based on 
a two-dimensional analysis and do not consider vertical surfaces like walls. Furthermore, only 
the albedo of building structures (rooftops) was changed. The same applies for the simulation 
study for the estimation of cooling energy loads reduction.   For this reason, only materials that 
can be used on building rooftops have been considered. A number of white or light colored 
materials (e.g. cool surface coatings, reflective tiles, concrete and conventional asphalt 
with white aggregate) are currently commercially available for rooftops having high solar 
reflectance values ranging from 0.4 to 0.85. The thermal emissivity of these materials was 
measured to be about 0.9.  (Berdahl et al. 1997, Synnefa 2006). Surface temperature 
measurements have demonstrated that a cool coating can reduce a concrete tile’s surface 
temperature by 7.5°C and it can be 15°C cooler than a silver gray coating (Berdahl et al. 1997, 
Synnefa 2006). Furthermore, new cool colored materials that are highly reflective in the near 
infrared, are being developed using specialized infrared reflective pigments, for the cases where 
the aesthetics of darker colors is preferred or for the cases where the use of white colored 
products produces glare problems (Akbari et al. 2004, Synnefa et al. 2007). Cool colored 
materials, absorb in the visible range, in order to appear having a specific colour, but 
they are highly reflective in the near infrared part of the electromagnetic spectrum to 
maintain a high solar reflectance. This is very important considering the fact that about 
half of all solar power arrives as invisible near infrared radiation. Experimental 
measurements have demonstrated that the maximum difference between the solar 
reflectance of a cool and conventional color matched coating was found to be 0.22 with a 
corresponding surface temperature difference of 10.2 °C (Synnefa et al. 2007). Another study 
reports that the solar reflectance of commercially available products has increased to 0.30–0.45 
(Akbari et al. 2005).  



3 ESTIMATION OF THE IMPACT OF USING COOL MATERIALS ON COOLING 
ENERGY LOADS AND THERMAL COMFORT 

In order to estimate the effect of the use of cool white and colored materials on the residential 
energy load, simulations were performed for 5 cooling dominated cities around the world: Abu 
Dhabi, Athens, Miami, Cairo and Sydney. TRNSYS thermal simulation software (TRNSYS) 
was used for the simulations. The calculations were performed with an hourly time step. The 
meteorological data were taken from the METEONORM database (METEONORM). The base 
case building used in the simulation is a single story, flat roof house with a roof area of 100 m2. 
It is nondirectional, in the sense that its length and width are equal (10 m). Its height is assumed 
to be 3 m. Each wall has a glazing of 4 m2 (13.3% of the wall area), a U-value of 5.8 W/m2 K 
and it is well shaded (external shading factor 0.7). The U-value of the walls was considered to 
be 2.2 W/m2 K and the U-value of the roof equal to 0.84 W/m2 K. Infiltration rate was set equal 
to 0.8 ach. Regarding internal gains, the heat input per person was considered according to 
ISO7730, while for the artificial lighting and any other equipment it was assumed that 50% of 
the input is contributed to the place as convective heat and the 50% as radiative. This building 
type may not necessarily be representative of the typical house in all the tested locations. 
However, the purpose is to report the cooling energy savings and potential wintertime penalties 
from changing the roof’s solar reflectance comparatively. The thermostat set point temperatures 
for cooling and heating was set to 26 and 21°C respectively. Three different values of roof solar 
reflectance were simulated based on the experimental results for the cool and cool colored 
materials described above. For the base case the solar reflectance was considered to be 0.2. The 
increased values of solar reflectance due to the use of cool coatings were (a) a moderate 0.6 and 
(b) an extreme value of 0.85. The first scenario of albedo increase also accounts for the effects 
of albedo reduction due to weathering, ageing, dust accumulation and soiling of a roof with an 
initial albedo value close to 0.85. The infrared emittance was considered to be 0.9. Furthermore, 
for estimating the effect of cool coatings on thermal comfort conditions in the building, the 
above simulations were repeated but for the building running under free floating conditions. 

The cooling loads were calculated for the reference case (SRroof=0.2) and the two increased 
solar reflectance scenarios representing buildings using cool roofing materials. The results 
(corresponding to a roof u-value of 0.84 W/m2/K) are presented in table 1. 

It should be pointed out that the values mentioned in this part of the study depend on the 
building characteristics and therefore are only indicative. As expected increasing roof 
reflectance results in reduced summer cooling loads. The decrease in the cooling loads for an 
increase in roof solar reflectance by 0.4 varies between 13 and 29 kWh/m2 and for a higher 
increase by 0.65 between 21 and 48 kWh/m2 
 
Table 1: The calculated cooling loads for the base case (roof solar reflectance equal to 0.2) and the two 
ncreased albedo cases (∆SR1=0.4 and ∆SR2=0.65) i 

Place Cooling load 
(kWh/m2) 
Base case (SR=0.2) 

Cooling load (kWh/m2) 
Increased albedo case 1 
(SR=0.6) 

Cooling load (kWh/m2) 
Increased albedo case 2 
(SR=0.85) 

Abu Dhabi 265.4 236 217 
Miami 117.7 92.4 76.7 
Cairo 104.5 84.6 72.4 
Athens 58 43.3 34.6 
Sydney 37.7 24.3 16.8 

 
In order to estimate the heating penalty from increasing solar reflectance heating loads were 

also calculated. Figure 1, depicts the changes in cooling and heating loads resulting from an 
increase in roof solar reflectance of 0.65. The figure shows that the potential savings are greater 
in cooling season-dominated climates. For the building chosen and the climates examined in this 
study, the decrease in cooling loads always exceeded the increase in heating load. We can 
therefore conclude that increasing the solar reflectance of a roof is typically more beneficial for 
hot climates where cooling load dominates most of the year.  
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Figure 1: Cooling and heating load changes for a change in roof solar reflectance of 0.65. 
 
 
In order to evaluate the effect of climate on thermal comfort conditions inside the building the 
number of hours that the indoor temperature exceeds 27°C was calculated. This threshold 
temperature was chosen based on the ASHRAE standard 55-1992 on thermal comfort 
conditions. According this standard the acceptable temperature range for summer conditions is 
23.3°C to 27.7°C and the chosen value is close to the upper limit of the range. The calculated 
hours of discomfort for the conventional building and the two buildings using cool coatings 
(SR1=0.6 and SR2=0.85), for the threshold value, are presented in table 2. It is evident that 
increasing the roof solar reflectance reduces significantly the hours of discomfort.  
 
Table 2: The calculated number of hours with the indoor temperature exceeding 27º C 
 

 

Hours above a threshold indoor temperature: 27°C 

Place Base case ∆SR 0.4 ∆SR 0.65 

Abu Dhabi 2300 1485 1007 
Miami 5739 5441 5229 
Cairo 2384 1762 1250 
Athens 3254 2729 2352 
Sydney 2190 1758 1436 

Table 3 gives the calculated maximum indoor temperatures for the conventional house and 
the two cases of increased roof solar reflectance. For the first scenario the maximum 
temperature decrease varies between 0.8 and 2 8C and for the second between 1.2 and 3.7 8C. It 
can be concluded that the use of cool roofing materials can contribute to the improvement of 
indoor thermal comfort conditions by decreasing the hours of discomfort and the maximum 
temperatures. 
 
 



Table 3: The calculated maximum indoor temperature for the base case and the increased roof solar 
reflectance cases 

 
 

 
Maximum indoor temperature (°C) 

 
Decrease in maximum indoor temperature (°C) 

Place Base case ∆SR 0.4 ∆SR 0.65 ∆SR 0.4 ∆SR 0.65 

Abu Dhabi 36.1 34.4 33.2 1.7 2.9 
Miami 46.2 44.3 43.0 2.0 3.2 
Cairo 36.6 34.6 33.3 2.0 3.3 
Athens 39.6 37.9 36.7 1.8 2.9 
Sydney 39.1 37.5 36.4 1.6 2.7 

4 ASSESSMENT OF THE POTENTIAL OF COOL MATERIALS TO CONTRIBUTE TO 
THE MITIGATION OF THE HEAT ISLAND EFFECT IN ATHENS 

Numerical simulations were performed by the non-hydrostatic, mesoscale model developed by 
PSU/NCAR, known as MM5, version V3-6-1, (Grell et al., 1994) with the modified MRF-urban 
PBL scheme (Dandou et al., 2005). The MM5 numerical simulations were performed by 
applying the 25-category USGS land use classification scheme in order to provide the land-
cover data for the model domains. The initial and lateral boundary conditions for the outermost 
domain were provided by a coarser numerical weather prediction model, the European Center 
for Medium range Weather Forecast (ΕCMWF). The numerical simulation was supplemented 
by information derived from satellite image analysis. In particular, one Landsat-5/TM image, 
acquired on the 13th May 2003 covering the greater Athens area, has been digitally processed 
and analysed in order to extract all urban elements which are greater than the size of the higher 
spatial resolution pixel (30 m). In this procedure, an updated and more realistic representation of 
the urban expansion was obtained. This detailed information was used in the MRF-urban 
scheme in order to construct new fields for various parameters such as the albedo, the roughness 
length and the semi-empirical coefficients for the heat storage flux within the urban limits of the 
city, by applying an aggregation procedure. This was achieved by providing to each 30 m pixel 
(from the higher resolution domain) literature values (e.g. Grimmond et al., 1991; Grimmond 
and Oke, 1999) for the various parameters, according to the above urban categories. Thereafter, 
these values were aggregated to each 4 km2 and 0.45 km2 grid cells in the MM5 modeling 
domains using an area-weighting scheme. Thus, the new values of the parameters, in the 
modified version, reflect the presence of all the areas with different specifications within each 4 
km2 and 0.45 km2 grid cell and are not related to a fixed land use type.  

The simulated domains covered the extended areas of Europe, Greece, Attica peninsula and 
the city of Athens respectively. The spatial resolution for the innermost nested domain (the city 
of Athens) was 0.67 x 0.67 Km2 (Figure 1A). Simulations have been performed for a clear and 
warm summer day, the 15th August 2005.  

Based on the experimental results reported in the second paragraph the base case albedo for 
building structures was considered 0.18 (Figure 2B) and two scenarios of increased albedo were 
chosen for the simulations: a moderate and feasible increase in the buildings structure albedo of 
0.45 (albedo =0.63) and an extreme case were the albedo of building structures is considered 
0.85 (Figure 2C and D). 

While all the meteorological parameters are affected by changes in surface albedo, only the 
effect on temperature is being discussed in this paper. The impacts of high albedo primarily 
influence the regions that underwent the simulated increase in albedo. 
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Figure 1: A)Topography contour lines at 50 m intervals of the fourth nested domain. The modeling 
domain with B)the base case scenario (building structures albedo abs=0.18) C) the moderate increase in 
albedo scenario (abs=0.63) D) the high increase in albedo scenario (abs=0.85) 
 

 
The simulations suggest that the urban areas (as well as other suburban and rural areas) are 

generally cooler than in the base case. The impact of albedo increase is higher at 12p.m. to 
3p.m. More specifically, for the moderate increase in albedo case, the temperature depression at 
2m height at 14p.m.LST varies between 0.5 and 1.5°C (Figure 2A).  If the albedo is further 
increased (extreme albedo case), then the temperature difference from the base case varies 
between 1-2 °C, with individual depressions as high as 2.2°C (Figure 2B). Most of the 
temperature depression occurs in the central and central east basin. The changes in air 
temperature that are observed in the majority of the areas of the modeling domain are due to the 
increase of the surface albedo, which results in less solar gains for the surface. During the night, 
the temperature remains in general unchanged between the base case and the modified albedo 
scenarios 

In this study only the albedo of building structures has been increased. The impact of high 
albedo on air temperature would have been even greater if the albedo of roads and pavements 
had also been increased. Nevertheless, a decrease in air temperature of 2°C is quite significant 



considering the fact that for every degree C the temperature rises, the demand for electric power 
rises by 3% and the probability for a smog incident by 3% (LBNL Heat Island Group).  
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Figure 2: Air temperature differences between the base case and A) the moderate case scenario and B) the 
high increase in albedo scenario at 14:00 LST, on the 15th of August, 2005, with contour lines at 50 m 
intervals. 

 

5 CONCLUSIONS 

A simulation study was carried out aiming to assess the impact of using cool materials on roofs 
on the energy loads and indoor thermal comfort conditions in residential buildings for five 
cooling dominated cities. It was found that an increase in roof solar reflectance by 0.65 resulting 
from the application of a cool coating, reduces cooling loads by 21 to 48 kWh/m2, and also the 
hours of discomfort and peak indoor temperatures by 2.7-3.3°C. Furthermore the possible 
impacts of large-scale increases in surface albedo on heat island mitigation were investigated 
using the mesoscale model MM5 (V3-6-1). Two cases of increased albedo have been simulated: 
a moderate one where the albedo of building structures is considered to be 0.63 and an extreme 
case with building structures’ albedo equal to 0.85. It was demonstrated that for the first case air 
temperature can decrease by 1.5°C and for the second one by 2.2°C. The change in surface 
albedo can be achieved gradually if cool materials are chosen to replace dark existing ones 
during maintenance or in new structures. The use of cool materials is an inexpensive and 
passive solution that can contribute to increasing thermal comfort by lowering ambient 
temperatures and reducing energy demand for cooling. The results of this study can contribute 
to the promotion of the use of cool materials as well as the adoption of high albedo measures in 
building energy codes and urban planning regulations. 
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1 INTRODUCTION 

Nowadays, the cost, quality and availability of raw materials are of paramount importance. Due 
to environmental concerns, a very large number of companies are currently developing manu-
facturing processes using alternative materials for their products and seeking new markets for 
the sub-products of their first-line production.  

Textile industries are an example of the reality that the industry is living nowadays. With a 
significant production of waste fibrous material, textile industries are now looking for applica-
tions where waste fibrous materials could be an added-value(Woolridge et al, 2006). One viable 
application of these waste materials is in the combination with polymeric matrixes, producing 
composite materials with interesting properties for specific applications, from furniture to 
thermal and acoustic insulations.  

Once most of these waste fibrous materials are based on natural fibers, the production of eco-
composites can be a reality, especially when polymeric matrixes environmental friendly are 
used.  

Composites reinforced by fibers are increasingly being considered for several uses when high 
performance is required (Moura, 2005). The corrosion resistance, potentially high overall dura-
bility, light weight, tailor ability and high specific performance attributes enable the use of 
composite materials in areas in which the use of conventional material might be constrained 
due to durability, weight or lack of design flexibility. Fiber reinforced polymeric matrix com-
posite materials hitherto used predominantly in applications where high mechanical properties 
are requested, such as aerospace industry, aircraft and automobile materials, civil infrastructure 
materials, among others. However, the definition of high performance material is not only re-
lated to materials that present high mechanical behaviour, but also to material possessing any 
other high specific behaviour (Gomes et al, 2006). Therefore, any kind of material with high 
durability, extreme light weight or corrosion resistance higher than the conventional materials, 
for example, can be considered as a high performance material. Roof and wall panels, automo-
bile interiors, storage devices, thermal and acoustic insulation material, furniture, and others, 
are few examples of applications where materials with specific high behaviour are required and 
the mechanical behaviour is not the most important property.  

Composite panels reinforced with waste fibrous materials 

M. G. Gomes, R. Fangueiro & C. Gonilho Pereira 
University of Minho, Guimarães, Portugal 

 

ABSTRACT: The current work is concerned with the development of composite panels rein-
forced by waste fibrous materials. In this work, results of mechanical and physical properties, 
namely tensile and bending strength and percentage of water absorption, are presented and dis-
cussed. Four types of composite panels have been produced keeping constant the quantity of 
waste fibrous materials, type of resin and solvent used (in mass). Denim, carding, sisal and mul-
tifiber waste fibrous materials were used as reinforcement of a thermoset resin. A hydraulic 
heated press has been used to produce composite panels. 



2 EXPERIMENTAL WORK 

2.1 Raw materials 

In order to produce composite panels for general use, namely thermal insulation, acoustic insu-
lation or furniture panels, four different types of waste fibrous materials were used as rein-
forcement of a thermosetting resin.  

The waste fibrous materials used in this work were: 

- Sisal Fiber Waste: natural fibers with diameters between 125 and 500µm and 
lengths between 1-3cm; 

- Carding Fiber Waste: textile waste fibers, resulting of the carding process; 
- Denim Fiber Waste: 95% cotton fibers approximately; 
- Multi-fiber Waste (mixed fibers): different textile waste fibers with unknown 

composition. 
The composite panels were produced with a combination of waste fibrous materials and a 

thermosetting resin (urea-melamine) dispersed in a water base with different resin contents. In 
order to evaluate the influence of waste fiber type and the influence of resin content, several 
composite panels were produced as presented in Table 1.  

The waste fibrous materials were supplied by textile companies running in the North of Por-
tugal. 

 
 

Table 1. Resin and fiber waste content of the panels produced. 
_____________________________________________________________________________ 

Resin content [%]   Waste fibrous material content [%] 
_____________________________________________________________________________ 

10.0            90.0 
12.5            87.5 
15.0            85.0 
20.0            80.0 

_____________________________________________________________________________ 
 

2.2 Composite panels production method 

The waste fibrous materials were mixed in a kinetic mixer with the thermoset resin. The final 
mixture was then placed in a hydraulic heated press, subjected to temperature and pressure. Af-
ter then, the material was subjected to a decompressing process. Thus, waste fibrous materials 
composite panels were produced with the dimensions of 500×500mm length/width and thick-
ness between 5 and 17mm. Figure 1 presents some of the composite panels produced according 
to this production procedure. 
 
 

 
 
 

      

 
 
 
 
 
 
 
 
 

Figure 1. Waste fibrous material composite panel. 
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 For each resin content several production parameters were maintained constant, namely: 
- Temperature – 130ºC 
- Pressure – 30bar 
- Production cycle – compressing (5min) - decompressing (2 min) 
- Panels dimensions – 500mm length and 500mm width 
- Dry waste fibrous material quantity 
- Dry resin quantity. 

Due to the specific behaviour of the different waste fibrous materials and due to the mainte-
nance of the above parameters, composite panels with different thicknesses were obtained. 

2.3 Waste fibrous materials composite panels and their characterization 

Sixteen different composite panels were produced with 4 types of waste fibrous materials and 
four different resin contents.  

Composite panels basic characterization was carried out, namely the determination of the 
panels’ geometry (Figure 2) and their density (Figure 3).  

Composite panels with 10% of resin content presented thickness values between 4 and 
4.8mm. 12.5% resin content composite panels presented a thickness between 11 and 15.5mm. 
The thickness of composite panels with 15% and 20% of resin content were from 12.5 to 18mm 
and 11 to 14mm, namely (Figure 2). 

 
 

 
 

 
 
 
 
 

 
 
 
 

Figure 2. Waste fibrous material composite panel thickness. 
 

 
Composite panels with 10% of resin content presented densities from 736 to 967 kg/m3. 

12.5% resin content composite panels presented density values between 502 and 737 kg/m3. 
The densities of composite panels with 15% were of 464 to 633 kg/m3. 20% resin content com-
posite panels presented densities from 604 to 716 kg/m3 (Figure 3). 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Waste fibrous material composite panel density. 
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Mechanical evaluation was carried out in the composite panels by the analysis of the tensile 
and bending behavior (Figure 4-6).  

Density is an intrinsic property of any material and influences its mechanical and physical 
properties. In order to allow the comparison between different panels, with different densities, 
the tensile strength, bending strength and bending modulus were divided by the panels’ density. 
Thus, the results obtained are comparable once they are function of kg/m3. 

Tensile tests were carried out according to the standards ASTM D5035 and EN319. Figure 4 
presents the tensile strength results obtained, taking into account the materials density. 10% 
resin content composite panels presented tensile strength/density ratios between 5.17×10-5 and 
4.93×10-4 MPa/(kg/m3). 12.5% resin content composite panels presented tensile 
strength/density ratios values between 3.61×10-5 and 7.97×10-4 MPa/(kg/m3). The tensile 
strength/density ratio values of composite panels with 15% are from 2.16×10-5 to 1.42×10-4 
MPa/(kg/m3). 20% resin content composite panels presented tensile strength/density ratio val-
ues from 1.12×10-4 to 3.15×10-4 MPa/(kg/m3) (Figure 4). 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4. Waste fibrous material composite panel tensile strength comparison. 
 
 
Bending test was carried out according to the standard EN 310. As can be seen in Figure 5, 

10% resin content composite panels presented bending strength/density ratios between 2.21×10-

3 and 7.69×10-3 MPa/(kg/m3). 12.5% resin content composite panels presented bending 
strength/density ratios values between 4.70×10-3 and 1.74×10-2 MPa/(kg/m3). The bending 
strength/density ratio values of composite panels with 15% are from 2.99×10-3 to 2.41×10-2 
MPa/(kg/m3). 20% resin content composite panels presented bending strength/density ratio val-
ues from 8.73×10-3 to 3.05×10-2 MPa/(kg/m3). 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 5. Waste fibrous material composite panel bending strength comparison. 
 
 
Figure 6 shows the bending modulus/density ratio of the different panels produced. 10% 

resin content composite panels presented bending modulus/density ratios between 4.12×10-1 
and 7.70×10-1 MPa/(kg/m3). 12.5% resin content composite panels presented bending 
modulus/density ratios values between 4.86×10-1 and 1.20 MPa/(kg/m3). The bending 
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modulus/density ratio values of composite panels with 15% are from 2.84×10-1 to 1.49 
MPa/(kg/m3). 20% resin content composite panels presented bending modulus/density ratio val-
ues from 5.33×10-1 to 5.19 MPa/(kg/m3). 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 6. Waste fibrous material composite panel bending modulus comparison. 
 
 
Water absorption and volume increase due to water absorption were determined in order to 

evaluate the physical properties of the composite materials (Figure 7-8), according to the stan-
dard EN 317. Once again, each parameter was divided by the material density in order to allow 
the comparison between the composite panels. 

As can be seen in Figure 7, 10% resin content composite panels presented water absorp-
tion/density ratios between 6.02×10-2 and 1.16×10-1 %/(kg/m3). 12.5% resin content composite 
panels presented water absorption/density ratios values between 1.12×10-1 and 3.52×10-1 
%/(kg/m3). The water absorption/density ratio values of composite panels with 15% were from 
1.06×10-1 to 4.69×10-1 %/(kg/m3). 20% resin content composite panels presented water absorp-
tion/density ratio values from 6.65×10-2 to 2.21×10-1 %/(kg/m3). 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 7. Waste fibrous material composite panel water absorption comparison. 
 
 
The volume increase due to water absorption comparison can be seen in Figure 8. Composite 

panels with 10% resin content presented volume increase/density ratios between 1.25×10-2 and 
3.80×10-2 %/(kg/m3). 12.5% resin content composite panels presented volume increase/density 
ratios values between 2.20×10-2 and 7.39×10-2 %/(kg/m3). The volume increase/density ratio 
values of composite panels with 15% were from 12.55×10-2 to 6.33×10-2 %/(kg/m3). 20% resin 
content composite panels presented volume increase/density ratio values from 3.56×10-2 to 
4.52×10-2 %/(kg/m3) (Figure 8). 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. Waste fibrous material composite panel volume increase due to water absorption comparison. 

2.4 Waste fibrous materials composite panels result analysis 

The composite panels produced with 10% of resin content present the lowest thickness values 
and the highest density (Figure 1-2). 12.5%, 15% and 20% resin content composite panels pre-
sent thicknesses and densities of the same range. 

Analyzing the composite panels tensile behavior (Figure 3), the 10% resin content composite 
panel reinforced with multifiber fibers presented the highest tensile strength/density ratio. The 
15% resin content composite panel reinforced with multifiber fibers presented the lowest ten-
sile strength/density ratio. 

In what concerns the bending behavior (Figure 5-6), composite panels reinforced with sisal 
presented the highest bending strength/density ratio and bending modulus/density ratio, for 
panels with 12.5% and 15% of resin content. In 10% resin content panels, the highest ratios 
were obtained using waste multifiber fibers. Significantly higher values were obtained in 20% 
resin content panels reinforced with carding and sisal waste fibers. 

Multifiber composite panel with 15% of resin content presented the highest water absorp-
tion/density ratio although it had presented the lowest value when 10% of resin is used.  

Sisal composite panel with 12.5% of resin content presented the highest volume increase due 
to water absorption/density ratio although it had presented the lowest value when 10% of resin 
was used.  

Bending behavior follows the trend of tensile behavior for composite panels with 12.5% and 
15% of resin content. Water absorption behavior follows the trend of tensile behavior for com-
posite panels with 10% and 20% of resin content, except for carding composite panels.  

3 CONCLUSIONS 
 
Several composite panels were produced with different types of waste fibrous materials, denim, 
carding, sisal and multifiber, and urea-melamine polymeric matrix. In order to evaluate the in-
fluence of the type of waste fibrous materials and resin content used, mechanical and physical 
tests were carried out in the fifteen composite panels produced. Tensile and bending tests and 
water absorption and percentage of volume increased due to water absorption, besides the basic 
characterization of the composite panels, namely dimension and density, were carried out.  

When subjected to bending, sisal composite panels presented the best behavior, except for 
10% resin content panels. Denim and carding composite panels presented similar behavior to 
bending while multi-fiber composite panels presented the worst behavior of all. 

Sisal composite panels presented the best tensile behavior, except for 10% resin content pan-
els. Multi-fiber panels presented the lowest tensile strength/density ratio.  

Composite panels reinforced with multifiber fibers present the highest water absorption, ex-
cept for 10% resin content panels. 

The highest volume increased by the water absorption was from sisal composite panels for 
resin contents higher than 10%. 

One can conclude that trends between the mechanical and physical properties are not clear to 
identify. 
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Further research work is being undertaken in order to overcome the problems encountered in 
this work, namely the difficulty in finding the mechanical and physical pattern behavior of the 
panels. 

The production techniques are being improved and the hydraulic press conditions are being 
reviewed.  
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1 INTRODUCTION 
 

Alkali-activated binders have a long history in the former Soviet Union, Scandinavia, and 
Eastern Europe (Roy, 1999). In 1978, Davidovits coined the term "geopolymer", to describe 
new materials with the ability to transform, polycondense and adopt a shape rapidly at low tem-
peratures like "polymers" (Davidovits,1991).  

   The polymerisation process involves a chemical reaction under higly alkaline conditions in 
which Al-Si minerals yield polymeric Si-O-Al-O bonds with an empirical formula Mn [- (Si - 
O2)z – Al - O]n. wH2O, where n is the degree of polymerization, z is 1, 2 or 3, and M is an al-
kali cation, such as potassium or sodium (Davidovits, 1999). Davidovits reported several advan-
tages of geopolymeric cementitious systems over Portland cement mainly environmental, due to 
the fact that geopolymeric based concrete has a much longer service life than Portland cement 
based ones, high capacity for heavy metals waste encapsulation and to lower CO2 emissions, 
0,18 tonnes of CO2 per tonne of cement  (Davidovits, 2002).  

   The geopolymerisation requires a precursor that contains significant quantities of silicon 
and aluminium in an amorphous phase such as fly ashes from electrical power stations. Portu-
guese generation of fly ash is near 3% of the annual Portuguese Portland cement production. 
This means that aluminosilicates from geologic origin are probably the only reasonable alterna-
tive material for production of alkali activated  environmental friendly binders.  

   Previous studies concerning the geopolymerization of different minerals suggest that a wide 
range of Al-Si based minerals can be used as sources of precursors (Xu & Deventer, 2000). 
However it must be noted that they used highly pure geological specimens. This research work 
deals with the use of mine waste minerals that are expected to behave differently.  

Using mine waste mud to produce environmentally friendly new 
binders
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ABSTRACT: It is now accepted that new binders, such as alkali-activated binders, are 
needed to replace portland cement for enhanced environmental and durability performance. Al-
kali-activated binders have emerged as an alternative to (ordinary portland cement ) OPC bind-
ers, which seem to have superior durability and environmental impact.This paper reports results 
of a research project on the development of an alkali-activated binders using mineral waste mud 
from the Panasqueira tungsten mine in Portugal. Results show that with proper mix design, this 
new binder presents exceptionally high compressive strength even at early ages.  Results also 
indicate, better abrasion and acid resistance compared with concrete using OPC. Leaching tests 
show that the new binder is considered an inert material which indicates that it could be used as 
a building material. 
 

 



2 THE RESEARCH 
2.1 Mine waste raw material 

Panasqueira is an underground mine utilizing room and pillar mining methods situated in central 
Portugal on the southern edge of the Sierra da Estrela mountain range, a natural park, close to 
Serra do Açor, a protected landscape, and also near the Zezere river (Fig. 1).  

 

 

Figure1. Aerial View of the Panasqueira tungsten mine 

 

Tungsten and tin have been mined in the Panasqueira area since the 1890s. In the mid 1980s, 
Panasqueira's had over 1,000 employees in its underground mining and plant operations that 
processed 600 000 tonnes of ore per annum to produce in excess of 2,000 tonnes of tungsten ox-
ide (WO3) representing 0,3 % of excavated rock. During the mining process two types of mine 
waste are generated, coarse aggregates derived from rock blasting which is in fact a by-product 
used in minor quantities by the road pavement industry and waste mud conveyed by pipelines 
into lagoons amounting to a several million tonnes of deposited material, while still generating 
almost 100 ton per day.  

Tungsten mine waste mud used in this study was subjected to a thermal treatment at 950º C 
during 2 hours, mineralogical composition and thermal conditions are described elsewhere 
(Torgal, 2007).The XRD patterns indicated that mine waste mud consists mainly of muscovite 
and quartz which were identified by their characteristic patterns as follows: muscovite (card 46 - 
1409) and quartz (card 46 - 1045). For wastes treated under these thermal conditions XRD pat-
terns indicated that dehydroxylation did not result in a complete collapse of muscovite structure. 
Calcinations leads to formation of an amorphous phase, causing an increase in the general back-
ground (BG) of XRD patterns that predominantly take place in the interval of 850 ºC to 950º C. 
This thermal behaviour is similar to that of other phyllosilicate clay minerals (He et al., 2005). 
The main muscovite peak (2θ=8,8º) persisted even after the sample had been heated at 950 ºC 



although it decreased considerably. Peak area measurements revealed that about 12% of musco-
vite survived calcination at 950 ºC.  

Molecular changes during dehydroxylation were also examined with infrared emission spec-
tra (FTIR), confirming decrease in the absorption peaks at 3600-3700 (OH stretch), however the 
main muscovite peak did not disappear totally indicating only a partial transformation. Com-
pressive strength data related to geopolymeric mortars made using raw waste mud and calcined 
waste mud showed an increase of more than 300%, hence,  justifying the thermal treatment.  

Calcinations of mine waste mud in a static furnace, as the one used in this study, need large 
amounts and may become expensive and less environmental friendly. However, industrial flash 
calciner have been already developed with 800 Kg/h production units, capable of reduction cal-
cination time to a few seconds and with the additional advantage of dispensing with the further 
grinding operations (Salvador, 2000). This process apparently cuts down significantly the cost 
of thermal treatment. 

2.2 Chemical composition and specific surface 

The chemical composition and specific surface of the mine waste mud are shown in Table 1.  
 

Table 1.Chemical composition and specific surface 
Constituents ( %) Mine waste mud 
SiO2 53,48 
Al2 O3 16,66 
Fe2 O3 12,33 
K2 O 7,65 
Na2 O 0,62 
Mg O 1,27 
S O4 3,10 
Ti O2 1,39 
As 1,28 
Other minor oxides 2,22 
Blaine fineness (m2/kg) 357 

 
 
The figures clearly show that mine waste mud consists essentially of silica and alumina, con-
taminated with arsenic and sulfur and with a high content of iron and potassium oxide content. 
Although it is known that iron oxide contributes to the strength gain of Portland cement its con-
tribution in geopolymer cement is still not well understood. The SiO2/Al2O3 atomic ratio is 5,5 
higher ~2 suggested by Davidovits for making cement and concrete. However, Pinto (2004) us-
ing alkali-activated metakaolin based mixtures found that some mixtures with calcium hydrox-
ide and an atomic ratio of  SiO2/Al2O3= 5,1 lead to higher compressive strength gains. Nonethe-
less, the final SiO2/Al2O3 atomic ratio in the hardened binder depends mainly on the reactivity of 
Al-Si because not all the silica and alumina are reactive. In spite of the fact that Al and Si have 
synchro-dissolution behaviour in alkaline solution, e.g they dissolve from the mineral in some 
linked form;  one can not expect the same Si/Al ratio in the final hydration product as the one 
present in the original precursor material. Indeed most of the Al-Si materials cannot even supply 
sufficient Si in alkaline solution to start geopolymerization, this explains why they need extra 
silica provided in solution by waterglass, which influences the Si/Al ratio of the hardened 
binder.  
     The Blaine fineness of the mine waste is relatively low, but is still in the range of the most 
used slag based alkaline binders. To compensate for this lack of high fineness,  higly alkaline-
silicate activators can be used. Some authors analyzed the joint effect of specific surface, curing 
temperature, nature and concentration of alkaline activator and found out that specific surface is 
the factor statistically least relevant. In some cases, a decrease in mechanical properties with in-



crease in specific surface has been reported when NaOH and waterglass activator has been used 
(Fernandez-Jimenez et al., 1999). 
 
2.3  Mix design 
Given the proper mix design geopolymeric mine waste mud (GMWM) binders shows signifi-
cant early age cementing properties. The H2O/ Na2O molar ratio in the mixture is an important 
parameter being closely related to compressive strength and structure formation. This can be at-
tributed to increased dissolution of mine waste in the presence of sodium hydroxide at higher 
concentrations. The use of waterglass/sodium hydroxide mass ratios of 2:1 and 1,5:1 and high 
levels of calcium hydroxide content and sodium hydroxide concentration leads to unfeasible 
mixtures due to a very fast setting time and hardening rate. Early age compressive strength of 
alkali-activated MWM mortars is highly dependent on the calcium hydroxide content. The use 
of alkali-activated MWM mortars with a waterglass/sodium hydroxide mass ratio of 2,5:1 and a 
calcium hydroxide content of 10% leads to the highest early age strength resulting in 31 MPa 
for 7 days curing (Torgal et al., 2006). The strength data for long curing ages, show that the pa-
rameters which lead to optimum strength for 7 days curing remain the same for long curing 
times. However, when calcium hydroxide percentages above 10% are used, a relevant strength 
decrease after 14th curing day is noticed. The use of an activator with a sodium hydroxide con-
centration of 24 M leads to very high compressive strengths, for early ages with 30 MPa after 
just 1 day and 70 MPa for 28 days curing (Torgal et al., 2007). The highest compressive 
strength is obtained with a mixture containing 10% calcium hydroxide. The strength perform-
ance is typical of a very reactive binder, presumably due to the presence of calcium hydroxide 
and also to the nucleation centers provide by the iron oxide of the mine waste mud. 

2.4 Durability 

For the durability performance, abrasion and acid resistance were assessed for GMWM and 
comparable OPC binders. GMWM binder specimens show a low level of weight loss while in 
OPC specimens a severe weight loss is observed (Fig. 1). GMWM binder specimens show a low 
level of weight loss while in OPC specimens a severe weight loss was observed. For GMWM 
binders the higher abrasion resistance was achieved in paste specimens. This result is related to 
the fact that GMWM paste had the highest compressive strength. As for OPC specimens, abra-
sion resistance seems to be more influenced by the compressive strength than for the aggregates 
used in the mix. 
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 Figure 1. Abrasion resistance with the Los Angeles test, using 50mm cubic  
specimens of OPC and GMWM binders 



As for acid resistance results are dependent not only on the type of acid but also on the type of 
aggregate used. For GMWM binders, the mixtures with granitic and schist aggregates showed 
low weight loss results when exposed to different acids. As for the mixtures with limestone ag-
gregates their weight loss showed to be influenced by the type of acid. Specimens immersed in 
chloridric acid showed low weight loss performance independent of aggregate type, as for 
specimens submitted to nitric and sulphuric acid attack are influenced by the presence of lime-
stone aggregates. GMWM binders without limestone aggregates show good acid resistance bet-
ter than the OPC concrete. This behavior may be due to the low water absorption and to their 
low content in calcium.  

2.5 Environmental assesment 

The use of new binder as a building material requires the assessment of its environmental per-
formance. For that leaching tests have been carried out according to DIN 38414 – S4. Leaching 
results show that all chemical parameters are below the limits established by the standard and 
can be considered an inert material (Table 2). As to the limits for water contamination set by the 
Decree 236/98, it can be stated that although some chemical parameters are above the limits for 
drinkable, all limits are met concerning water for irrigation purposes. 
 

Table 2. Contaminant concentration in the wastewater by  
leaching process standard DIN 38414 – S4 

Limits 
(DIN 38414 – S4) 

 
Contaminant 

 
Test results 

(mg/l) Max. Min. 

Zinc 0,011 2 5 
Arsenic < 0,002 0,1 0,5 
Lead 0,197 0,5 1,0 
Copper 0,062 2 5 
Manganese 0,019 - - 
Iron 0,203 - - 
Potassium 123,75 - - 
Sodium 3792,5 - - 
Magnesium 0,163 - - 
Sulphates < 0,003 500 1500 

 

3 CONCLUSIONS 
 

The calcination of mine waste mud at 950 ºC during 2 hours leads to an increase of more than 
300% in the compressive strength of alkali-activated mortars, thus justifying its thermal treat-
ment. 
The use of alkali-activated GMWM mortars with a waterglass/sodium hydroxide mass ratio of 
2,5:1, with a sodium hydroxide concentration of 24 M and a calcium hydroxide content of 10%  
leads to the highest strength, indicating a 30 MPa after one day curing and 70MPa after 28 days 
curing. 

Abrasion resistance of GMWM binders is higher than that of the current OPC binders. 
GMWM binders without limestone aggregates show good acid resistance, much higher than the 
one presented by OPC concrete. It is believed that this performance is due to the fact that the 
new binders have  low water absorption and also to their low calcium content resulting in less 
soluble compounds.  

As for the environmental assessment, the new binder is considered an inert material which 
indicates that it could be used as a building material. 
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ABSTRACT: Pulp and paper industrial sector generates annually a large amount of residues. One 
of the major wastes is the sludge from the effluents primary treatment (PTS - primary treatment 
sludge). An attempt is made to substitute traditionally used celluloses long fibres by PTS (short 
fibres) in the fibrocement manufacture.  
Aiming the identification of an optimal amount, the behaviour of the fibrocement composite was 
studied in function of the substitution content. Replacement amounts up to 100% were processed 
and relevant processing parameters like density, solids in suspension and mechanical strength 
were measured. 
Substitutions between 20 to 50% induce a good value of particles retention compared to the refer-
ence one. Furthermore, negligible reduction in strength (~1-2 MPa) for those substitution levels 
was verified.  These fibrocement product features, important for processing and application, are 
not hindered by the incorporation of wastes.

 
1 INTRODUCTION 

Paper or pulp industry produces large volumes of waste sludges, primarily as a result of processes 
as de-inking wastepaper and waste water treatment. These sludges represent approximately two 
thirds of the total solid wastes from a paper pulp mill [Podobnik et al., (2006)]. Based on the need 
to add value to these wastes, this study tries to evaluate the substitution of the traditionally used 
cellulose fibre (long fibre) by the effluent primary sludge treatment. The fibrocement material 
with cellulose fibres have been used in many countries, particularly after the legal obligation of 
replacing asbestos [Coutts & Ni (1995)]. Cellulose fibres are an interesting contribute to reinforce 
the cement matrix due to its low cost, availability and energy economy [Anjos et al. (2003)]. This 
sector annually sends for landfill deposition thousands of tons of wastes. Most of these wastes 
present a great potential of reuse, namely the sludges from the primary treatment effluents (PTS).  

As an attempt to add value to these wastes, the production of fibrocement was considered be-
cause, traditionally, cellulose fibres (long fibre) are used in its formulation but also because it is a 
high tonnage production and compatibility at this level is important. The impact that may arise 
from this replacement corresponds to alterations of formed structures due to the different ratios 
and dimensions of the fibres. The long fibre, of bigger length and wall thickness, allows a bigger 
number of inter-fibre links allowing structures with higher mechanical strength. However, high 
levels of the beating process can promote its cut, affecting the tensile strength of this type of 
structures when compared with the eucalyptus fibres. On the other hand, if the long fibres are ex-
posed to less beating they constitute less dense structures, as resulted from their superior dimen-
sions. These results may improve with the beating of both types of fibres due to a intertwining 
process between them.  

This waste valorisation solution is highly recommended since it can solve at the same time the 
problem of two industrial sectors giving a true meaning to a sustainable action. As a matter of 
fact, wastes are deviated from going to landfill deposition or occasional agriculture applications 
and are introduced as a raw material, preventing natural resources consumption. 



In this work, the alteration of formed structure with the use of different ratios of this type of fi-
bres was evaluated taking into account some fundamental properties of the modified samples. 
This is also important to set up the industrial production tests that are indispensable to accept the 
solution as viable for the future.  

 
 
2 EXPERIMENTAL 

2.1 Materials processing 
Samples of fibrocement were firstly produced in the Laboratory to evaluate several replacement 
contents of the traditionally used commercial long fibre by the short eucalyptus fibre present in 
the primary treatment sludge (PTS).  

For each replacement amount six samples were made and tested (figure 1). The sample with 
the commercial composition (without sludge) was named as the reference sample (Ref). The other 
samples include different amounts of PTS in substitution of the traditional long fibre. These re-
placement amounts were 10, 20, 30, 50 and 100% of PTS.  

The processing involves first, for each batch, the preparation of a suspension in distilled water 
with all the components in the formulation. After stirring for one minute and a half, the suspen-
sion is filtrated trough a sieve with similar dimensions as the one used in the regular process. This 
filtration is performed with the assistance of a vacuum pump and, at the end, the sample is sub-
mitted to a compaction with a rolling disk. The solid sample is then retrieved and weigh still wet. 
At this stage, final pressing operation is engaged using an applied pressure of 10 MPa for 5 sec-
onds. Then, the pressed sample is again weighed and its thickness measured.  

The last step of sample preparation is the curing procedure since it is a cement-based material. 
Curing in this type of materials involves a conditioning period at 22ºC in a water-saturated envi-
ronment (immersion). Samples were cured for 7 days and then characterized. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure1. Set of fibrocement samples. 
 
 
2.2 Characterization tests 
Samples were characterized in terms of density, total solids in suspension and mechanical 
strength, due to their particular importance as evaluation parameters for future industrial tests and 
because they are considered important as final product characteristics.  

Density of the samples was measured by the liquid immersion technique. Determination of to-
tal solids in suspension was performed in the filtered suspension with a standard method [Stan-
dard method (1998)]. This test also gives information on the ability for fine particles retention by 
the fibrocement product. This information is very important in terms of production efficiency. 

Mechanical strength was determined by the three-point bending mode (figure 2) yielding the 
flexural strength of the material. 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Flexural mechanical strength test. 
 
 
3 RESULTS AND DISCUSSION 

Figure 3 shows that the incorporation of primary treatment sludge (PTS) in the fibrocement for-
mulation did not altered the density of the samples (~1.5-1.6), as expected since it is just a re-
placement of the same kind of fibrous material (a cellulose based one). Indeed, fluctuations are 
well inside the variations limits of the experimental determinations. 
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Figure 3. Density variation with the content of wastes (PTS) in fibrocement. 
 
 

Figure 4 presents the results on the ability of the fibrocement to retain the finer particles, one of 
the most important processing parameters. This ability is important, during the process of build-
ing up the fibrocement layers until the final structure, because it allows retaining the fine cement 
particles that act as binder, assuring the necessary cohesion of this composite. An excessive reten-
tion is also not advisable since it hinders the product drain ability making it too impervious.  

The total solids in suspension are taken from the weight loss of the filtered material. This de-
termination gives an indication of the fine particle retention by the product. A high weight loss 
value means a low retention ability which is a bad indicator for production because a lot of mate-
rial can be lost in this step. Hence, the weight loss should be kept low. Indeed, as one can observe 
in figure 4, the replacement of the traditional long fibre by the PTS waste also caused a small 
variation in this parameter, keeping it below 5%, even for higher substitution levels. 
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Figure 4. Fine particle retention ability as a function of wastes (PTS) incorporation. 
 
 

This small relative change compared with the reference sample (Ref) hides an interesting phe-
nomenon. Compared with its replacement target, the used PTS from the paper pulp plant contains 
typically higher amounts of finer inorganic filler (precipitated calcium carbonate) that can ascend 
up to 30%. This fact increases the PTS potential weight loss, hence, more material susceptible to 
be filtered away to the suspension. Even so, the measured value is not higher than the reference 
sample, which can only indicate that the mixture between fibres of different dimensions (long and 
short) can lead to an effective intertwining/bridging process which, in turn, contributes to a higher 
retention value. As a matter of fact, this phenomenon has already been used by the paper industry 
to engineer their product, employing this type of mixing in order to reach compromises on the 
paper final characteristics regarding their specific application. 
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Figure 5. Flexural mechanical strength variation with the amount of incorporated wastes (PTS). 
 



Figure 5 presents one of the most critical parameters in terms of real application, the flexural 
mechanical strength. It is possible to verify that the waste incorporation (PTS) into the fibro-
cement formulation allowed keeping the mechanical strength. The observed variations are well 
inside the experimental variation limits which confirm the viability of this kind of solution to add 
value to an industrial waste and save resources in the production of a building material. The vari-
ability of the measured features is not very high and accompanies well, without distorting, the 
trend of the average values. 

Looking in detail to the variations of these three measured parameters, one could say that for 
substitution levels up to 50% PTS, variations are negligible and it seems to be technically viable 
and promising the realization of large scale industrial tests. In those, one must test other process-
ing characteristics, such as the fibre refinement conditions, in order to promote a good incorpora-
tion of the maximum amount possible of this waste (PTS). 
 
 
4 CONCLUSIONS 

Fibrocement products were obtained incorporating primary treatment sludges from paper pulp 
plants. All range (0-100%) substitution was attempted and guaranteed since no dramatic changes 
have occurred in the fundamental characteristics.  

Important features for processing, such as fine particle retention, or for application such as den-
sity or mechanical strength are not hindered by the incorporation of wastes. 

Even with a preliminary character, one can state that a contribution for sustainability is given 
to two different industrial sectors by this approach. 
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1 INTRODUCTION

Pozzolans are materials of current use in mortars and concrete. Their main purpose is usually 
the mitigation of Alkali Silica Reaction (ASR), especially deleterious in concrete structures, 
which is achieved by the development of a faster pozzolanic reaction. Moreover, they are incor-
porated as cement (or binder) replacement materials, conferring additional strength to mortars 
and concretes, again due to the pozzolanic reaction, in which pozzolanic materials will react 
with the free Ca(OH)2 originating from the binder (lime, hydraulic lime) or from hydration reac-
tions (cement), creating calcium silicate and/or aluminous-silicate hydrates, that contribute to-
wards a more resistant chemical structure. The formation of these reaction products also allows 
mortars with an air lime binder, with added pozzolans, to harden under water or in very high 
relative humidity conditions. 

When finely ground, these materials attain a higher specific surface and therefore, become 
more reactive. Furthermore, this fineness confers additional strength to mortars by increasing 
their compacity.

Various materials of natural or artificial origin may be used as pozzolans, depending mainly 
on their content in amorphous silica and, therefore, potential to develop a pozzolanic reaction. 
Many waste materials have pozolanic properties and there is an opening toward their use as po-
zolanic additions (Polettini, Pomi & Carcani, 2004, Taha & Nouno, in press, Tay, 1990, Terro, 
2005), contributing towards environmental sustainability. Waste glass is a potential material for 
this purpose as abundant glass residue is available and its composition favours pozolanic reac-
tion. Glass may produce ASR and this has been a major drawback for its use in cementitious 
materials, but recent studies suggest that finely ground glass produces a fast pozolanic reaction
inhibiting ASR (Terro, 2005). Recently, efforts to characterize and re-use waste glass as cement 
or aggregate replacement have already been made, with some positive results (Özkan & Yüksel,
in press, Taha & Nuonu, 2006, Terro, 2005, Shi, Wu, Riefler & Wang, 2004).

Application of crushed glass residues in mortars 
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ABSTRACT: The need to add value to wastes and the opening towards the use of cement re-
placement materials, both in mortars and concretes, with the purpose of promoting increased 
sustainability of building materials, were the grounds for this work that aims the formulation of 
mortars with crushed glass residues. Flat construction glass is a material with a high percentage 
of amorphous silica, favouring pozzolanic reactivity. This property was evaluated using a 
chemical test based on the standard EN 196-5 - Methods of testing cement - Part 5: Pozzolanic-
ity test of pozzolanic cement. The results obtained by this test indicate the material’s capacity to
react with calcium hydroxide, forming hydrated calcium alumino-silicates. Mortars with several 
binders (air-lime, hydraulic lime and cement) and this waste were formulated and tested in 
terms of mechanical strength. Results indicate pozzolanic reactivity of this waste and open pos-
sibilities for the use of this material in mortars.



The use of waste materials in mortars can be an important step towards sustainability as the 
construction industry is significant and mortars worldwide use cement as their main binder; the 
use of alternative mortars with binders that are less pollutant and/or the use of residues could 
impact the mortar industry towards the production of mortars with less environmental impact. In 
order to achieve this, mortars must have adequate characteristics to be used as renders and/or as 
joint mortars, implying that certain mechanical characteristics and water behaviour must be 
achieved. This paper deals with the issue of mechanical characterization, especially focusing on 
the pozzolanic effect of the glass residue.

2 CHARACTERIZATION OF GLASS RESIDUE

A fine glass powder, from flat glass wastes was used. It was characterized in terms of Blaine’s 
specific surface using a Blaine apparatus, mineral composition, using X-Ray Diffraction (XRD) 
and chemical composition using X-Ray Fluorescence (XRF). These analyses revealed a specific 
surface of 3060cm2/g, an amorphous material by XRD and a chemical composition (Table 1) of 
SiO2 (74%); Na2O (12,5%) and CaO (8,5%), typical of a plane sodocalcic glass. 

Table 1: Chemical characterization of glass residue by FRX (main constituents)
Oxide SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O
Percentage by mass 73,99 1,02 0,18 8,56 3,33 12,55 0,24

These characteristics, a high specific surface, an amorphous material and a high content in 
silica indicate a reactive pozzolan. However, a pozzolanic reactivity test was performed follow-
ing standard EN 196-5 - Methods of testing cement - Part 5: Pozzolanicity test of pozzolanic 
cement. This test is based on the chemical reaction between the pozzolan and calcium hydroxide 
produced by the hydration reaction of cement: after mixing a certain quantity of cement and 
pozzolan in a solution that is kept for 8 to 15days, the amounts of CaO and OH- are measured. A 
high consumption of Ca(OH)2 indicates a strong pozzolanic reaction. Results obtained with the 
glass residue point towards its strong pozzolanic potential.

3 MORTAR FORMULATION AND CONDITIONING

Mortars with three different binders: cement, hydraulic lime and air lime were formulated. A 
comparison mortar, with no glass residue (named C, HL, L), was used for each case. These for-
mulations, in weight, were chosen taking into account mortars of current use. With the addition 
of glass residue and although it is most probable, due to the characterization that was under-
taken, that the glass residue will act almost totally as a binder, a 1:1:4 (air lime: glass residue: 
sand) proportion was used with air lime. With the other binders, cement (C) and hydraulic lime 
(HL), two different glass proportions were used taking into account possible performance as 
binder or aggregate. Formulations are listed in Table 2.

Table 2: Mortars composition
Mortar Air Lime

(L)

Cement

(C)

Hidraulic 
Lime
(HL)

Glass 
Powder
(G)

Sand

(S)
C - 1 - - 4
CG1 - 1 - 0,5 4,5
CG2 - 1 - 1 5
HL - - 1 - 3,5
HLG1 - - 1 0,5 4,5
HLG2 - - 1 1 4
L 1 - - - 3
LG 1 - - 1 4



Conditioning was performed according to standard (NP EN 1015-11: Methods of test for mortar 
for masonry - Part 11: Determination of flexural and compressive strength of hardened mortar) 
with a temperature of 20±2ºC and a relative humidity of 65±5ºC. 

4 CHARACTERIZATION TESTS

In order to determine mechanical characteristics of the formulated mortars a testing campaign 
was undertaken and all samples were submitted to flexural and compressive strength tests fol-
lowing standard NP EN 1015-11: Methods of test for mortar for masonry - Part 11: Determina-
tion of flexural and compressive strength of hardened mortar. The dynamic modulus of elastic-
ity was determined following Rel. LNEC 289/95NCCt (Figure 1). Testing was performed at the 
ages of 7 days, 28 days and 90 days.

Figure 1 – Measurement of the dynamic modulus of elasticity

5 RESULTS AND DISCUSSION
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Figure 2 – Flexural strength of mortars at 7, 28 and  90 days



In mortars with cement as binder (C, CG1, CG2) there is a decrease in flexural strength with 
glass residue addition. However, in both hydraulic lime and air lime mortars, glass residue cre-
ated an increase this mechanic characteristic. 
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Figure 3 – Compressive strength of mortars at 7, 28 and 90 days

Results show, similarly to those of flexural strength, that incorporation of glass residue re-
duced mechanical strength in cement mortars, and increased this property in mortars with air 
lime or hydraulic lime binders. 

Pozzolans react with avaliable CH, mainly producing CSH similar to that produced in cement 
hydration reactions. In the case of cement mortars, not much CH is available, possibly forcing 
glass residue to act as an aggregate. In these mortars a lower percentage of pozzolan will proba-
bly increase mechanical strength.

In lime and hydraulic lime mortars glass residue acts as a pozzolanic addition conferring in-
creased mechanical strength.

6 CONCLUSIONS

Glass powder from flat glass waste can be used as a pozolanic material, due to its pozzolanic re-
activity. In air lime or hydraulic lime mortars, the addition of glass residue increases mechanical 
strength. Contrarily, in cement mortars there is a decrease of mechanical strength with the addi-
tion of glass residue. A reason for this may be the lack of calcium hydroxide for reaction pur-
poses, inducing the pozzolan to act as an aggregate. The effect of ASR is highly improbable due 
to the time span and thermal and hygrometric conditions. However, further studies on the 
chemical reactions developed must be undertaken.
Glass residue is a promising addition for use in mortars, which will are being subject to an 
enlarged testing campaign, taking into account their behaviour in terms of water absorption, 
their drying capacity and their cracking susceptibility. These tests will enable a complete char-
acterization and an evaluation of application possibilities.
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1 INTRODUCTION 

Nonrecyclabe waste glass constitutes a problem for solid waste disposal in many municipali-
ties in Portugal. Traditionally, most nonrecyclabe mixed-colour broken glass is coming from the 
bottling industry. The current practice is still to landfill most of the nonrecyclabe glass. Since 
the glass is not biodegradable, landfills do not provide an environment-friendly solution. By the 
other hand, in Portugal, the pozzolanic materials begin to be not enough to supply all the de-
mands of the construction industry. Nowadays, the civil construction industry search the alterna-
tives for satisfy the increasing needs for the cement and concrete production. 

In Portugal, used bottles are partially reutilized. They are collected, sorted, and crushed to be 
used mostly as a raw material for new bottles. However it is estimated accordingly to relatively 
recent data that only 30% of the total used bottles are actually currently being recycled (Sousa 
L, 1995).  

Efforts have been made in the concrete industry to use waste glass as partial replacement of 
coarse or fine aggregates. However, due to the strong reaction between the alkali in cement and 
the reactive silica in glass (ASR reaction), studies of the use of glass in concrete as part of the 
coarse aggregate were not always satisfactory due of the marked strength reduction and simul-
taneous excessive expansion (Shao et al, 2000, Johnson, 1974).  

Recent studies have shown that the particle size of glass is a crucial factor for ARS reaction 
to occur (Karamberi & Moutsatsou, 2005). In particular, aggregate fineness favours ASR ex-
pansion since the ASR reaction is a surface area dependent phenomenon. It seams that exists a 
minimum particle size, depending on the structure of the glass, where the maximum expansion 
occurs. It was found that if the glass was ground to a particle size of 300 µm or smaller, the al-
kali-silica reaction (ASR) induced expansion could be reduced (Meyer et al. 1996). In fact, data 
reported in the literature show that if the waste glass is finely ground, under 75 µm, this effect 
does not occur and mortar durability is guaranteed (Shao et al., 2000). 

Optimization of pozzolanic reaction of ground waste glass 
incorporated in cement mortars  

L.A Pereira de Oliveira, J.P. Castro Gomes & P. Santos  
University of Beira Interior, Covilhã, Portugal 
 

ABSTRACT: This paper examines the possibility of using finely ground waste glass of the 
three most common coloured glass bottles used in Portugal as partial cement replacement in 
mortar and concrete. The pozzolanic activity of ground glass was optimised as function of dif-
ferent particle size. The reduction of waste glass particle size was accomplished in the labora-
tory by crushing and grinding the waste glass using a jar mill. The particle fineness, to obtain a 
required reactivity, was studied as function of grinding time. The compressive strength activity 
index, at 7, 28 and 90 days, was determined for different ground waste glass particle size and 
partial cement replacement percentage in mortar. Test method described in ASTM C 1260 was 
applied to verify the potential expansion caused by the alkali silica reaction.   
The results obtained confirm the pozzolanic activity of the ground waste glass of different col-
our collected in central region of Portugal.  



It also well know that typical pozzolanic materials might features high silica content, an 
amorphous structure and have a large surface area. 

Taking into consideration all the above factors this paper presents a study on the assessment 
of the pozzolanic activity of green, amber and flint color waste glass as a component of cemen-
titious materials used as filler or binder in mortar and concrete. 

2 MATERIALS AND METHODS 

2.1. Materials 
The waste glass used in this study was obtained at the waste management and disposal ser-

vice of Cova da Beira Municipal Association, of interior region of Portugal. The chemical com-
position of the glass was analyzed using an X-ray microprobe analyzer and is listed in Table 1.  
 
Table 1. Chemical compositions of ground waste glass (by weight percent) 
 Flint glass Amber glass Green glass 
Na2O 9.94 10.37 10.54 
MgO 0.75 0.81 1.18 
Al2O3 2.57 3.09 2.54 
SiO2 74.07 73.27 72.25 
Cl2O - - - 
K2O 1.14 1.10 1.15 
CaO 11.53 11.36 12.35 
TiO2 - - - 
Fe2O3 - - - 
SO3 - - - 
 

The three types of colored glass have a similar percentage of reactive silica, around 74%. In 
accordance to NP EN 450 (1995), the glass satisfies the basic chemical requirements for a poz-
zolan, namely to have a high percent of silica. However, it does not meet the optional require-
ment for the alkali content because of the high percentage of Na2O in glass.  

Koslova et al, 2004, observed that the introduction of unwashed glass as aggregate exhibits 
the risk of predicting a false reactivity of multi-component systems increasing the reactivity of 
tested systems. Thus, the glass used in this work was previous washed before mixing. 

To verify the physical requirement for fineness, the glass was grinded in jaw crusher and ball 
mill, and separated by sieving in three different particle size ranges, as follows: 75µm – 150µm, 
45µm – 75µm and < 4µm. The purpose of this size selection was to observe the effect of maxi-
mum size related to the minimum grinding time which the pozzolanic activity can be present in 
a cementitious matrix without a significant alkali silica expansion reaction. The optimization of 
the grinding time versus particle size obtained with the grinding process was controlled with the 
determination of Blaine surface area. Figure 1 shows typical micrographs used to analyze the 
particle size and particle shape of the ground glass obtained in the scanning electron microscope 
(SEM). In this figure, the ground waste glasses, after grinding, exhibit angular shapes and it is 
possible to observe a more homogeneous size distribution for 0 - 45µm size range than for 
45µm – 75µm size range. 

 
 
 
 
 
 
 



Figure 1. Particle size and shape of ground waste glass of 45 - 75µm (left) and 0 - 45µm (right) particle 
range, after grinding. 

 
A commercial Portland cement type CEM I 42.5R conforming to European Standards NP 

EN–197-1 with Blaine fineness of 400.9 m2/kg and with a particle density of 3140 kg/m3 was 
used at all different mixes. 

As aggregate for producing mortars, natural sand was used with maximum particle size 
4.76mm, a particle density of 2450 kg/m3 and Modulus of Fineness of 2.97. 

2.2. Mixture details 

The mortar mixtures were produced with the weight ratio of 1: 3: 0.5 (binder: sand: water). 
The cementitious material consisted of Portland cement blended in laboratory with each of the 
three different color waste glasses. Thus, Portland cement was partially replaced by 10%, 20%, 
25%, 30% and 40% of each color and size grinded ground waste glass. The mortars mixture 
proportions used are reported in Table 2. 

The control of fresh mortar consistency using the flow-table test conform the EN 1015-3 al-
lowed verifying the influence of glass fineness and cement percentage replacement on the fresh 
workability for all the tested mortars. 

2.2. Mechanical strength of mortars 
For each mortar mixture, prismatic specimens of 40 x 40 x 160 mm were manufactured, cast, 

wet cured for 7, 28 and 90 days. Both compressive and flexural strength were evaluated in con-
formance with EN 196-1. The results obtained are reported in Figures 2 and 3. 

2.3. ASR test method 
Study of expansion due to the possible reaction between the alkali in cement and silica in the 

glass was done in accordance with ASTM C1260. Mortar bars of 40 x 40 x 160 mm sizes were 
made of standard graded river sand, type CEM I 42.5R Portland cement, and grinded ground 
waste glass. After 24 h of curing, the bars were placed in water at 80º C for another 24 h to gain 
a reference length. They were then transferred to a solution of 1 N of NaOH at 80º C. Length 
bar readings were then taken every day for 14 days. The mortar bars without grinded ground 
waste glass were also tested as control. The comparison with the control is an indication of 
whether or not the silica in glass is reactive with the alkali in cement and of the solution. The re-
sults obtained are reported in Figure 6. 

2.4. Grinding time optimization 
The grinding time optimization was performed determining the Blaine specific surface at the 

end of a certain time of grinding in ball mill of samples previously prepared by a jaw crusher. 
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The Blaine specific surface was determined at end of each ball mill grinding hour for a total du-
ration of 10 hours. The partial results obtained in this study are shown in Figure 7. 

3 RESULTS AND DISCUSSON 

3.1. Mechanical strength with various glass powders content 
The compressive strength results of 75 – 150µm glass powders mortars are plotted in Figure 

2. It can be observed, in case of cement replacement by the glass powder, the reduction in com-
pressive strength increases with the level of cement replacement.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Compressive strength development of glass powders 75 – 150 µm 
 
Figure 3 shows that increasing of compressive strength is obtained with reduction of the glass 

powder particle sizes. For particle sizes low than 45 µm, the compressive strength of mortar 
with 25% of cement replacement is closer to the control mortar analogous results. 

The result of compressive strength obtained in mortar with different glass color, when ana-
lyzed for the same particle glass size range, is similar for amber and flint glass. Mortars contain-
ing green color glass powders, in turn, have the highest compressive strength for all particle 
sizes. This difference is due to the fact that specific surface of the green glass (of about 445 
kg/m2) is slight higher of amber and flint glass (of about 355 kg/m2).  

According to NP EN 450 the pozzolanic activity is evaluated by a strength activity index cor-
respondent of 75% and 85% at 28 days and 90 days, respectively, obtained for a mortar with 
25% of cement replacement.  

The strength activity index is plotted in Figures 5 and 6. The results presented there show that 
at 28 days the amber glass attaint a compressive strength higher than the results of 75% control 
mortar strength for all glass particle size range studied here. In the case of 90 days requirement 
only the 75 – 150 µm particle range did not attaint the 85% pozzolanic activity index. The green 
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Amber glass (90 days)
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glass powder mortars have a compressive strength higher than 75% at 28 days for all particles 
size ranges. At 90 days the index of 85% is not attaint for the range of 75 – 150 µm particle, but 
it is highest for 0 - 45 µm and 45 - 75 µm particle ranges.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Compressive strength of mortars with different particle size range (G – green glass, A – amber 
glass) 
 
 

Figure 4. Strength activity index for amber glass mortar  
 

Figure 5. Strength activity index for green glass mortar  
 

The expansion results obtained by the measurements complying with ASTM C1260 in terms 
of colors waste glasses (amber, green and flint) are partials, but present a trend tendency which 
confirms the results obtained by Shayan and Xu, 2004, where the expansion for all mortars 
molded with the different ground glass used in this study is farly lower than the maximum value 
of 0,1% prescribed in standard specifications. Figure 6 shows that mortar with 25% of cement 
replacement by the amber ground glass has the highest expansion of all samples tested. This 
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high expansion value is due to the cement content in the mortar which, in turn, is higher than for 
other mortars prepared with amber ground glass powders. 

 

Figure 6. Expansion for mortar bars 
 

Figure 7 shows a linear tendency of the increasing of glass powders fineness measured by the 
Blaine apparatus. After 9 hours grinding time in a ball mill, it is possible to obtain powders 
particles sizes that gives a specific surface higher than 250 m2/kg. This Blaine surface area is a 
characteristic of the particles that can be classified as being of 45 - 75 µm size range. 
 

Figure 7. Blaine specific surface as function of grinding time 
 

4 CONCLUSIONS 
 

The aim of this study was to evaluate the “recyclability” of domestic ground waste glass, 
collected in the municipal service of Portugal interior region, as a cement replacement for 
mortar and concrete. A basic experimental study on the physical and mechanical properties of 
mortars containing recycled waste glass as pozzolan material provided the following results and 
conclusions: 

The determination of the oxide contents of selected waste glass samples indicates that, in ac-
cordance to NP EN 450, the glass satisfies the basic chemical requirements for a pozzolan. 
However, it does not comply with the additional requirement for the alkali content because of 
the high percentage of Na2O in glass. Despite this situation, finely ground glass powders, higher 
than 250 m2/kg Blaine specific surface, exhibited very high pozzolanic activity.  
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It was also verified that the for finer glass powders, mortars  pozzolanic activity is higher. It 
has been also concluded that 30% of 45 - 75 µm ground waste glasses size range could be 
incorporated as cement replacement in mortar or concrete without any detrimental effects 
caused by the expansivity provoked by the alkali silica reaction. 

The results present in this paper show that is a great potential for the utilisation of waste glass 
in mortar and concrete as a partial replacement for expensive materials such as silica fume, fly 
ash and cement. 
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1 INTRODUCTION 

 
Nowadays, there are growing pressures to use waste materials within the construction sector. 
This use of wastes in civil engineering requires an evaluation of both the environmental and 
technical suitability of the waste. From the environmental point of view the main concern is the 
leaching out of hazardous substances, such as heavy metals, to soil and water supplies while 
from the technical point of view issues like changes in cement hydration, durability analysis and 
economic evaluation should be addressed. 

Extensive research has been performed in to the use of solid residues from municipal solid 
waste incineration (MSWI) as cement or aggregate replacement in building materials (Al-Rawas 
et al., 2005, Aubert et al., 2006, Collivignarelli & Sorlini, 2002, Huang & Chu, 2003, Juric et 
al., 2006, Lin et al., 2003, Reijnders, 2007, Wainwright, 2000). Municipal solid waste (MSW) 
generation in Europe increased at an annual rate of 2% from 1995 to 2003 and, in 2003, 17.3% 
of these wastes were incinerated (Eurostat, 2005). Solid residues from MSWI have different 
chemical compositions and can be broadly classified as bottom ash and fly ash. Bottom ash is 
recovered from the base of the combustion chamber and fly ash from the heat recovery and air 
pollution control systems. Incineration of a tonne of municipal solid waste generated, on aver-
age, 200 to 300 kg of bottom ash and 25 to 50 kg of fly ash (Chandler A. J., 1997). 

Owing to stringent air emission policies, fly ash which contains high contents of soluble salts, 
such as calcium carbonate, sodium and potassium chlorides and sulphates, heavy metals and re-
sidual amounts of organic composites are classified as hazardous waste (Ferreira et al., 2005, 
Wan et al., 2006). In order to upgrade MSWI fly ash to a usable product it is essential to use 
preliminary treatments that minimize the prejudicial effects of some of these compounds. The 
composition of MSWI fly ash varies from plant to plant and it is not possible to establish a uni-
versal treatment for them (Derie, 1996). At present, suggested treatments can be divided into 
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three main categories: stabilization/solidification (S/S), thermal treatments and extraction treat-
ments (Alba et al., 2001, Chan et al., 2000, Chimenos et al., 2005). Experiments involving a 
combination of the aforementioned processes have been applied to MSWI fly ash in order to 
upgrade them for incorporation in building materials (De Casa et al., 2007, Mangialardi, 2001). 

Stabilization/solidification (S/S) of MSWI fly ash is the most common treatment and is suc-
cessful due to the chemical and physical processes that occur between the residue and a binder. 
When cement is used as a binder it produces changes in the speciation and solubility of the con-
taminants as they interact with the cement hydration products; physical adsorption and encapsu-
lation can take place (Batchelor, 2006, Malviya & Chaudhary, 2006, Qiao et al., 2007). A major 
disadvantage of S/S is the increase in porosity and permeability of the solidified structure with 
time and the consequent reduction in strength, due to the leaching of large amounts of soluble 
salts. Another drawback of S/S lies on the increase of weight and volume of the residue after 
treatment (Geysen et al., 2004). 

Thermal treatments are not as common as S/S owing mainly to the large input of energy re-
quired that make them very costly. By heating below or at the melting temperature the chemical 
and structural properties of the residue are changed and the vitreous or crystalline slag formed 
can be usefully applied as a construction material (Sakai & Hiraoka, 2000). 

Extraction treatments involving different media lead to an efficient reduction in salts content 
(Abbas et al., 2003, Ferreira et al., 2005, Hong et al., 2000). Water-based extraction is the sim-
plest process to treat MSWI fly ash. The efficiency of this treatment relies on the type of residue 
and on the liquid to solid ratio (L/S). According to Derie a liquid to solid ratio between 5 and 10 
and a washing time of 1 hour will remove soluble alkali chlorides and some calcium sulphate 
without solubilising to a great extent the undesirable metals (Derie, 1996). Wilewska-Bien et al 
prooved the feasibility of water extraction treatment with an L/S equal to 3, 5 and 10 in a pilot 
plant (Wilewska-Bien et al., in press). Abbas et al. reported the removal of salts in MSW fly ash 
from fluidized bed incinerators using L/S of 1,2 and 4 with extraction times of up to 60 minutes 
(Abbas et al., 2003). The main drawback of water extraction is the generation of an effluent 
whose characteristics need to be evaluated before it is discharged to surface waters. 

The aim of this research is to define a preliminary treatment, using water as the extractant 
media that will reduce the level of salts in MSWI fly ash to a level that does not impair their in-
corporation into concrete and reinforced concrete. This paper reports the chemical and minera-
logical characterisation of two fly ashes from a Portuguese MSW incinerator according to their 
leaching behaviour and the effects of the selected treatment on the content of chloride, sulphate, 
chromium, copper, lead and zinc.  

2 MATERIALS AND METHODS 

2.1 Fly ash 

The fly ashes used in this study were collected from two distinct locations, depicted in Figure 1 
as I and II, of a Portuguese MSW incineration plant. The unit is a mass burn waste-to-energy fa-
cility, with a capacity of 2000 tons/day, using semidry scrubbers and fabric bag-house filters for 
emissions control. During three days, ash identified as Ash I (comprising a combination of ashes 
from the hopper of the boiler and of the economiser) and Ash II (a mixture enclosing Ash I, 
semidry scrubber ash and fabric filter ash) were sampled and stored in dry and sealed contain-
ers.  

2.2 Chemical and mineralogical characterisation 

To evaluate the chemical composition of the fly ash samples they were first ground with a 
HERZOG HSM 50 vibrating grinding mill. They were then passed through a 90 µm sieve, 
mixed with wax (wax/ash ratio of 0.6) and pressed into pellets using a HERZOG press by ap-
plying a 200kN force for 30 s. The oxide composition was obtained using a wavelength X-ray 
fluorescence spectrometry, with an AXIOS/PANANALYTICAL spectrometer. Sulphate con-
tent, expressed as SO3, was determined by gravimetry and chloride content by titrimetry. 



Figure 1.  MSW incinerator: 1 Furnace; 2 Boiler; 3 Superheater; 4 Economiser; 5 Scrubber; 6 Fabric filter 
baghouse; 7 Stack 

 
 
The crystalline structure of the fly ash was assessed using an X-ray difractometer at 35 kV 

and 45 mA using Co Kα radiation and 10-60º 2θ range. Before the X-ray diffraction (XRD) 
analysis was performed the fly ash was passed through a 106 µm sieve. 

 The water content, Wc, of the fly ashes was tested by weighing 10 g samples and drying at 
105 ºC until a constant mass was reached. 

Loss on ignition, LOI, was determined from samples of 1 g at 950 ºC until constant mass was 
reached. 

2.3 Leaching test  

The European compliance leaching test EN 12457-2 (CEN, 2002) for granular waste materials 
was performed on untreated fly ashes. Demineralised water was used as the leachant at a liquid 
to solid ratio (L/S) of 2 l / kg and a leaching time of 24 h. The leachate was recovered after fil-
tration over a 0.45 µm filter and acidified with ultra-pure nitric acid. Heavy metals concentra-
tion was determined using an inductively coupled plasma – atomic emission spectrometer, ICP-
AES Jobin Yvon 24, and a graphite furnace atomic absorption spectrometer, GBC 904 GFAAS. 
Chlorides and sulphates were quantified by titrimetric and gravimetric methods. 

2.4 Fly ash water extraction 

The soluble salts content of the fly ashes was reduced by mixing the residues with distilled wa-
ter and following three different stirring regimes: 

– One washing step with L/S ratio 2 l / kg and extraction time of 15 minutes; 
– Three washing steps with L/S ratio 2 l / kg and extraction times of 5 minutes; 
– Two washing steps with L/S ratio of 5 l / kg and extraction times of 5 minutes. 
In sequential washing steps, the solids were allowed to settle and the supernatant liquid was 

filtered. The material retained on the filter was recovered and mixed with the solid. 
The chlorides and sulphates concentration in the water extracts were obtained by titration and 

gravimetry, respectively. A quantitative analysis for the heavy metals was performed by ICP-
AES and GFAAS. 



3 RESULTS AND DISCUSSION 

3.1 Chemical and mineralogical characterization 

Table 1 shows the composition of the untreated fly ashes expressed as metal oxides; calcium is 
the major metal. The main difference between the ashes is the higher content of silica in Ash I, 
which is twice the value of Ash II, and the level of chlorides in Ash II, which is about five times 
more than Ash I. As stated in the Introduction, the high chloride and sulphate content make 
these ashes unsuitable for use in concrete and so they must be subjected to preliminary treat-
ment. Regarding the heavy metals, zinc is the most concentrated element in the two ashes. Loss 
on ignition is high on both ashes, especially in Ash I.  
 

 
Table 1. Semi-quantitative analysis of untreated fly ashes. _________________________________________ 

Oxides     I     II      ___________________________ 

       %     % _________________________________________ 

Al 2O3     7.5    4.0 
CaO      49     42 
SiO2      19     7.5 
Na2O      3.2    6.8 
MgO      1.8    0.84 
K2O      2.2    5.3 
Fe2O3     3.2    1.4 
TiO2      3.1    1.5 
Cl       4.3    20 
SO3      3.1    5.5 
CrO3      0.12    0.062 
MnO2     0.14    0.092 
NiO      0.035    0.025 
CuO      0.10    0.10 
ZnO      0.54    0.84 
SrO      0.086    0.053 
Sb2 O3     0.025    0.089 
BaO      0.22    0.12 
PbO      0.056    0.28 
CdO      –     0.016 
 
LOI      9     20 
Wc      0.19    1.2 _________________________________________’ 

 
The mineralogical composition of Ash I and II is very complex. The low intensity of the 

peaks in the X-ray diffraction analysis show that most of the compounds in the ashes are mainly 
in the amorphous form. The main differences between the ashes observed in the semi-
quantitative analysis are confirmed by the XRD results. The higher height of the quartz (α-SiO2) 
peak in the X- ray diffractograms show the high level of SiO2 in Ash I in relation to Ash II. The 
high concentration of chlorides in Ash II in relation to Ash I is observed through the higher 
height of the crystalline forms of halite (NaCl), sylvite (KCl) and calcium chloride hydroxide.  

The heights of the halite and sylvite peaks confirm that Na and K were present in large quan-
tities in Ash II when compared with Ash I. The main crystalline forms of calcium, the major 
element in the ashes, are calcite (CaCO3) and anhydrite (CaSO4), however, it is possible to ob-
serve the presence of calcium as portlandite (Ca(OH)2), lime (CaO) and calcium silicate. Iron 
and titanium have been identified by the XRD analysis in the forms of hematite and titanium ox-
ide. Regarding the presence of heavy metals, it was not possible to match any of the peaks for 
these elements, probably owing to their low content.  
 
 
 
 
 



 

Figure 2. X-ray pattern for raw and washed fly ashes a) Ash I b) Ash II: Q-quartz, C-calcite, L-lime, P-
portlandite, A-anhydrite, CS-calcium silicate, CCh-calcium chloride hydroxide, S- Sylvite, Ha-halite, H-
hematite, T-titanium oxide, Pe-perovskite, MS-calcium monosulphoaluminate, E-ettringite  
 

 

3.2 Leaching test 

The leaching test used in this investigation is the recommended European Union compliance 
leaching test for granular waste. Table 2 shows the leachate content of chlorides, sulphates, and 
of selected heavy metals for untreated fly ashes as well as the regulatory limits for non-
hazardous wastes (Nh) which are to be disposed of to landfill, according to Council Decision 
2003/33/CE. 

a) 

b) 



According to Table 2, untreated Ash II has higher contents of all the selected elements. The 
heavy metal most leached out was lead (0.5 % and 11.4% of the total concentration for Ash I 
and Ash II, respectively). For Ash I, only the chloride content exceeded the limit for non-
hazardous waste though this ash is classified as hazardous waste. Ash II is also categorized as 
hazardous owing to the presence of Pb, Zn and Cl. The pH of the leachates was 12.5 and 12.2 
for Ash I and II respectively. At these levels of pH there is an increase in solubility of hydrox-
ides of zinc and lead (Chimenos et al., 2005).  
 
Table 2. Leachate contents and limits for non-hazardous waste  ______________________________________________________ 

Element     Ash I   Ash II  Nh limits 
mg / kg dry wt.           ______________________________________________________ 

Cd      < 0.05  < 0.05  1 
Cr       1    5    10 
Cu      0.1   0.1   50 
Pb       3    290   10 
Zn       3    75    50 
Cl       17075  133800  15000 
SO3      100   16200  20000 ______________________________________________________ 

3.3 Fly ash water extraction 

As can be seen from Table 3 the pH of the studied ashes during extraction is always very high. 
The higher content of lime in Ash I is responsible for the higher pH of the extracts when com-
pared with Ash II. 

Water extraction results in significant removal of chlorides from the fly ashes (Tab. 3). For 
Ash II, the highest amount of chloride was removed using an L/S of 2 l / kg with 5 minute ex-
traction times. After the second stage of extraction 95% of the chlorides present in Ash II were 
removed. For Ash I all chlorides were removed at the end of the second step using an L/S = 5. 
However, owing to the fact that this experimental regime involved the major consumption of 
water and that the total chloride content of Ash I is much lower than that of Ash II, the use of an 
L/S = 2 with a two step extraction of 5 minutes will be sufficient to take away most of the chlo-
rides and allow the use of this ash in building materials. Longer extraction times at L/S = 2 are 
no more effective than the shorter times. 

Both ashes generated hydrogen during extraction (in a greater amount for Ash I), corroborat-
ing the presence of metallic aluminium, as stated by other authors (Aubert et al., 2004, Chan et 
al., 2000). This evolution of hydrogen must be further evaluated before MSWI fly ash can be 
considered for use in concrete. 

Sulphates were not removed to the same extent as the chlorides. However, combining the re-
sults for sulphate solubilization with those obtained for the chlorides it was concluded that the 
best extraction regime occurs at L/S = 2 with two extraction times of 5 minutes. 

 
Table 3. Results of extraction experiments _________________________________________________________________________________________ 

Extraction condition      Ash I           Ash II             ___________ __________________   _____________________________ 

         Final pH SO3(%)  Cl (%)  Final pH SO3 (%)  Cl (%) _________________________________________________________________________________________ 

L/S = 2  15 min   12.6   5    65    11.9   2    54  
 
L/S = 2  5 min   12.5   3    45    12.0   2    51 
    5 min   12.7   6    83    12.2   7    95 
    5 min   12.8   10    97    12.6   12    105 
 
L/S = 5  5 min   12.7   4    66    12.4   8    51 
    5 min   12.9   7    100   12.6   14    81 _________________________________________________________________________________________ 

    
The presence of Cd, Cr, Cu, Pb and Zn found in the extracts during the multistage treatment 

with a L/S = 2 was also evaluated (Fig. 3). The quantity of Cd and Cu released was insignificant 
and is not shown in Figure 3. Generally, the release of Cr and Zn from the MSWI fly ashes de-
creases from stage to stage. For Pb a different behaviour was observed as there was an increase 



in removal during the second washing step. In relation to the total content it was found that there 
was only a small release in heavy metals, with Cr being the most leachable metal in Ash I, 
(0.06%), and Pb in Ash 2, (0.15%).   

 
Figure 3. Release of heavy metals in the multistage treatment at L/S = 2  

 
 
From the results of the XRD analysis of the treated fly ashes following the multistage treat-

ment with L/S=2 it was also possible to see the evolution of chlorides due to the extraction treat-
ment (Fig. 2). In the washed Ash I sample the disappearance of the peaks of halite and sylvite 
(the chloride crystalline forms) could be observed. In the Ash II sample there is also a signifi-
cant change in the pattern of the diffractogram; the disappearance of the peaks of halite, sylvite 
and calcium chloride hydroxide confirm the efficient removal of chlorides. Other peaks from the 
XRD analysis indicate a reduction in their intensities and there were also some new peaks de-
tected (i.e. ettringite).   

4 CONCLUSIONS 

This study has shown differences in the chemical and mineralogical composition of Ash I and 
Ash II which must be further investigated in order to confirm the use of MSWI fly ashes in the 
construction sector. According to the regulatory thresholds of the Council Decision 2003/33/CE, 
the two untreated fly ashes are classified as hazardous wastes. The high chloride level in the 
leachate of Ash I is the only reason for this classification. 

Remarkably, the removal of chlorides in fly ashes is achieved by the simple process of wash-
ing the residues with distilled water, at the pH of the wastes. The best compromise between low 
water/time consumption and chloride removal was a two step washing at L/S of 2 l / kg using 5 
minute extraction times; 83% of chlorides from Ash I and 95% of chlorides from Ash II are re-
moved. 

Additional research is being carried out on the leaching behaviour of treated fly ashes in order 
to define possible percentages of incorporation for both ashes in concrete.  
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1 INTRODUCTION 

The sustainable world’s economic growth and people’s life improvement greatly depend on the 
use of alternative products in the architecture and construction, such as industrial wastes. These 
materials conventionally have been referred to as “green materials”. 

Cork (bark of the plant Quercus Suber L), a substance largely produced in Portugal, is a ma-
terial whose characteristics are of considerable interest for the construction industry. It is re-
garded as a strategic material with enormous potential due to its reduced density, elasticity, 
compressibility, waterproofing, vibration absorption, thermal and acoustic insulation efficiency 
(Gil 2005 & Hernández-Olivares, 1999).  

Currently the world's annual paper consumption is in the order of 370 million tonnes 

(www.walesenvtrust.org.uk, 2007). Recycling of paper is generally considered to be the priority 

and best practicable environmental option. The cellulose is a self agglutinant material, when 

saturated and pressed link together its own particles. This material can provide a good binding 

agent for the used materials.  

Tyres are produced at 250 million units each year in Europe 

(www.specialchem4polymers.com, 2004) and nowadays, there are recycling companies that 

proceed to shredding of used tyres, obtaining separated materials such as crumbed rubber parti-

cles, steel fibres and textile fibres from the tyre beads and reinforcement. The textile fibres have 

applications for use in insulation materials or as fibre reinforcing in concrete products 

(www.wastebook.org, 2007). In this research work the recycled used tyres textile fibres were 

used with the objective of providing reinforcement for gypsum composites. 
The gypsum is a large used material in building construction by its diverse applications. 

However it is up till now a material with a lack of know-how, mainly at research level. The 
European production of extracted gypsum attained 21milions in 1996. The European industry 
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has 220 factories that produce gypsum products and employ, direct or indirectly, more than 
400 000 persons. In Portugal it have been produced about 500 000 ton of gypsum for each ear 
since 2000 (www.wastebook.org, 2007). The building sector consumes about 95% of total gyp-
sum produced. It is calculated that about 80 to 90% of finishing interior work and partition walls 
in buildings are made of gypsum products, such as plaster and card gypsum. According to those 
thermal and acoustical properties, these products contribute significantly for the comfort of mil-
lions of persons. Having an extraordinary resistance to fire, the gypsum products contribute for 
the buildings security, particularly in public buildings. 

One of the biggest deficiencies of gypsum as construction material is the low resistance to 
water. Although, actually, this aspect can be partially solved by adding to the gypsum some 
compounds based on silicones or other polymers, namely in gypsum card boards. This way, 
gypsum can be submitted to humid conditions, but even so do not permit utilization in external 
environments because of its low resistance to long direct contact with water.    

The main purpose of this research work was to develop gypsum boards with enhanced me-
chanical and water resistance. To these boards were also incorporated wastes to turn them more 
lightweight and sustainable. It was intended to show that the manufactory of these boards for 
not structural construction elements is possible, for example, for internal and external coverings, 
dry walls and ceiling. For this, it was carried out the characterization and improvement of gyp-
sum as construction material, turning it more resistant to water action. After, applications of this 
enhanced gypsum based material were studied focused on the mixture preparation, methods of 
casting and its corresponding physical performance. 

 
 

2 MATERIALS 

 
For this study four commercial available types of gypsum were selected: one plaster gypsum, 
recommended for manual application, one for projection, one for finishing and one escayola 
gypsum. According to the developed chemical analysis of these gypsums it was verified that the 
manual plaster and escayola gypsum presented a higher purity than the finishing plaster one by 
the higher calcium sulphate content (CaSO4). For this reason, these plasters were selected as the 
main materials for this research work. In terms of particle dimensions it was seen at laboratory 
tests (EN 13279-2, 2004) that the escayola gypsum have a bigger fineness. In terms of moisture 
content the tests (NP 319, 1963), shows that the plaster gypsum have a moisture of 1,05% and 
the escayola of 1,32%. It was also determined through tests (NP 318, 1963) the water/gypsum 
ratio necessary for a conventional plaster and the minimal gypsum content essential for hydra-
tion. The obtained water/gypsum ratio necessary for a conventional plaster was 0,52 and for the 
minimal hydratation reached 0,20.   

 The used granulated cork is a by-product of a Portuguese industry containing diverse parts 
of cork with different particle sizes. The density is 384,5 kg/m

3
 and the bulk density is 

160,0 kg/m
3
.  

The cellulose fibres or paper pulp was made in the laboratory joining waste office paper, 
triturated in a mix machine, and water. The water content was the necessary for the mixture with 
gypsum. 

The used tyre fibres are a material obtained by a recycling company of used tyres shredding. 
These fibres are generally composed by wires and cords (70% polyester, 15% nylon, 15% glass) 
and some rubber residues.   

The water absorption tests were realized according to the Portuguese standard, NP 762, 
1969. For developed mixtures cured under pressure it was added a mineral retarder to extend the 
time of curing.  

 
 
 
 
 
 
 



3  METHODOLOGY AND RESULTS  

 

3.1 Incorporation of cellulose, granulated cork and tyre fibres on gypsum plasters 
 
It was produced four different plasters with a constant water/gypsum relation of 0,7 with the 
plaster for finishing. One was made without any addiction (mixture G), one with cellulose fibres 
(mixture G/Paper), one with granulated cork (mixture G/Cork) and the other with tyre fibres 
(mixture G/ Tyre fibres – see figure 1). These samples were tested for compressive strength at 
dry and saturated after immersion conditions (Comp Dry and Comp Moist), to evaluate the lost 
of resistance during water contact. Flexural (Flex) strength and water absorption by immersion 
were also tested. The samples were cured at room temperature until 7 days and maintained at 
40ºC, to stabilize the moisture amount, and the immersion was realized until two hours at room 
temperature.  
 
 

 
Figure 1 – Gypsum plasters with cellulose fibres, granulated cork and tyre fibres 

 
Analysing the obtained results it can be seen that the cellulose fibres addiction slightly improves 
the flexural strength and maintains the compressive strength, even in dry or moisture conditions 
samples (see figure 2). However the additions of cork or tyre fibres decrease the compressive 
resistances. At flexural strength the tyre fibres have a similar behaviour to the cellulose. For 
both addictions more ductile behaviour was verified during the mechanical tests. Figure 3 shows 
a reduction of 15% of water absorption on reinforced mixtures with cork or paper. For other 
side, with the addition of tyre fibres it was verified a small increase of water absorption.  
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Figure 2 – Compare of plasters with paper, cork and tyre fibres 
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Figure 3 – Absorption of gypsum plasters  

 

3.2 Reducing water absorption by pressure curing 

 
A tested method for reducing the water absorption was by pressure curing of the gypsum based 
mixture. With this procedure it was possible to minimize the voids content and enables a reduc-
tion in the amount of water necessary to the mixture. This way, one can produce a much more 
compact mixture and, consequently, enhance significantly its performance. In this stage it was 
prepared a low consistence mixture joining plaster gypsum to only 20% of water (in mass). That 
corresponds to the minimal experimental determined value needed for hydration. Using a man-
ual hydraulic press cylindrical samples were produced under a pressure of about 40,0 Psi 
(275,8 kPa). These samples were made at two different temperatures (room temperature, 25ºC, 
and 50ºC) and both were maintained after casting at room temperature until 7 days. For the tests 
the samples were maintained at 40ºC to stabilize the moisture content. After this the samples 
were submitted to compressive and water absorption tests by immersion until 2 hours. The satu-
rated samples were also submitted to compressive tests.  

Observing figure 4 one can compare the compressive strength results obtained in these 
pressed gypsum based mixtures made with the others selected plasters available on Portuguese 
market. As one can see a considerable increase on the compressive strength on the dry samples 
of pressed gypsum (legend on graphics as Press25º and Press50º), mainly at 50ºC, was attained. 
On the other way, the moist samples show a small increase in compressive strength. 

In figure 5 it is possible to observe the water absorption test results obtained on pressed and 

un-pressed samples (pressed gypsum, plaster and commercial card gypsum board commercial 

designated as water resistant WR and in figure 5 as card gypsum WR). These results demon-

strated the greatly favourable effect of pressed curing, responsible for a decrease in water ab-

sorption of about 40%. Comparing the pressed gypsum with the commercial available card gyp-

sum tested, the pressed one maintains the values and the absorption of card gypsum continue to 

increase along the time.   
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Figure 4 – Compare of plasters /pressed gypsum   
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Figure 5 – Compare of pressed/plaster/card board gypsums  

 

3.3 Incorporation of cellulose, granulated cork and tyre fibres on pressed gypsum boards 

 
Once the pressure curing reveals to be very promising, it was adopted to the producing of gyp-
sum boards. For the development of these boards it was necessary, at a first stage, to make them 
without any addiction to obtain the better process of manufacture and to achieve the adequate 
cohesion and finish. These boards were prepared with a metallic mould of 200x200 mm

2
, filled 

with the fresh mixture made with a water/gypsum ratio of 0,20 and incorporating 0,3% (of gyp-
sum mass) of mineral retarder. The boards were submitted to a pressure of 87,0 Psi (600,0 kPa) 
during 10 minutes. The boards were removed from the mould at the day after the casting and 
conserved subjected to 40ºC for curing and drying during 7 days. These have the designation P0 
in Table 1 and figure 6.  

As the same way, the boards with granulated cork and/or cellulose fibres or paper pulp were 
prepared following the same methodology of mix, casting, pressure and curing conditions (P1a 
until P4b). Six mixtures were prepared: two introducing granulated cork (2,5 % and 5 % of the 
mass of gypsum), two with paper pulp (3 % of the mass of gypsum) and the referred cork con-
tent (see Table 1); two with tyre fibres (2,5 % of the mass of gypsum) and the cork content; and 
other two mixtures with tyre fibres and paper pulp (2,5 % of the mass of gypsum and 3% of pa-
per) and the cork content. 

 
 

Table 1 – Material Percentages of boards (in mass of gypsum) 

Board Cork % Paper % Tyre % Kg/m3 

P0 – – – 1531,863 

P1a 2,5 – – 1460,39 

P1b 5,0 – – 1269,36 

P2a 2,5 3,0 – 1168,939 

P2b 5,0 3,0 – 1321,123 

P3a 2,5 – 2,5 1281,439 

P3b 5,0 – 2,5 996,0474 

P4a 2,5 3,0 2,5 1311,23 

P4b 5,0 3,0 2,5 1198,939 

 
The next figures show the final appearance of the developed boards and the texture correspon-
dent at near the real scale (see figures 6 to 8). Figure 6 show the simple board and incorporation 
of granulated cork and tyre fibres, figure 7 shows the incorporation of granulated cork and paper 
pulp in pressed gypsum-based boards. 
 



 

Figure 6 – Board of pressed gypsum P0 and board with cork and tyre fibres P4a and is texture  

 
 

 
Figure 7 and 8 – Board of pressed gypsum with paper and cork and is texture P2a 

 
These boards were submitted to flexural tests at 7 days of curing to evaluate their mechanical 
behaviour. By observing figure 8 it is possible to conclude that the mixtures flexural strength 
diminish with an increase of incorporated waste content, either for cork granules, paper and tyre 
fibres. Although, the paper fibre reinforcement on the mixture made with the greater cork con-
tent (P2b) reduces significantly the difference of resistances, showing the same behaviour in the 
paper reinforcement with the tyre fibres (P4a and P4b). This happened because the cellulose fi-
bres behaved as a link between cork and gypsum turning the material more compact. The two 
materials work together as an adequate complement turning the boards more ductile than P0 
(see figure 9). 
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Figure 8 – Flexural behaviour of pressed gypsum 
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Figure 9 – gypsum/cork and cork/paper 

4 CONCLUSIONS 

According to the obtained results in the tested boards one can conclude that the incorporation of 
granulated cork or tyre fibres on plaster gypsum and pressed gypsum seems to be possible but 
reduces their mechanical performance. However these disadvantages can be compensated when 
compared with sustainable profit, density reduction and improvement of the conventional gyp-
sum board in terms of thermal and acoustical behaviour (properties to be tested with the conti-
nuity of this research work).  

This research work shows that it is possible to reduce significantly the water absorption by 
immersion, permitting an external application of these gypsum boards.  

The addition of cellulose fibres can improve the flexural behaviour allowing higher cork con-
tents with less reduction on resistances. Furthermore, this addition offers a better cohesion and 
finishing appearance when applied on pressed gypsum boards.  

As well, it was verified the possibility of manufacture non structural construction elements, 
for example, internal and external coverings, dry walls or ceiling. These are new applications 
for the waste materials mentioned, turning the boards more environmental friendly, and promot-
ing a new possibility for use gypsum in the external environments. 

The authors would like to express their acknowledgment to the Engineering School of the 
University of Minho and to the Portuguese Foundation for Science and Technology (FCT) for 
financing this research work through project POCI/ECM/55889/2004. 
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1 INTRODUCTION 

The sustainable construction concept was created a few years ago due to the growing concern 
about the future of our planet. In fact the everlasting increasing amount of wastes daily pro-
duced by industries and families demand urgent measures to reduce the amount of produced 
wastes and to find viable ways of recycling for those produced. Construction industry, in par-
ticular, is a huge waste producer and natural resource consumer, with recent estimates indicating 
that almost half of the wastes of industrialised countries have their origin in construction and 
demolition wastes (CDW). Simultaneously with the increasing of CDW, there is also a growing 
concern with the natural resource consumption, in the case of construction industry, mainly with 
natural aggregates that are rapidly diminishing. Estimates for the natural aggregate consumption 
in European Union indicate 6 to 8 tons per habitant, being only inferior to the water utilization. 
Impacts to the environment can be minimized by finding a way to reuse the products/materials 
when they reach their lifetime, which ensures only minimal impacts to environment, or alterna-
tively, by extending their lifetime, thus improving their durability and reducing  resource con-
sumption. If both things can be done at the same time, an optimal environmental performance is 
attained. 

Environmental constrains of stone pits, such as noise, dust, vibrations, considerable impact on 
the countryside, besides the consumption of a non-renewable material tend to considerably limit 
their exploitation. Consequently, alternative materials such as CDW as well as other industries 
by-products are increasingly being tested and used as environmental sustainable natural aggre-
gates substitutes.  

Ceramic materials are largely used in Portugal, both as bricks and tiles. Consequently, big 
quantities of wastes are produced simultaneously by the brick and tile manufacturers and by the 
construction industry. Most of the wasted of the manufacturers is already incorporated as raw 
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crete produced with natural limestone aggregates currently used in Portugal. The results that 
were observed seemed to indicate that ceramic residuals could be used as partial replacement of 
natural aggregates in concrete. The type and the manufacturing process of bricks seem to influ-
ence the behavior of concrete. The resulting strength of concrete with bricks indicates the possi-
bility of using this type of concrete in different precast applications. 



material for new ceramic materials. Nevertheless, part of these wastes and those produced by 
the construction industry are placed in landfills. 

Concrete is a material that is often seen as a potential place for wastes, because of its compos-
ite nature (a binder, water and aggregates) and because it is widely used, which means that if a 
waste could be used in concrete, then certainly large quantities of the waste material are crecy-
cled. Regardless of several studies in this field, such as those from Poon et al. (2002), Khalafand 
e DeVenny (2004a e 2004b) Brito et al. (2005), there are some questions regarding the behav-
iour of concrete produced with ceramic wastes as aggregate. This uncertainty is basically related 
with heterogeneity of wastes, different compositions, reduced strength of crushed brick aggre-
gates, lamellar shape of aggregates and so on. 

The aim of this work is to investigate the effect of the replacement of natural coarse aggre-
gate by two types of crushed bricks. 

2 MATERIALS 

All the materials used in this study were commonly available in the central region of Portugal 
where University of Aveiro is located. The cement used was ordinary Type II 32.5 Portland ce-
ment complying with NP EN 197-1:2001 (IPQ, 2001). Natural sand and calcareous coarse ag-
gregates were used. Coarse aggregates were divided into two groups; one in the range 5-10 mm 
and the other in the range 20-25 mm (see Figure 1). Sieve analysis of all types of aggregates is 
shown in Table 1. 

Recycled aggregates were ceramic bricks, from two local industries, that were crushed to ob-
tain suitable sizes for using in concrete. As can be seen from Table 1, the final grading, of both 
types of crushed bricks was very similar. Photos of the two types of bricks after crushing are 
presented in Figure 2.  

 

 
 
Figure 1. Natural aggregates used in this study. 

 
Table 1. Sieve analysis of aggregates (NP EN 932-1:2000, IPQ 2000).  

Coarse Aggregate Sieve [mm] Sand 
5-10 10-25 

Brick A Brick B 

31.5 100.0 100.0 100.0 100.0 100.0 
16,0 100.0 100.0 84.0 100.0 100.0 
8.0 100.0 78.0 2.1 99.0 99.0 
4.0 100.0 1.9 0.2 39.5 46.2 
2.0 84.4 0.29 0.18 6.53 11.5 
1.0 53.5 0.29 0.17 2.55 3.05 
0.50 22.7 0.17 0.16 1.67 1.04 
0.250 5.7 0.13 0.15 1.33 0.67 
0.125 1.8 0.12 0.12 1.13 0.55 

 
Compressive strength of bricks before crushing was determined according to NP 80:1960 

(IPQ 1960) and the results were 1.70 MPa for brick A and 2.55 MPa for brick B. the oven tem-

5-10 10-250-4 



perature at which bricks were made was, according to manufacture data, 850 to 870 ºC and 800 
to 850 ºC for bricks A and B, respectively. 
 

 
 
Figure 2. Crushed bricks. 
 
Mechanical strength of aggregates was measured using NP 1039:1974 (IPQ 1974). This test was 
performed by placing an amount of aggregates in a cylindrical shape to which a pre-determined 
stress was applied. The results measure the amount of material transformed into powder. The re-
sults, presented in Table 2, showed that, as expected, the natural aggregate is better than recy-
cled bricks and that brick B is better than brick A. This result in is agreement with that obtained 
for compression of bricks. 
 
Table 2. Physical properties of aggregates.  

Natural Recycled Property Standard Units Sand 5-10 10-25 Brick A Brick B
Crushing strength NP 1039 %  21.7  30.8 27.3 
Water absorption NP EN 1097-6  % 0.79 1.33 1.07 15.81 18.91 
Shape index NP EN 933-4 % - 13 7 30 16 

Saturated 2813 2670 2652 2146 2233 Density Dry NP EN 1097-6 kg/m3
2791 2641 2617 1805 1928 

 
Density tests were performed using NP EN 1097-6:2003 (IPQ 2003a). The results, presented in 
Table 2, showed that bricks had smaller density than natural aggregates which leads to lighter 
concretes. Water absorption tests indicate bricks absorb 16 to 18 times more water than natural 
aggregates. Additionally, the water absorption during the first minutes was measure to calculate 
the amount of water that brick aggregates consume during the mixing process. The results sho-
wed that 80 % of total absorption took place in the first 10 minutes. 

Another property evaluated was the shape index that was measured using NP EN 933-4:2002 
(IPQ 2002a). This test calculates the amount of particles that do not have a cubic shape, defined 
as the ratio between the maximum and minimum dimension being less than 3. Consequently, as 
the index increases, the amount of cubic particles decreases. The results, presented in Table 2, 
indicate that natural aggregate and brick A had similar shape index (13 and 16, respectively), 
while brick B had a substantially bigger shape index. Since the crushing process of the two 
bricks was exactly the same, the differences in results were caused by the nature of the brick it-
self. 

3 METHODOLOGY 

The study was designed to evaluate the effect of natural coarse aggregate by crushed bricks. 
Due to the nature of bricks and of the crushing process, the final grading of crushed bricks as 
showed in Table 1 implied that only the 5-10 mm coarse aggregate was replaced by recycled 
brick aggregates. Two percentages, 50 and 100 %, of natural aggregate were replaced by bricks. 
The replacement was carried out by volume. The weight of natural aggregate replaced was 15 
and 30 % of the total weight of coarse aggregates. Additionally, two water/cement ratios, 0.45 
and 0.5 by weight, were used that leaded to very different concrete workability. The amount of 
cement used was always 400 kg/m3. Concrete mixes are summarised in Table 3. 



Table 3. Summary of concrete mixes used in this study.  
Concrete series name Materials NN45 NB45 NA45 BB45 AA45 NN50 NB50 NA50 BB50 AA50 

Cement (kg/m3) 400 
Water (kg/m3) 180 200 
Sand (kg/m3) 713 693 
5-10 ag. (kg/m3) 398 199 199 --- --- 386 193 193 --- --- 
10-25 ag. (kg/m3) 748 727 
Brick A (kg/m3) --- 136 --- 293 --- --- 133 --- 285 --- 
Brick B (kg/m3) --- --- 147 --- 274 --- --- 142 --- 267 
Weight  (kg/m3) 2440 2387 2378 2335 2316 2406 2355 2346 2304 2286 
W/C (by wt.) 0.45 0.50 

 
In concrete composition, the aggregates were considered as saturated surface dried which means 
that the water absorbed by the aggregates was not included in the water/cement ratio (W/C). 
This procedure ensures that during the mixing process the workability of concrete is constant. 
Water saturation of aggregates was achieved by placing them in the mixer during 10 minutes. 
The water absorbed by the aggregates during this period of time should be added to the concrete 
mix. 

As can be seen in Table 3, five different mixes were studied for each W/C ratio: a reference 
mix with natural aggregates, 2 mixes with 50 % of natural aggregates replaced by bricks 
(namely NA and NB, for brick A and B respectively) and 2 mixes with 100 % of the 5-10 mm 
natural aggregate replaced by crushed bricks (namely AA and BB).  

4 RESULTS AND DISCUSSION 

Several tests were performed on fresh and hardened concrete. Fresh concrete tests were worka-
bility (slump) and density. Hardened concrete properties measured were compressive and tensile 
strength and modulus of elasticity. Concrete curing was carried out with specimens immersed in 
water. 

4.1 Fresh concrete 
The results of fresh concrete properties are presented in Table 4. Slump was measured accord-
ing to NP EN 12350-2:2002 (IPQ 2002b) the average slump for W/C = 0.45 was 5 cm and for 
W/C = 0.5 was 15 cm. regardless of the amount of natural aggregate replaced the workability 
was kept approximately constant for each W/C that proves the effectiveness of the adopted mix-
ing procedure. 

 
Table 4. Fresh properties of concrete  

 Slump [cm]  Density [kg/m3] 
 w/c = 0.50 w/c = 0.45  w/c = 0.50 w/c = 0.45 
NN 16 5  2420 2495 
AA 13 2  2406 2468 
NA 16 6  2392 2447 
BB 15 5  2365 2395 
NB 15 5  2335 2381 

 
Density of fresh concrete was determined using NP EN 12350-6:2002 (IPQ 2002c). Results ex-
hibit a clear and obvious reduction of density when recycled aggregates were used. Neverthe-
less, the reduction of density was only 5 and 6 % for concrete with W/C = 0.45 and 0.5, respec-
tively. 



4.2 Hardened concrete 
Compressive strength of concrete was measured in 15 cm cubes according to NP EN 12390-
3:2003 (IPQ 2003b) and the results are presented in Table 5. Results show that brick A always 
give smaller values than Brick B. Taking into consideration that compressive strength of brick B 
is higher, that it has better crushing strength and that its shape index is closer to that of natural 
aggregates these are predictable results.  

Partial substitution with brick B shows no reduction of strength. For series NB45 a 10 % in-
crease in strength at 90 days was observed. When all the aggregate 5-10 was replaced by 
crushed bricks, there is always a decrease of the compressive strength. 

 
Table 5. Concrete compressive strength.  

Concrete age [days] Series 
7 14 28 90 

NN50 20.8 26.6 30.5 33.5 
AA50 16.8 22.5 24.5 28.3 
NA50 22.6 26.4 29.4 34.0 
BB50 21.6 24.8 29.0 31.6 
NB50 24.3 26.7 32.3 34.1 
NN45 29.0 32.2 36.2 40.1 
AA45 20.0 26.1 27.6 32.3 
NA45 26.9 29.0 32.1 40.0 
BB45 25.4 29.0 32.3 36.0 
NB45 26.1 31.5 38.5 44.8 

 
Tensile splitting strength of concrete was measured in 30 cm cylinders using NP EN 12390-
6:2003 (IPQ 2003c) and the results are showed in Figure 3. Concrete was tested at 28 days. The 
conclusions are similar to those mentioned in compressive tests. A photo of a cylinder after test-
ing is shown in Figure 4. 
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Figure 3. Tensile strength of concrete at 28 days. 

 



 
Figure 4. Modulus of elasticity at 28 days. 

 
Modulus of elasticity of concrete was measured on 30 cm cylinders with strains being measured 
in the central 10 cm of the cylinder. Load was applied until approximately 30 % of ultimate 
load. The results are plotted in Figure 5 where it can be seen that there are no significant differ-
ences between concrete with recycled or natural aggegates. 
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Figure 5. Modulus of elasticity at 28 days. 

5 CONCLUSIONS 

Results obtained indicate that crushed bricks could be used as natural aggregate substitute. 
When 15 % by weight of natural coarse aggregate was replaced by crushed bricks the strength 
and stiffness results were almost the same (in some cases they were actually slightly bigger). 
For 30 % of natural aggregate substitution, there is a reduction of concrete properties. 

One of the most interesting results attained with concrete with crushed bricks is the strength 
development with time that leaded to strengths at 90 days bigger than those of reference con-
crete with natural aggregates. This could indicate that 28 day strength may not be a good indica-
tor of strength for concrete with crushed bricks as aggregates. 



The type of brick seemed to modify the results, at least to some extent. This means that some 
caution must be taken when crushed bricks are used as natural aggregate substitution, because in 
most of the cases the type, quality and origin of recycled bricks is unknown. 

Another interesting facet that might be considered is the aesthetic possibilities that concrete 
produced using crushed bricks hold, that in some cases could be explored such in the case of ur-
ban equipment. 

Regardless of all the work already performed in this area of research, there are still several 
aspects that must be studied and investigated. The results obtained so far from many researchers 
are quite challenging and promising. 
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1 INTRODUCTION

The Arctic sea ice area is at 70% of the amount found in 1870, and is shrinking rapidly (EPA,
2003). Forest cover is being lost at a rate of 10 million hectares per year (EPA, 2003). These
kinds of negative influences on earth show that in the transiting to the modern age humanity lost
the sustainable lifestyle, modern technology can highly improve and rehabilitate the
sustainability in products and production technology. If the lifestyle is changed accordingly the
earthly conditions are expected to improve. According to the book of WCED (1987) and the
Brundtland-report (UN, 1987) the construction industry is responsible for about 10% of the total
impact on this planet. Duijvenstein (2005) argued that striving for sustainability should not be
restricted to design sustainable buildings but also be incorporated in the district and building in
order to encourage sustainable living. There are several aspects to sustainable building and pro-
ducing that have a relation with sustainability. One of these aspects is the conditions and avail-
able materials for building. In the best situation there is minimal transportation, minimal inter-
ference with local environment and no damage to nature. For this research the focus for finding
a suitable material was on the rebuilding of Bam. Bam is a desert city located in the southeast of
Iran. Bam was largely destroyed in December 2003 by an earthquake with a magnitude of 6.5
on the scale of Richter. It is estimated that Bam needs 40000 houses rebuild. For the rebuilding
of this city a large amount of material and energy is needed and it would be beneficial if this re-
building would happen as sustainable as possible. Furthermore because there is a serious risk
that a new earthquake will occur within the next 50 years the buildings should be suitable for
this condition. This paper concentrates on the research for finding a building material for the
structure of houses that has both the best specifications for environmentally friendliness as well
as constructional features for earthquake conditions.

2 APPROACH AND MATERIALS

Before it was possible to judge materials for their applicability in the restricted situation it was
necessary to first decide on the relevant aspects for sustainability by studying the circumstances

ABSTRACT: Implementation of the new technology to answer an old problem requires an in-
novative approach. In this study, the aim was decreasing fatalities, caused by material fragmen-
tation and collapsing, in an earthquake disaster. Thus, the main goal was an environmentally
friendly way of materialization for reconstruction in a seismic desert circumstance. To achieve
this goal, two main groups of effects on the construction, including desert environmental/ cli-
mate and earthquake resonance, were investigated. Although the study is globally applicable, as
the work started with the main case study of Bam, a desert city that recently experienced a dev-
astating earthquake. Therefore, we took the local regulations and technologies seriously into ac-
count. However, complexity of several aspects, affecting the system, made the study reasonable
to be a subject for longer and broader study. We will discuss these aspects and their effects
ending the discussion up to a suitable material in this paper.
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in Bam. This means not only describing the building conditions but also establishing the locally
available materials and industry. This part of the study was done by literature research and visits
to the local area. The second part of the research existed of material testing and further literature
study. The test for the quality of desert sand for use in concrete was performed in the laboratory
of the civil engineering at TU Delft for the typology and then chemical characteristics. Samples
of 6 different specimens of fine and coarse aggregate, and clay were tested, based on NEN 5919
and 5941 (NEN, 1995). The agents of several samples found by these tests proved that the local
materials have the quality, therefore, are applicable in the concrete mix (as it was supposed that
desert sand is salty and is polluted, to be used in such a mix). The results of the mineral and
chemical tests have been compared with the relevant literatures and interviewed with experts for
the analysis and application.

3 ANALYSIS AND RESULTS OF THE STUDY OF THE LOCAL SITUATION

Although some of the processes and problems are global, this study focuses on Bam. In the end
it will be interesting to test whether the solutions found for Bam and the methodology used is
applicable globally. This is what is mending by the term Glocal that is in the title.

3.1 Desert conditions

The temperature changes over 24 hours are in desert areas known to be much higher than in
vegetated areas the temperature difference (between the highest and lowest) exceeds 50 °C in
Bam (IRIMO, 2006). This requires housing that can on the one hand withstand the temperature
difference and on the other hand helps creating a comfortable climate inside the building. For
sustainability, this leads to insulation specification as well as resistance to fast thermal transfer
(cooling and heating).
Cities such as Bam, that are located in desert areas, are vulnerable to desertification. The di-
minishing or destruction of the biological potential of land which can ultimately lead to desert
conditions is termed desertification (Pachauri et al, 1997). It is a kind of land degradation that
occurs in dry (arid, semi-arid and dry sub-humid) areas. One important factor contributing to the
acceleration of desertification and something that is occurring in all over the world is deforesta-
tion (kaya et al.1997). About 35% of the earth’s land surface is at risk, and about 850 million
people are estimated to be directly affected (MEA, 2005).The rate at which rain forests are dis-
appearing all over the world is at 2 acres (0.8 hectare) per second. This amounts to 10 million
acres per year for temperate zone forests (Kibert, 2005). In connection with carbon diffusion
into the atmosphere (can be stored in tree mass) and also resulting the climate change, soil ero-
sion and consequently land degradation. On a worldwide scale more than 2 billion tons of top-
soil is lost annually and now, more than 12.5 billion acres is considered to be degraded (Kibert,
2005). 15% of the world’s population inhabits dry lands, while 78.5 million live in areas that
have recently undergone severe desertification (UNCCD, 2005). Figure.4.1. shows the land deg-
radation on the earth due to different factors.

4.1. Causes of soil degradation



 For the situation in Bam this means that the selected material should not decrease the quality of
the land by extracting materials that are essential for that.

3.2 Land and soil conditions

Although Bam is located in the desert and there is little water on the surface, the evaporation on
the soil level is not a problem. This is guaranteed by the existence of a large numbers of Quanat.
Quanat is a water management system used to provide a reliable supply of water to human set-
tlements or for irrigation in hot, arid and semi-arid climates (Figure 1).

Figure.1. an ancient water system in the central desert of Iran called Quanat.

Because Bam is surrounded by mountains and the water coming from rain and snow is trans-
ported via the mountains into the deep layers of the land there is a constant supply of water for
agricultural activities. The water in the deep layers is transported to the surface by the ancient
system of Quanat. Bam is a town where most of the economy depends on agricultural exploita-
tion. Bam is surrounded by date plantations and any changes to the quality of the top soil would
seriously harm the economic condition of Bam. Any solution would need to consider the fact
that Bam needs a sufficient area of arable land. Figure 2 shows the agricultural area of Bam that
is now in use. Figure 3 shows the situation of it in economical activities and income of people.

Figure 2 The greenery of the city of Bam (the agricultural area on the map)



Figure 3 Share of the different sectors of the economy in Bam region (Based on the Report No.1, 2004,

pp. 11 Statistical Center of Iran).

3.3 Available materials

As Bam is a typical desert city the area provides a lot of sand. Because some desert areas are
known to be part of the bottom of ancient sees, it is possible that the sand around Bam is too salt
to be suitable for building material.
A lot of the vernacular architecture is based on clay and bricks, which can be found and pro-
duced in the area. The adobe constructions were proven to be vulnerable to earthquake shocking
and a lot of them were destroyed. Even the ancient citadel that is at least 2500 years old was se-
riously damaged by the last earthquake. Excavating the top soil to come to the clay would have
a big impact on the quality of the arable land and is expected to have a negative effect on the
available arable land and therefore on the economic situation in Bam.

3.4 Earthquake conditions

The earthquake occurred as result of activities of the Bam fault, which is located under the
boundary of the city right on the edge of eastern side (Zare, 2004). In the earthquake December
2003 the main reason for the high level of fatality have been identified as lacking systemized
construction and the quality of materials (Shahnoori, 2005).
By the site investigation the only structure that withstood the earthquake safely was found to be
the main water tank which has a reinforced concrete construction. The adobe constructions were
almost ruined and the brick structures were about 80-90% collapsed (Kimiro et al. 2005). In the
table 1 the typology of damages regarding the materials use are demonstrated.

Table 1. The observed damages in the structures in site investigations (source: Kimiro et al, 2004)

 No. Principal Material Degrees of Damage* Note

No. 1 RC C 14 spans (simple girders)

No. 2 RC D 3 spans (simple girders)

No. 3 RC D 7 spans (simple girders)

No. 1 RC C Reinforcing steel bar buckled

No. 1 Adobe A Total collapse

No. 1 Brick A Center pillar made of steel

No. 2 Adobe A Center pillar made of steel

No. 3 RC B Reinforcing steel bar buckled

No. 4 RC C Occurrence of crack on the pillar only

*Degree of damage: A= collapse, B= medium, C= Light, D= no damage
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4 RESULTS OF THE MATERIAL TESTS

The main sources of minerals in the city is from the Poshterud river, in the northern boundary
and Birdbrain River in KhajeAskar (a village very closed to the city). The quantity of the
sources have been observed and interviewed and the quality have been taken to the Netherlands.
The table number 2. demonstrates the final results of different tests on six samples of local ma-
terials. This is a summary, which out comes from the Dutch standards (Nederlandse Norm).

Table 2. The summary and final results of tests on local samples and comparison with the standards of
NEN 5919 and NEN 5941

Gravel + sand (fine) Gravel + sand (bigger)

Fine material of organic origin NEN 5919
(Color B) good for the con-
crete

(Color A) good/better

Highly expanding clay minerals NEN 5941 Not so good and not so bad

As it is going to be used in the reconstruction of a house the characteristics which are looked
through are selective. However, based on the fact that has been proven in the last earthquake
and further investigation, the reinforced concrete is basic for an appropriate material for the re-
housing in such constrains. In which study continues for the improved version of a concrete
composite. Therefore in the table 3 all the characteristics are chosen for a seismic desert house
and all of the values are relative.

Table 3 The summary of the relative values of different versions of reinforced concrete

Materials

Characteristics* Conventional concrete Fiber reinforced concrete PVA-ECC

Tensile strength 1 1 2

Compressive strength 2 3 4

Weight 1 1-2 3

Stiffness 2 2 3

Ductility 1 1-2 4

Problematic crack prevention 1 2 4

Environmental friendly 1 2 4

Durability 1 2 4

* 1= poor, 2=Acceptable, 3=Good, 4=Excellent

5 ANALYSIS MATERIAL SELECTION

From the literature and on site study it was concluded that both clay and brick had too much
negative effects on the land and were poor for seismic conditions and constraints. That is why
the second part of the research focused on concrete as structural building material for housing.
The characteristics that are compared in table 3 were derived from the information gathered in
the first research.
Because the characteristics mentioned in table 3 are equally important there was no need to add
a valuation figures to them. This means that ECC qualifies best for rebuilding structures of
houses in Bam based on table 3.



6 DISCUSSION

When people think of using environmentally friendly material in building they often come up
with natural materials as clay and brick. This paper points out that because the excavation of
clay causes so many negative side effects to the land and soil that it is hardly sustainable. Espe-
cially desert cities are at risk of desertification and deforestation, which is known to be one of
the world’s most threatening environmental effects (Kibert, 2005). Intensive use of clay would
make Bam one of the regions that is damaged by human induces soil degradation and deforesta-
tion. As the most economical activity in the city is agriculture, using clay in such a large scale of
construction (for more than 40000 houses and many of other buildings) is even more problem-
atic. Besides, the use of concrete is technologically well evolved and it adheres to the local pos-
sibilities. Concrete is strong, stiff and durable which makes it very suitable for the reconstruc-
tion of a seismic desert city. It is flexible thus its quality increases further by combination with
other materials.

Furthermore concrete is a well known material that is often used in earthquake risky areas. In
Japan a lot of researchers seek for solutions that decrease the number of fatalities. However
sustainability is not an issue with these researches and they are therefore not very applicable in
Bam. This study proves that even though steel reinforced concrete might be found suitable for
many earthquake areas it is probably not the most suitable material for Bam.
ECC is a relatively new material that is rather unknown in the building industry. The material
was developed by Prof. Li more than 10 years ago. The idea behind the material was based on
the experience with existing sorts of concrete such as the fiber reinforced concrete that was de-
veloped around 1970. One of the issues with concrete reinforced with steel bars that needed to
be tackled was the cracking around the steel bars and on critical points in the structure. Mark-
ovic (2006) studied this matter and mentions two reasons why fiber reinforced concrete could
work against this cracking. Firstly, the continuity and diameters of the steel bars with the tensile
capacity and the stronger bond with concrete, and secondly the placement of the steel bars is
being in the main tensile stresses direction, but fibers are randomly placed yet (Markovic,
2006).
For seismic conditions the ductility of concrete seems highly important. If a material is able to
slightly follow the tremor movement it is likely that the material is far less sensitive to frag-
mentation and cracking. There are some researches that focus on workability and ductility in
relation to fiber reinforced concrete (Groth, 2000; Kooiman, 2000; Markovic, 2006; Brite-
Euram Project, 2002) but they did not come up with inclusive and reliable answers for such
particular cases.

ECC (Engineered Cementitious Concrete) as studied in this research is mainly made of the same
ingredients as the conventional concrete, minus the coarse aggregates, but doesn’t have the dis-
advantages of the conventional concrete such as lack of durability, sustainability, failure under
severe loading and resulting expenses for repair (Li, 2004). Additionally the amount of steel
shear reinforcement can be drastically reduced since it remains highly ductile in shear (structure,
2007). The Michigan department of transportation used it to retrofit a section of the Groove
street Bridge Deck over I-94, in the summer 2005 (Kahl, 2005). It has been used in a the School
of Natural Resources and Environment Center for Sustainable Systems shows that in a 60 years
service on a bridge deck the ECC is 37% cheaper, has 40% less energy consumption and creates
39% less CO2 pollution than the regular concrete. Besides, in the infrastructures structures such
as high rise building it protects the FPR reinforced rebar from premature rupturing (Structure,
2006). Although practically it was not excessively used before, with its high quality will be a
popular material soon. For example, it was adopted in the coupling beams of 27- story Glorio
Roppongi High Rise in central Tokyo and the 41- story Nabeaure Tower in Yokohama by Ka-
jima Corporation in Japan that is shown in figure 3 (Popular Mchanic, 2007).



Figure 3. Nabeaure Tower, Yokohama, Japan. Source: The Concrete Producer , 2006

To make the final solution for Bam even more sustainable it is essential that the design with
ECC minimizes the life cycle costs of the building. A major goal of sustainability in cement-
based building materials is to minimize the life cycle costs of buildings. The eco-cost can be
lessened in more than one way, but according to Takao Tsumuro (2002) lengthening the lifecy-
cle of a concrete construction building, improve insulation, efficient energy consumption all
have a positive effect on the eco-costs. The differences in outside temperature between night
and day are large and these have to be leveled for indoor climate to maintain an acceptable tem-
perature inside the house. The building envelope is highly affected by heat and cold and the
shell should not only be thermally insulated, but the thermal capacity should be kept up as well.
Aside of influencing qualities such as strength, heat resistance and conductivity, the weight re-
duction can result in extensive cost reduction. With a lighter construction, the load bearing ca-
pacity can be reduced, thus constructing maybe easier. Additionally when it turns out the design
cannot prevent the building from collapsing in a severe earthquake the clearance of debris in the
area is eased. After the last earthquake there were approximately 12,000,000 tones of debris in
the affected area, which took a long time to be salvaged and removed.

The study presented in this paper is part of a bigger research into the rebuilding of Bam. It was
not a fundamental research by nature, but the intention was to find out whether ECC could be a
suitable material for Bam. It is very well possible that there are other materials or types of con-
crete that are applicable in Bam, but it is also feasible that ECC is a good and sustainable mate-
rial for a lot of other areas in the world. This would require further research but we expect that it
will prove to be a reliable material for seismic desert cities all over the globe.

7 CONCLUSIONS

- Concrete is a sustainable material for rebuilding Bam.
- ECC is a good material for a building structure in a seismic area.
- Ductility is an essential characteristic for a building material in a seismic area.
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1 COOLHOUSE 
Early EU estimates predicted 90m tonnes of CO2 annually from domestic air conditioning in 
Southern Europe by 2000, and this is now likely to have been greatly exceeded. The recent 
SIAM II study by the Gulbenkian Institute shows energy peaks are swinging from winter to 
summer in Portugal, largely due to the increased use of air conditioning. The Coolhouse system 
has been conceived, researched, developed and built to use ground cooling as a very low energy 
alternative to air-conditioning, and is now in everyday use in villas at Alma Verde in southern 
Portugal. 

Alma Verde is an upper market commercially successful 36Ha residential new community 
which will have a destination spa and wellness centre at its core working to sustain both the 
community and local economic regeneration. At Alma Verde environmental issues are para-
mount in all aspects of design, where the use of sustainable and natural materials is optimised. 
The area experiences 3000 hours of sunshine annually, humidity reaches 95%RH and diurnal 
temperatures can range from 0ºC to 21ºC. The prevailing wind from the nearby Atlantic is con-
sistently from the northwest. 

Coolhouse combines both the geothermal cooling system and the passive design and con-
struction of the building itself to achieve thermal comfort within a minimal carbon footprint. 
Strategies to support this aim begin at site level considering soft landscaping, orientation and 
building location.  
 
2 SITE CONSIDERATIONS 
Many thousands of trees and shrubs have been planted across the site as wind shelter belts, to 
alleviate the effects at ground level of the frequently strong prevailing breeze. These also pro-
vide wildlife corridors across the site linking to the surrounding wild countryside. Villa plots 
generally have a north-south orientation, with buildings being located to the north of the plot to 
provide both further wind shelter and south facing gardens. Timber trellis screens with dense 

Coolhouse: integrating very low energy geothermal cooling with 
sustainable construction  

Jes Mainwaring  

AADipl RIBA Ordem dos Arquitectos –Architect 

ABSTRACT: A study of a very low energy alternative to air-conditioning applied within sus-
tainable and energy efficient buildings, using simple but innovative construction techniques. 
The Coolhouse system passes fresh external air through ground tubes and into the building, ex-
ploiting the relatively constant below-ground temperature which remains at around the annual 
average air temperature, 14ºC in southern Portugal. This moderates the air temperature by either 
cooling or warming. The system is driven by a 0.17kW air-handling unit providing some 2.5kW 
of cooling energy in summer, and adding up to 9ºC to incoming ventilation air in winter. Cool-
house cools the adobe thermal mass of the well-insulated building construction, supported by 
passive considerations such as optimised solar shading and spaces that encourage stack effect 
natural ventilation. The adobe blocks are made on site, and have natural humidity control prop-
erties which work with Coolhouse to result in reductions of up to 30% Relative Humidity.  



climbing plants maintain privacy and streetscape where road access is from the south. The villas 
themselves are designed to optimise the solar contribution available from this north-south orien-
tation. 

3 PASSIVE ENVELOPE 

3.1 Passive design 

Careful design and construction of buildings can make a very considerable passive contribution 
to energy performance and comfort, working with active building services systems when neces-
sary. The Coolhouse buildings are designed and built to use simple and sustainable low tech-
nologies, whose characteristics work to support the ground cooling system and make best use of 
the available coolth. 

Solar gains are passively controlled by simple shading devices designed to prevent heat gains 
from the high summer sun but admit beneficial solar gains in winter, such as roof and roof ter-
race projections. Windows with unavoidable solar exposure have timber shutters and are set 
deep into the external wall for natural summer shading, where a solar reflective coating within 
the high specification glazing gives further passive protection. Generous north facing windows 
provide good levels of natural day lighting to the interior, and are free from solar gains. 

3.2 Thermal mass 
Heavy dense building materials have the capacity to store heat and cool by maintaining their 
temperature for long periods, and this thermal mass can serve as a radiant source of warmth or 
coolth. When thermal mass is well-insulated from outside ambient conditions, whether hot or 
cold, this capacity can be exploited to maintain thermal comfort internally. The Coolhouse villas 
are largely built from solid adobe blocks within an anti-seismic concrete frame and an adobe 
render finish, providing all-round thermal mass. The tiled beam and block concrete floors, and 
the well-insulated inverted roof design to roof terraces, all enclose the spaces they form with 
useful thermal mass. Typically, solar gains from the low winter sun warm the interior through-
out the day, and much of this warmth is absorbed by the thermal mass of the adobe construction, 
raising its temperature. Good insulation and high performance glazing prevents the heat from 
dissipating to the cold air and winter night sky to the extent that mechanical heating systems are 
often not needed. In summer, the incoming cool air from the Coolhouse system keeps the ther-
mal mass temperature down, maintaining a cool internal environment. 

3.3 Humidity moderation 
Adobe (sun baked clay) also has a less well-known characteristic in its ability to absorb airborne 
water vapour when humidity is high and release it when humidity falls. This helps to passively 
maintain significantly lower levels of Relative Humidity internally, avoiding the need for de-
humidification. Water vapour from occupation activities such as showering and cooking are 
substantially removed at source by extract fans operated by presence detectors. 

3.4 Glazing 
Glazing specification plays a significant part in the Coolhouse low-energy strategy, with argon 
filled low-E solar reflective glasses, laminated for security, restricting both heat losses and gains 
with a manufacturer’s u-value of 1.1W/m2/ºC. 

3.5 Passive ventilation 
Good ventilation is also an important factor in achieving thermal comfort, particularly in hot 
climates. The design of internal spaces can passively promote air movement by the use of dou-



ble height spaces or towers, encouraging a stack effect where warm air rises naturally and ex-
hausts to outside. Incoming fresh Coolhouse air continually displaces warm internal air with 
cooled air when the system is running. As well as bringing in fresh cool air for ventilation, the 
thermal mass temperature is also kept low. 

3.6 Embodied energy 
Embodied energy, the energy used in winning raw materials, manufacturing processes, transport 
and so on, is also a significant energy expenditure that can passively contribute to reducing a 
building’s carbon footprint. It has been suggested that by the time they are built many buildings 
have already cost in embodied energy 10-15% of the energy they will use during their entire 
lifetime of use and occupation. The Coolhouse villas are calculated to achieve a 15% reduction 
in their embodied energy compared with standard construction. Natural materials generally have 
low embodied energy. Timber in roof construction, window frames, staircases etc; natural stone 
door and window cills, worktops and wall and floor finishes; adobe blocks and render in the 
building construction all contribute to this saving. The sun-dried adobe blocks at Alma Verde 
are made on-site from local clay, hugely reducing firing and transport energy costs in addition 
to the other beneficial characteristics of adobe. Natural materials also have a ‘feel-good factor’ 
that people respond to and like to have around them. 

4 BUILDING SYSTEM 

4.1 Adobe 

Anti-seismic regulations in Portugal require concrete frames for virtually all structures and be-
cause of this, walls are generally non-loadbearing infill panels which need to support little more 
than their own self-weight. This allows a composite external wall panel designed to meet envi-
ronmental rather than structural design demands. The inner leaf is 115mm wide adobe block and 
mortar with 15-20mm adobe render internally, which effectively gives a monolithic thermally 
massive clay slab of 135mm width. Internal walls are also built from adobe block and render at 
either 270mm or 140mm width. A wall thickness of up to 500mm is usually required for adobe 
block construction to achieve structural strength by itself. It is important to maintain structural 
breathability for adobe construction, and laboratory tests were conducted at the University of 
Oporto to verify the vapour permeability of a variety of readily available types of paint. Water-
based paints proved to be more breathable at significantly lower cost than their mineral paint 
equivalents, and provide the internal finish.   

4.2 External wall panels 
The adobe inner leaf is tied with stainless steel wall ties to the outer Tabicesa system terracotta 
100mm block leaf. This block is used not only because it has better thermal performance than 
the standard Portuguese tijolo hollow terracotta block, but also due to its design. The ends of the 
blocks are fluted so that the blocks physically link together without the need for mortar at the 
vertical joints. Whilst this is designed for speed of construction, it also ensures breathability 
through this element of the external walls. There are two reasons for using a fired clay block in 
this location. Adobe has to be protected against prolonged exposure to water. The buildings are 
detailed so that the Tabicesa leaf forms part of a fully weatherproof building shell which can be 
completed before any adobe is installed internally. This sequence allows dry working conditions 
which protect the adobe from water damage if construction takes place during wet weather. The 
second reason lies in the use of the external insulation system which forms the outer layer of the 
wall composition. 



4.3 External Insulation 
In order to procure the manufacturer’s guarantee for the external insulation system as part of 
this construction, accelerated ageing tests were undertaken at the STO laboratories in Germany 
to investigate the untried durability of the adhesive to an adobe surface. Whilst it did not fail in 
the laboratory, the manufacturer advised that a hard fired clay surface would remove any risk. 
External insulation is the ideal strategy for this form of construction, as the system is breathable 
and the very tough thin coat mesh and acrylic render finish is self-coloured, self-cleaning and 
flexible. This avoids the surface cracking associated with the standard cement render finish 
caused by the thermal shock of the diurnal temperature range, and eliminates the high mainte-
nance demands of painted cement render. Thermal bridging is entirely avoided at openings and 
around the concrete frame, giving an overall u-value of 0.4 W/m2/ºC for the 300mm composite 
wall with 60mm of expanded polystyrene insulation. External insulation also covers the ground 
beam to 700mm below ground level to isolate the floor slab and sub-floor plenum from thermal 
bridging to outside ground temperatures. 

4.4 Roof 
At eaves level the external wall insulation extends above the concrete ring beam to seamlessly 
meet the insulation within the roof construction, completing the unbroken insulation envelope. 
Laminated timber rafters support the timber sandwich panel pitched roof deck, with its 80mm 
extruded polystyrene insulation core and factory-finished timber underside forming the ceiling 
to the rooms below. Finished with clay interlocking roof tiles on timber battens and a breathable 
waterproof membrane, the roof achieves a u-value of 0.31 W/m2/ºC resisting heat gains from 
the hot sun and losses to the cold clear winter sky. 
All of these elements contribute to making full use of the cool incoming fresh ventilation air 
from the ground cooling system, which displaces warmer air to exhaust through permanent 
trickle ventilators in the timber window frames. 

5 THE COOLHOUSE GEOTHERMAL SYSTEM 

5.1 Ground Cooling 
The temperature of the ground at 2m below the surface is believed to be within a degree or two 
of the annual average air temperature, which in southern Portugal is 14ºC, with some variations 
following from seasonal outside air temperature. If warm fresh external air is passed through the 
ground at this depth, it will lose its heat to the ground which serves as a heat sink. It may be use-
ful if the ground is in shade or regularly watered as this helps keep the ground temperature cool 
and is likely to extend the hours that the system can operate. A period of perhaps ten hours per 
day is needed to allow the ground to dissipate its acquired warmth. Engineering calculations, 
CFD modelling and practical installation design for the given volume of building to be cooled 
optimised with two ground tubes each of 25m length. These are built from simple readily-
available PVCu drainage components through which air is pulled by a 0.17kW variable speed 
air-handling unit within the house at the required velocity of 4m/sec. Fresh external air enters 
the system through a louvre on the cool north façade into a small chamber housing the air in-
takes. From here the ground tubes, which are laid with a fall of 1:60 (1.5%) to a sump at the 
deeper end to enable periodic cleaning, loop through the ground to terminate in the sound-
insulated fan chamber. Passing through the fan and attenuator, the incoming air is ducted on-
ward through a 315mm tube below ground, again from PVCu drainage components, to dis-
charge into the fully damp-proofed sub-floor plenum. From here the cooled air passes directly 
through discrete and carefully sized slot outlets at skirting level at a velocity of 1.2 - 1.5m/sec 
into the space. The system continuously supplies low level cooling for up to 14 hours per day, 



cooling both the air and the thermal mass and reducing internal temperatures by as much as 
12ºC below the outside air temperature. 

5.2 Ventilation pre-heat 
In winter the effect is reversed, as cold incoming air gains heat from the ground instead of los-
ing heat. Ventilation air entering the system at 5ºC has been shown by monitoring to be leaving 
the ground tubes at 14ºC having gained 9ºC above outside air temperature, which is useful as 
ventilation pre-heat. This pre-warmed ventilation air is further warmed by the heating system as 
it enters the space. The heating system comprises a radiant heated skirting (rodapé) wet system 
around the perimeter of the rooms, driven by a 97% efficient modulating condensing gas boiler 
which also provides domestic hot water. With the fan speed reduced, incoming ventilation air 
passes slowly behind the heated skirting which warms the air further before it discharges 
through the outlet slots into the space. During the heating season the programmer can be set so 
that if the Coolhouse system is running it will override the heating system programme, and call 
for heat to be supplied to the heated skirting. This allows fresh internal air even with unpleasant 
external weather conditions.  

This low temperature heated skirted system has other advantages over conventional radiators. 
The relatively high temperature at which radiators operate leads to hot spots in the thermal mass 
which can be uncomfortable, as well as causing fast-moving convected vortexes of rising hot air 
which distribute dust mites and airborne dust particles. Low temperature radiant skirting oper-
ates at a maximum of 180W/lin.m. The slowly rising continuous curtain of convected warm air 
not only evenly warms the thermal mass but also limits the airborne distribution of pollutants 
with obvious health benefits. It also gives the freedom to place furniture anywhere against the 
walls. 
 

6 PERFORMANCE MONITORING 

6.1 Monitoring 
The integrated Coolhouse strategy was monitored for eight months during the exceptionally hot 
summer of 2003 by Faber Maunsell of London, conducting all monitoring processes according 
to standard international protocols. Using Hobo H8 data loggers, outside air temperatures were 
recorded on the shaded north façade along with ambient external Relative Humidity levels, 
whilst air temperatures and RH were also monitored at the entry and exit ends of the ground 
tubes. Air temperatures and Relative Humidity levels were also logged within the house, where 
data collected in the living areas tells of the real impact of the integrated Coolhouse strategy as 
it is experienced by occupants. 

6.2 Passive humidity moderation 
The capacity of adobe to entrain and release airborne water vapour has not been subject to much 
quantified research, but the beneficial results are striking. Monitoring of an occupied house 
shows that when humidity was running high at 95%RH outside, internal humidity was recorded 
at a maximum of 65%RH which is a massive reduction of 30%RH. This reading represents peak 
conditions; nevertheless reductions of over 20-25%RH are consistently recorded. The trend line 
shown on the monitoring graph represents to an extent an occupant’s experience of internal 
conditions. This trend line runs from about 58%RH falling over time to about 51%RH against 
more or less consistent outside conditions, and continues to fall reflecting the fact that the newly 
built house is drying out. This suggests that the final internal Relative Humidity will be consis-
tent at no more than 50%RH. The RH band of 40-60%RH is considered to be the optimum for 
human health, and eliminates the respiratory disorders or dry eyes that can result if this range is 
exceeded. Unpleasant living conditions caused by condensation and black mould growth are 



prevalent in standard local construction in this climate and are very unhealthy, particularly for 
asthmatics. Damp is absorbed by bedding, clothing and paper, and mould appears on leather-
wear, a problem which is commonly resolved by the use of electric dehumidifiers and wardrobe 
heaters. These problems are eliminated within the Coolhouse buildings, where salt remains dry 
in the salt cellar instead of absorbing water. 

Whilst the mechanism by which this humidity reduction process takes place is not fully ex-
plained or researched, my belief is that two processes are working together. Internal airborne 
water vapour is drawn into the adobe element of the composite external wall due to the nature of 
the material. The mild pressurisation of the interior of the building caused by the incoming 
Coolhouse air forces the entrained water vapour to exfiltrate through the breathable external 
wall to dissipate outside the building. What is certain is that Relative Humidity is being very ef-
fectively reduced to healthy and comfortable levels.  

 

6.3 Internal air temperature reduction 

Monitoring of internal air temperatures over the very hot summer also confirmed the effective-
ness of the Coolhouse ground cooling strategy, removing peaks of outside air temperatures and 
achieving an even air temperature throughout the year. The trend line for an unoccupied house 
stands consistently at 25ºC, where an occupied house predictably holds its temperature at a de-
gree or so higher. In the hottest peak conditions, this represents an internal temperature reduc-
tion of 12ºC compared with the 38ºC recorded as the outside air temperature. Consistently stable 
and comfortable internal conditions are maintained regardless of conditions outside. This with-
out doubt results from the combination of thermal mass with the Coolhouse ground cooled air, 
supported by the other passive measures designed into the buildings.   

 



 

7 SUMMARY 

The integrated Coolhouse system operates in a very different way to conventional air-
conditioning, providing stable reduced temperature internal conditions through a constant sup-
ply of cool air. Unlike thermostatically-controlled air-conditioning which will supply blasts of 
cold air irrespective of outside conditions until its set point is reached, Coolhouse air maintains 
some relationship with outside air temperatures. This avoids the discomfort associated with the 
greater DT found with air-conditioning. The Monitoring Report confirms that the system is ro-
bust and may be operated in a number of different ways, such as long or short periods, night 
purging etc and still achieve very acceptable internal temperatures. It concludes that the Cool-
house technologies are very successful and provide high comfort levels for low energy con-
sumption, and everyday use confirms occupants are more than satisfied with the system as a vi-
able alternative to air-conditioning. 

The Monitoring Report calculates to achieve the same environmental conditions, the use of 
split unit air-conditioning in the same three monitored houses would generate 15,200 kgs/CO2 
compared with the 810 kgs/CO2 which the Coolhouse system generates.  

This represents a 94% saving in CO2 emissions, with a payback of nine years for the cooling 
contribution only. As such, it has the potential to make a considerable impact on the CO2 emis-
sions resulting from the increasing use of domestic air-conditioning in hot climates identified by 
the SIAM II study. 



To face the theme of prefabrication within sustainable architecture involves the need to 
investigate a wide series of aspects that caused deep changes in the building process: the 
orientations of design activity and of production offer, the adoption of techniques and 
construction practices, the modalities of buildings management. Environmental issue has in fact 
assumed an important role in directing the strategic choices in construction sector both at 
commercial level, both at normative level, and through a progressive rethinking of architecture 
design and its construction phase. 

The concept of prefabrication has assumed during the years a less rigid meaning in 
comparison to the hypotheses assumed in the period of its theoretical formulation: we assisted 
in fact to the passage from “heavy” and closed systems, to products and systems – result of 
processes of light production – functional to the rapidity of the cycle of production and to lesser 
employment of resources, easily adaptable to the variability of demands of the market and 
contextual situations, to assemble with dry techniques and able to guarantee the satisfaction of 
specific technological and environmental requisites. The use of the increased potentialities of 
design and productive processes allowed the passage from an economy of scale to a scope 
economy, contributing to the development of morphologically similar products, but with 
different dimensions and performances. Therefore not numerous samples of a same type of 
product but a number, varying on demand, of different products from the same typological 
class. 

The diffusion of prefabricated products and systems in industrialized countries appears rather 
variable: if in Scandinavia in fact around 80% of new houses is realized off-site, in the United 
States – despite the promotional efforts of various government agencies – the market is strongly 
dominated by traditional building processes (Kieran & Kimberlake 2003). In Japan few great 
corporations control the prefabrication market, with companies like Toyota that, with 
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sophisticated IT driven production and assembly plants, is capable of producing thousands of 
housing units per year (Bottom, Gann, Groàk & Meikle 1996). Different firms, using 
CAD/CAM manufacturing capabilities, Enterprise Resource Planning strategies and software, 
and advanced building simulation capabilities into manufacturing processes, can produce high 
quality, high performance building products at relatively low cost. 

Especially in countries like United Kingdom, Sweden, Germany and Japan, in the last years 
numerous research projects were finalized to investigate the possibilities of development of 
standardized production and employment of prefabricated products and systems in 
housebuilding. The research projects involved manufacturing firms, research institutes, 
universities, designers and building contractors and allowed to individualize numerous 
consequential advantages from the employment of advanced systems of production and to 
delineate the future scenarios of the Off-Site Manufacturing (OSM). 

From the sustainability point of view, the advantages from the use of prefabricated products 
and systems are in fact related to a greater control of quality in the production phase, less waste 
of material in factory and on site, higher speed in the construction phase. The consequences 
include the improvement of profitability and productivity for contractors, the increase of 
guarantees on product final quality for buyers and consumers, the reduction of resources 
employment and of general investments finalized to the building construction, less impact on 
the environment during on site works. 

Figure 1. Steel-frame housing construction method by Toyota Home. The company is developing 
new products which meet “Next generation energy-saving standards” and has been taking measures 
to reduce CO2 emissions at both the occupation stage and the production stage. In the graph the 
results of waste reduction measures at construction sites of prefabricated houses and goals (Toyota). 
 
 



 
    In fact, according to the scheme of environmental evaluation by the European Program 
EuroHouse (Long 1999), are considered, among the consequential benefits from the 
employment of prefabricated systems: 
- from 30 to 60% in the reduction of times on site through a more efficient coordination of the 
different construction packages; 
- the reduction of 50% of water quantity in comparison to a traditional construction; 
- 50 reduction% of the quantity of material utilized and produced by excavations; 
- wider use of recycled materials (like timber, steel, aluminum, etc.); 
- up to 80% in the reduction of waste materials during on site works; 
- up to 60% in the reduction of CO2 emissions and of annual energy consumes during building 
life cycle; 
- possible reutilization and reuse of prefabricated elements. 

The raising of prefabrication is mainly addressed (even if interesting niches of production 
remain in commercial, hotel and industrial sector) to the diffusion of structural building systems 
in the housing market. This tendency departs from the consideration that it is necessary to use 
industrialized components able to answer quickly to the variability of demand, fitting without 
conflicts in the market of the traditional contractors. Building systems must be able of mutual 
integration and be conceived and coordinated to be assembled to create not a single house 
model but different solutions and typologies, realizing buildings that are not formally and 
technologically determined by its use. The issues connected to these strategic objectives are: 
- the research for every component of the maximum dimensional and finishing variability; 
- the research of the maximum speed of construction with the wider quantity of dry assembly 
procedures; 
- the minimization of the number of components; 

Figure 2. Structural timber housing system. Precision-engineered wall and floor panels are fixed 
together before the roof is lifted on to the top (Space4). 
 
 



- the use of lean production processes to reduce the incidence of stocks and to increase the 
product quality; 
- the development of assembly procedures independent from atmospheric conditions; 
- the research of minimum weight; 
- the facilitation of maintenance operations. 

With such premises, one of the most interesting challenges for the diffusion of OSM in 
housing building process concerns the overtaking of cultural barriers connected to 
standardization and prefabrication issues. Among the different actors of the building process, 
users and designers result particularly damaged by the errors made during the long history of 
prefabrication: errors that, at different scale, can be recognized in the majority of housing 
experiences in different countries. The carelessness of contractors in comparison to design 
reasons, the general low quality of the buildings, the abrupt fall of building performance with 
inevitable investments for the maintenance – in many cases uncertain and transitory – have 
contributed during the years to the abandonment of housing prefabricated systems and to 
privilege building solutions mostly known and controllable. Particularly, users recognize 
buildings realized with the traditional technologies more in conformity with the applications of 
reliability, resistance and duration in comparison to the prefabricated building systems (Craig, 
Laing, Edge 2000). At general level can be said that a typical tendency is to introduce in the 
market, close to the basic constructive system, more and more articulated series of special 
elements, or in any case integrated, that completed the offer of traditional products and systems, 
preserving therefore the possibility to continue to use materials management on site 
consolidated in the building tradition. 

 

Figure 3. In Volumetric system the CFS braced units are completely prefabricated in the factory and 
can be delivered to site with all internal finishes, fixtures and fittings in place (Kingspan). 
 
 
 



Not by chance some recent productive tendencies include not only the offer of building 
solutions with high level of prefabrication that can be completed with traditional materials and 
techniques, but also OSM systems like, for instance, monolithic brick panels that, thanks to its 
reassuring formal qualities, result particularly accepted by users. 

In such point of view it is possible to individualize the tendency from public and private 
clients to ask for a wider use of OSM in housing interventions, both for building elements and 
for installation systems, supported by numerous research programs by manufacturing firms of 
materials and components, finalized to the improvement of the production processes and the 
increase of products performance. The prefabrication task of the last years can be seen in a 
series of housing realizations, some of which experimental, useful to verify formal and 
technological potentialities of the prefabricated systems (Arieff & Burkhart 2002; Birkbeck & 
Scoones 2005). Broadly publicized by the press in different countries, these realizations have 
seen the collaboration of users associations, local administrations, manufacturing industries, 
designers and contractors, succeeding to reach satisfactory results in commercial and design 
terms. 

In the wide catalog of structural prefabricated systems available on the market result 
particularly interesting those with large scale elements, like façade panels, floor slabs, 
staircases, bathroom pods, etc., made in timber, steel or reinforced concrete. The trend to use 
large prefabricated elements sees the building manufactures proposing elements with high 
performances, low formal predetermination, light and dimensional flexibility, to assembly with 
easy operations. Such systems don't exclude besides the possibility to be completed with 
traditional techniques and materials, through an interesting process of contamination and 
integration of building solutions with different level of innovation. 

The use of prefabricated structures allows besides to minimize waste production on site, that 
becomes the place where to assembly industrialized products and not a place where to create 
manufactured articles (with consequent extension of construction times, waste production and 
possible increase of errors). 

As consequence of different researches and realizations of residential buildings in different 
countries, we assisted in the last years to a growing diffusion of structures conceived and 
designed to be realized with large dimension elements (panels or three-dimensional modules) 
created by the assemblage of horizontal and vertical elements. Vertical panels can be formed by 
a rigid closed cell insulation, as pressure injected CFC free polyurethane, incorporated among 
outer skins of aluminum, galvanized steel, concrete or Oriented Strand Board (like the 
Structural Insulated Panel - SIP), or from a frame of braced profiles in Cold Formed Steel 
(CFS), manufactured from roll formed galvanized steel strip with thickness between 1.2 to 2.4 
mm. The use of steel seems to play a fundamental role in sustainability issue, particularly for 
the attributes shown in Table 1. 
 
Table 1. Attributes of steel in sustainable construction (Widman 2005). 

Usability Steel construction is pre-fabricated in efficient factory processes with minimum use of 
resources, and enables long-span, high rise and flexible buildings 

Speed Steel structures are installed rapidly on site which reduces local disruption 
Weight Steel construction are light and therefore efficient on materials, energy, transports and 

emissions. The low weight also enables vertical extension and optional location 
Waste Steel construction is very material efficient, generating low amount of waste, and most 

of the waste is recycled 
Performance Steel is high performance, dimensionally accurate material, produced with modern 

computerized technology 
Logistics Steel structures are delivered to site “just in time” for nstallation and can be produced 

locally 
Durability Steel structures have long very design life and the high quality remains 
Health Steel construction is dry construction, low-emitting material, controlled and safe 

process and leads to high quality architecture 
Recyclability All steel can be recycled without quality losses and all steel has recycled content 
Reusability Steel buildings or components can be dismantled, upgraded, relocated or re-used 



  
    In such point of view CFS members – light, easily-handled and with a wide range of shapes 
and dimensions – can be combined as Panel construction, Volumetric or Semi-volumetric 
system (Trebilcock 1994; Gorgolewski, Grubb, Lawson 2001). In the Panel construction wall 
panels, floor cassettes and roof trusses are prefabricated in a factory and later assembled on site. 
In the Volumetric system units are completely prefabricated in the factory and delivered to site 
with all internal finishes, fixtures and fittings in place. Units are stacked side by side, or craned 
one above the other, to form a stable finished structure, using the form resistance of the 
"wagons" and the dimensional precision reached by productive processes. In the Semi-
volumetric "hybrid" solution Panel and Volumetric systems are used together. 

The three-dimensional units are generally employed for those parts of the building – as 
bathrooms and kitchens – that require long time of realization and skilled labour. The different 
members of the systems are lifted and assembled among them using dry connection systems to 
reach, according to the different systems, from three to five floor height. In the Volumetric 
solution the main installations systems are directly incorporated in the factory inside the panels: 
on site must be made only the necessary connection among the different modules. Therefore the 
construction proceeds rapidly and not only guarantees the reduction of realization times 
(calculated around 60%), but also of the service life energy (25%), in comparison to more 
conventional construction procedures (Widman 2004). 

The systems can be completed with the integration of different materials, products and 
techniques, also not necessarily from industrial source. It’s possible in fact to realize on site 
some parts of the building – as the staircase-elevator tower – or to use dry assembly systems, as 
the different typologies of envelope with metal studwork substructure and external rainscreen. 
   The possibility to integrate the systems with different technologies is related with an aspect 
that makes reference to the recent innovations of the productive processes. The use of these 
systems doesn't condition in any way the architectonic outcome, thanks to possibilities offered 
in factories by versatile methods of production, able to vary on application some characteristics 
of the products, in times and costs comparable to those of series production. Through the use 

Figure 4. Application in Malmo (Sweden) of almost fully equipped modules in light gauge steel 
framing mounted in a framing system with steel columns to form multi storey residential buildings. 
The system provides cost-effective, environmentally sustainable dwellings of good quality and with 
short production time (Open House System). 
 
 



of light production models it is in fact possible to quickly modify the type of workmanship of 
the elements that compose the systems offering diversified configurations of the final product. 

Even if the manufactures generally have the tendency to provide prefabricated elements with 
standard dimensions, in effect it is possible to produce numerous typologies of elements with 
notable borders of morphological, dimensional and technological variability. 

The speed of construction, assured by the physical characteristics and by the assemblage 
modalities of the elements, permits also interventions in high density areas, minimizing the 
risks and the uneasiness on site and in neighboring zones, as for instance noise, dust, vibrations, 
etc. An aspect that influences in negative way the diffusion of the large element prefabricated 
systems is the equipment for the lifting. Usually habitants feel like an intrusion in their private 
life the use of big cranes and bulky lifting systems for building operations. Some contactors 
transport the prefabricated elements on trucks provided of small sized cranes to avoid the 
construction of fixed equipments and try to obviate the problem suspending the prefabricated 
members to the arms of the site equipments (generally excavators), using it as handling 
operator. 

Building industry of prefabricated components tries therefore to orient itself toward a 
production in agreement with eco-compatibility issues, promoting the decrease of material and 
energy intensity of the production processes and reducing, at the same time, the use of non 
renewable resources. To such strategic finality are evident numerous points of contact between 
the innovative ways of industrial production and the sustainability goals. In fact, besides the 
design and the eco-compatible construction, it is important also to develop conditions of 
sustainability within the housing industrial production. In fact the investments of numerous 
manufacturers try to individualize the possibilities that industrial production offers for an 
advantageous relationship among environmental aspects and methodologies of improvement of 
production processes and products. Some modifications related to the structure of the 

Figure 5. Comparison of procurement and construction process between on-site and modular 
construction for a typical medium-sized building (Gorgolewski, Grubb, Lawson 2001). 
 
 



production, already in action in the building sector and finalized to the continuous improvement 
of the processes, can cooperate with the issues of the environment safeguard. Its new 
productive logics constitute a factor of connection with a wider environmental responsibility, 
converging toward processes of prefabrication finalized to a low impact in the use of resources, 
in the organization of the productive sequences and in the management of the products cycle. 

Moving more of the construction process from the building site into the relative safety of 
factory conditions, where efficiency and control can be better managed, seems to have the 
potential to lead to significant sustainability improvements compared to traditional site-based 
construction, not only with technical benefits – that include increased speed of production, 
reduced levels of defects and waste, greater efficiency in the production process, and reduced 
impact on the environment – but also social benefits, like improvements in health and safety, 
more stable employment, investment in machinery and development of skills. 
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1 INTRODUCTION 

The building industry, being one of the most important economic sectors, resists to innovation, 
and still relies on traditional technologies, methodologies, legislation and production lines, that 
are somewhat “old fashioned”. However, new products and innovative technical solutions are 
gradually coming out, pushing positively the construction sector productivity indexes, leading to 
a better quality of the building systems and increasing the global living standards (doing “more, 
with less”, reducing the construction environmental impacts). Several studies have shown that 
energy consumptions in buildings can be reduced more than 30%, if energy-efficient solutions 
are adopted. But, even with a growing sensitiveness, persists a lack; of energy efficient products 
or eco-efficient standard technologies on the market. 

“SOLAR TRAP-architecture”, found in this void, the motivation to develop an idea, and to 
create “synergies” with the Civil Engineering Department of Minho University, to join their ex-
perience working on the field of bioclimatic architecture and in physical performance of build-
ing materials and technologies. This experience gave us the ability to clearly identify some 
common problems, to create methodologies and the correct tools to solve such a complex prob-
lem. So, the Eco Efficient Window (JEE) was the right opportunity to develop a design and 
R&D multidisciplinary project, consisting in the industrial production of a window, which inte-
grates high standard technological solutions, for thermal, acoustic, ventilation and visual per-

Jee - Janela Eco-Eficiente (Eco Efficient Window); Development 
of a high performance standard window. 
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ABSTRACT:
Eco Efficient Window (JEE) it’s a design and R&D project, consisting in the production of a 

high performance window to be applied, both in refurbishing and new construction. JEE aims 
to reduce the energy demands and the CO2 emissions, during the Life Cycle, tacking advan-
tage of sun radiation and recyclable materials on its construction.  
Patented as a standard indivisible object, the Eco-Efficient Window functions 24h a day, in 
buildings south facing and good envelope conditions. JEE is composed by two systems that re-
spond to different phenomena:  
1) Span (glazed window or door) - daylight, ventilation and acoustics; 
2) Thermodynamic (vertical part of the span): sunspace ventilated Trombe Wall, facultative 
electrical heating backup system to increase autonomy to the object, and reactivity to the natu-
ral processes, avoiding the use of another acclimatization system, saving money and resources.  

To respond to the conceptual and technological objectives, the methodologies had to be 
solid and clear, finding in the final drawing, the correct compromise between: visual aspects, 
technological performance, eco-efficiency, and cost/benefit values in a large scale production. 
 



formances. As an innovative project, JEE aimed in the first place, to put questions and to give 
creative answers to the citizens, projectors, entrepreneurs and constructors, following recent po-
litical strategies to rationalize the use of energy and minimise the dramatic environmental im-
pact of the buildings. In that sense, eco-design is not only a tool, but also a mean to change, 
from a linear destructive paradigm, to a new ecological and circular civilization. Another objec-
tive of JEE project, was to go beyond the established “common-sense” of projecting the exterior 
spans of buildings, only as aesthetic architectural symbols, forgetting that, they are a fundamen-
tal element of the façades, acting as important filters of physical phenomena linked to heat, light 
and sound, that occur between the interior and exterior of dwelling spaces. JEE also wanted, 
since the very first moment, to be a large spectrum conceptual object, to be applied both, in new 
and in refurbished buildings, trying to refresh, with a new window system, the exterior image of 
an immense amount of unqualified buildings – constructed since de 60´s, were JEE can be eas-
ily applied, in good performance conditions, contributing to give them a second life, without 
them being demolished. Finally, JEE, wanted to, give a low-tech response to complex issues, 
without compromising their simplicity, versatility, ergonomics and operational aspects. 

To achieve such an ambitious objective, the project methodologies had to be solid and clear, 
finding in the final drawing the right compromise between: design concepts and aesthetic as-
pects, technological performance, eco-efficiency, and cost/benefit values on a large scale pro-
duction. The A.Solar and U.Minho teams, followed latter by the SAPA-building systems team, 
never had hermetic postures. The ideas flowed between teams, in brain storming encounters. 
But finally, although the strict directions of the Visual DOE 3.1 and Ecotect software simula-
tions models were respected, intuition played very important role, in what concerns the energy 
issues, and architectural or design thinking. That’s why, it is so important to architects, to have a 
comprehensive knowledge of basic physics. Architects and designers have a trained capacity to 
visualize and resolve abstract 3d problems, and understand that energy flows in 3dimentional 
complex space geometries. So, with proper training, they can integrate those issues, from the 
very beginning of the project. But the scale of the phenomena is both interactive and infinite in 
space time and scale; from the atom to the universe, passing by the materials, the biosphere and 
human behavior. The task is immense. As creators, we know, that every drawing action, plays a 
role, under our great energy source, the Sun. 
 

First Steps: 
1) Form / Function (methodology) 

a) Design Team – The tasks started before the software validation models, trying to find as 
much as possible combinations and drawing possibilities, to shape the very first idea (to 
attach to a window, two basic passive solutions, a sun-space, and a ventilated Trombe 
wall), and to find the right combination between: winter, mid season, and summer solar 
heat gains, energy dynamic flows, daylight and visual aspects. Our intuitions were later 
confirmed by software outputs. It was a very creative stage, and a lot of interesting ideas 
were explored. The “Eureka moment” came. The option: “sun space and Trombe wall 
vertically disposed to the side of the span”, was chosen. An “insulation door and sun ra-
diance concentrator” was added, to improve the heating power of the sun, into the 
Trombe wall accumulator (different stages Fig.1). 

Fig 1 design research stages 



 
b) Dimension / Standard measures – We started to take notes, of the measures of different 

windows. 300 files were opened with the following inputs: photos; address; dimensions; 
and building system. Soon, that task showed results, but it was too difficult to conclude. 
So, we started inquiring directly, windows building system industries and appliers, by 
mail or phone. The results offered more possibilities, as how to define the correct dimen-
sion of a standard window. The most common Height (related to the concrete portico 
system) was under or 2,4m; Width = 1,5m; Depth = 0,31m. 

 
 
 
 
 
 
 
 

 
 
 
 
 
Fig 2 Typical refurbishing “JEE buildings”  
 
 

 
c) Case Study characterization: - Building site – Guimarães; Meteorological data - monitor-

ized on site; recent construction; south facing orientation; domestic occupation; LCA 
20years, error margin 5%. 
Envelope conditions:  
- Ext. wall/40 cm - U = 0.48 W/m2K 
- Int. wall/15 cm - U = 2.11 W/m2K 
- Pav - U = 2.11 W/m2K  
- Roof – U = 2.84 W/m2K Last line of first page 
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Table 1 - Confronting solutions with heat necessities 

 

2) Materials - Thermal properties: 
 

CASE STUDY MATERIAL TROMBE WALL Thickness 
(cm) 

1. Granite 15 
2. Earth - Adobe 15 
3. Ceramic - Red clay 15 
4. Stone - Schist 15 
5. Concrete 20 
6. Stone – Granite 20 
7. Earth - Adobe 20 
8. Ceramic - Red clay 20 

 9. Stone - Schist 20 
 
Table 2 – Case Study representation, material thermal performance 
 
 

GLASED Trombe Wall 
CASE 

STUDY Lat. 
Shaded 

High 
(m) 

Large 
(m) 

Area 
(m2) 

Ventilated
High 

(m) 
Large 
(m) 

Area 
(m2) 

Heat Nec 
(kWh) 

Night 
(kWh) 

CB No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 726 499 

1 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 725 496 

2 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 729 516 
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Aenv=2.375 m2 
At= 1.25 m2 
Vc=62.5m3 

 

Lateral shaded - No 
 
Trombe wall 

HNec.n= 539 KWh 



3 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 727 503 

4 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 726 498 

5 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 727 500 

6 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 726 496 

7 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 730 518 

8 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 727 504 

9 No 2.5 0.95 2.375 Yes 2.5 0.5 1.25 726 498 

Table 3 – materials and heat necessities  
 
Analysing (1) (2) steps: 

The vertical arrangement increases on all respects the energy performance of a window with 
an associated thermal system as we want to create. 

Allowing sun radiation to penetrate more profoundly into the interior space, by the glazed 
span, the direct sun gains and natural daylight reflection possibilities are increased. The thermal 
performance of the attached ventilated Trombe wall system, being vertically disposed, will work 
better than others - horizontally disposed (see. Table1). This can be justified because, if the en-
ergy flows vertically, there is an increment of heat exchange properties - by contact, radiation or 
convection. Natural thermal circulation will be also be increased. (case 4) (case 8). 

Analysing the thermal properties of the materials, we can conclude that granite, followed by 
concrete; achieve better results in thermal accumulation. By increasing the thickness of the 
Trombe wall, there is an increment of heat necessities to achieve space thermal comfort. 

 
3) Technology / Functioning: 
a) Simulating association - Trombe Wall + Sun Space: 
 
Table 4 – Thermal influence of associated systems. 
 

Schemes  Visual DOE3.1 
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1- Window 

 

JanelaTombe 
fixa

 
2- Trombe Wall 



 

Janela

Tombe 
fixa

Estufa

3- Trombe Wall+ Sun Space 
 

Glazed Trombe S. Space Case 
Study H 

(m) 
W 
(m) 

area 
(m2) 

Vent H (m) W 
(m) 

area 
(m2) 

Ventil. area 
(m2) 

Heat 
needs (kWh) 

Night 
consum 
(kWh) 

1 2.35 0.95 1.43 - - - - - - 686 357 
2 2.35 0.95 1.43 Yes 2.35 0.45 1.06 - - 635 310 
3 2.35 0.95 1.43 Yes 2.35 0.45 1.06 Yes 0.8 615 289 

 
Analysing 3a) Step: Associate a Sun Space to a Ventilated Trombe Wall increase, 18% to 19% 
the energy efficiency of the single glazed system. The study showed that the need to include an 
electrical backup system. 
 
b) Fixing the Technology: 
Patented as a standard indivisible object, the Eco-Efficient Window is composed by two sys-
tems that respond to different phenomena: 
1) Span system (Glazed window or door) - daylight, ventilation 
and acoustic control; 
2) Thermodynamic system (attached to the side part of the span) 
including: a sunspace, a sun heat accumulator following the tech-
nological principles of a “Ventilated Trombe Wall”. An electrical 
heating backup system can also be added to the thermo-
accumulator, to increase reactivity to the natural processes, and 
also, autonomy and flexibility to the object, avoiding the use of 
another acclimatization system, saving money and resources. The 
JEE functions 24h a day in optimal conditions, in buildings south 
facing, and good envelope system: 
 

Fig.2 “Eureka moment” 
Winter and mid season, sunny and light cloudy day: 
Insulation door opens, facing a mirror to sunlight. That helps to concentrate the sun radiation 

into the thermal accumulator. This system keeps the energy to be released at dawn to interior 
spaces. Meanwhile the direct sun radiation heats the sunspace. This green house effect in-
creases a thermo circulation (by natural convection), passing thru ventilation grids, heating the 
interior rooms. 

 
Fig.3 – winter / mid station – sun space during the day, heat radiation and convection at night 
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Summer and mid season sunny day: 
Insulation door is closed, but an upper ventilation canal is open, functioning as a “thermo si-

phon”, “sucking” to the exterior all the heat gains concentrated in the ceiling. That occurs, be-
cause the sunspace ventilation system is open, allowing the air flow to go up, causing a depres-
sion and suction phenomenon.  

 
 
Fig.4 – Summer / mid station – thermo siphon, night cross ventilation mode. 

 
 
 
 
 
 
 
 
 
 
 

 
A blind system, made in polished aluminum, disposed in the glazed part of the span, im-

proves daylight reflection into the interior white ceiling, diffusing the sunlight, avoiding elec-
trical lighting, to be used to achieve visual comfort in dark cloudy days. The glazed, also al-
lows important direct sun heat gains in winter and mid season. In summer and in some mid 
station sunny days, the direct gains have to be retained outside, by shadowing the glaze. 

 
 
Building the Prototype:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Instrumentation 
 



Final Conclusions at this point (Jun 2007): 
The Eco-Efficient Window is yet, a “work-in-progress”. 
Already patented, we want to conclude the prototype instrumentation and after, to proceed with 
some improvements, and start to build the pre-industrial prototype. 
Until now, we faced problems that can be solvable. The first prototype had problems with the 
night insulation door, and the test cell, was made with feeble envelope insulation. So, there are 
losses in the system efficiency. 
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Table 5 – 3 Winter sunny days 06, before improvements, we see that the sun space (CE), and the Trombe 
accumulator (CT), functions. But the comfort level, due to the test cell insulation, is not at comfort levels. 
 
Only recently we could do the necessary improvements. But until now, we can already achieve 
20% of efficiency, comparing JEE tech, with a normal double glass and thermal cut window; 
Our aim is to pass over 30%, to push payback time, to less than 9 years (thermal sys-
tem+window). 
 

 
 
Table 6 – Dec. sunny days; energy balance. Improving insulation, JEE, as to provide above 300wh (night)   
 
This graphic was made after tuning the test cells environment in VisualDOE improving the in-
sulation. As we can see, JEE can provide the necessary heat charges to maintain the comfort 
levels during the day. As previewed, we can achieve 400Wh gains in a December sunny day be-
tween Trombe and Sun Space. At night, the backup system must provide 300Wh to maintain the 
room comfort levels. Numbers that can be easily achieved, making few adjustments. 



















1 INTRODUCTION  

Already since 1998 there have been activities at the Institute involved in reusing demolished 
prefabricated components from buildings of large apartment settlements. In those days, still 
rather surreptitiously, one could already see that a not inconsiderable excess of residential build-
ings would have to be “taken from the market” in the new German provinces during the coming 
years in order to support the value of real estate and to work against the neglect of large areas of 
eastern Germany.  

Since the focus of the problem of vacant buildings was often to be found in the newly built 
large apartment complexes during the GDR period, one was usually confronted with industrial 
prefabricated construction.  

The building quality of this construction method was already known in 1998. After the 
change of political system, extensive reports on the building condition analysis and on renova-
tion and modernisation costs from various sides were ordered. The IEMB occupied itself for the 
first time in 1993 with a 10-storey panelised structure intended for demolition and investigated 
the building-part quality there before the demolition [Hillemeier et al. 1994]. A reuse was not 
planned, despite the generally good building substance. The simultaneous investigations carried 
out concerning roof construction and renovation in concrete prefabricated buildings of the GDR 
apartment construction series resulted in the recognition that the prefabricated roofs could be 
dismounted without difficulty. The building quality was still so high after the dismounting that a 
reuse was possible [Spaethe et al. 1993].  

Starting in 1994, the reuse of building parts from GDR demolished buildings was scientifi-
cally investigated for the first time [Mettke 1995]. Rubbish avoidance and protection of re-
sources were in the foreground. The positive environmental aspect of reuse of building parts 
was clearly emphasised as the result of the studies.   

Only starting in 1998 did the recycling investigations lead to first pilot studies on practical 
projects [Vogdt et al. 1998]. All the pilot studies attempted to accept the original building part 
geometry and to complete it with new materials in case of discrepancies.  

The state support beginning in 2000 for the removal of derelict living spaces gave the recy-
cling projects a large number of usable concrete prefabricated parts. The first pilot houses could 
be realised in 2001 with these. In the projects, alongside the positive characteristics (in those 
days, the actual realisation of a building from recycled materials of approximately the same new 
building quality was a success even amongst professionals), negative aspects were also shown, 
however. For example, the insistence upon the original building-part pattern led to limitations in 
the foundation design. Retaining the original stairwells from multi-storey buildings led to a dis-
proportion of connecting surfaces to usable surfaces in the case of small buildings [Asam et al. 
2005a]. Recycled walls were at times completed by new building materials in order to attain a 
variety of facades. These were usually completed in masonry construction. The combination of 
prefabricated parts and traditional building methods generally led to delays in the construction 
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vantages of this construction method are shown. Moreover, the economical and ecological as-
pects are discussed and the future developmental potential of construction with recycled build-
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operation, then leading in turn to increased expenditures. The insight gained from these practical 
projects – all of them, including smaller apartment buildings – was clear. Although hardly a pro-
ject could boast great economical successes, the persons involved were of one mind – that it is 
technically feasible. The efficiency depends to a great extent upon the surrounding circum-
stances.  

2 INSIGHTS GAINED FROM CURRENT WORKS  

Starting in 2003, another attempt was made to optimise the recycling building method with con-
crete prefabricated components. The works were concentrated on the area of recycling in hous-
ing construction and in structural engineering in a broader sense as well [Asam et al. 2005b]. 
The following decisive investigation points of emphasis were recognised:  

 
1. The number of suitable donor buildings. 
2. The quality of the recycled components. 
3. The scope for architectonic design when building with recycled components. 
4. The construction and developmental possibilities when building with recycled components. 
5. The logistical optimisation when building with recycled components. 
6. The economical significance of the method of building with recycled components for the 

building trade.  
7. The ecological advantages of recycling compared to new construction.  
 

The results of the research projects can be summarised as follows:  

2.1 The number of suitable donor buildings  
The number of suitable donor buildings is sufficient during the period 2000 to 2010 through the 
reconstruction measures in eastern Germany. Approx. 310.000 apartments built with prefabri-
cated parts are to be demolished. Those Demolitions are still taking place, but not nearly so fre-
quently.  

2.1.1 Obstacles  
Only a small number of demolitions are carried out in which the building substance is protected. 
Usually, only workers’ protection and environmental protection are taken into consideration. 
This procedure is above all due to the fact that the marketing of the building is not applied as a 
source of building parts. The building becomes – legally, as well – rubbish, due to the building 
owner’s desire to remove it. The demolition company must then guarantee a correct, prescribed 
treatment of rubbish according to German law of life cycle management. In this, the purity of 
material utilisation and/or deposit is in the foreground. An entire industry has become special-
ised in this area, which, for example, keeps crusher facilities available for concrete in order to 
make recycled crushed stone. This is why the potential suppliers of recycled building parts are 
not motivated to do this. Since the demolition work are for the most part financed with state 
means – given regardless of recycling technology – the demolition clients are not motivated to 
do this, either.   

2.1.2 Improvements 
The introduction of a bonus system for state-supported demolition measures which also consider 
environmentally relevant aspects could provide the necessary motivation. Similar to the way in 
which influence is taken on the operation phase of buildings, in which energy-efficient measures 
are especially supported when constructing new buildings and renovating them, building meth-
ods which save energy and protect recourses could be especially supported.  

Moreover, a legally clearer demarcation between building product and rubbish should be dis-
cussed. The first step in this direction could be undertaken by the building owner, in which he 
understands his building (no longer being rented out) to be of a substantial value, and allows 
himself to become involved in the marketing of building parts as a “removal concept.” Whether 
the desire can be transformed into marketing depends in general on the economical advantage. 



This can most easily be communicated through a separated bidding procedure of the demolition 
measures according to building material and building-part recycling.  

2.2 The quality of the recycling components 
The quality was communicated in numerous investigations and can be reliably estimated for the 
constituent buildings [6]. The recycling quality of the building parts only depends on the rein-
forced concrete substance in exceptional cases, and especially on the demolition quality and us-
ability of the individual building part in the new network.   

2.2.1 Obstacles 
Since the demolition buildings are generally 20 to 30 years old, one must only reckon with seri-
ous damage to the preliminary building substance on areas exposed to the weather. The focal 
points are especially the balconies and the weathered surfaces of the outer walls. Damages to the 
substance have been repeatedly found here. A problem not yet solved in demolition, nor in reus-
ing, is that of three-layered outer walls with core insulation. In conventional demolition with en-
suing building material recycling, the insulation must be removed before the concrete is shred-
ded. This is very costly. Moreover, it cannot be determined which insulating material has been 
used without a damaging test. If the widely-used mineral wool has been used, protective meas-
ures towards workers and environment must be adhered to during the separation, since the wool 
is classified as being carcinogenic. The mineral wool problem also applies to reuse, so that outer 
wall components can only be designated as capable of recycling under certain conditions.  

Other components are only suitable in individual cases for recycling due to their geometry. 
Examples of these are stairwells, lift and rubbish shafts, roof components and bath cubicles. 
Other building parts are difficult to dismount without damage, such as too-thin separating walls 
only 5 cm thick.  

Storey slabs and interior walls have proven highly capable of recycling. These building parts 
comprise 42% of the building substance. This amount of recycled materials, theoretically avail-
able, is further decimated by damages during dismounting, transport, cleaning and off-cuts dur-
ing processing. In the end, about 38% good, reusable preliminary building substance remains 
from a GDR-type apartment building.  

2.2.2 Improvements 
The increase in building-part quality after the dismounting therefore has the highest priority. A 
reliable method of minimising damages during handling of the recycled building parts is the es-
timation of the parts. As soon as money enters the picture, the quality increases. Moreover, the 
qualification of the demolition companies is to be planned. The measures must be integrated 
into a generally acknowledged quality system in which the certification of the components is 
also contained. Since at present the investigations are carried out at the level of pilot projects, 
one must reckon with further optimisation potentials in an overall introduction of the recycling 
building method. Construction capable of dismounting and recycling must be used more in new 
constructions as well, in order to increase the reuse quota.   

2.3 The architectonic scope for design when building with recycled components 
Since the basic consideration for the reuse of recycled components was the reapplication in resi-
dent construction, it had to be tested how the large wall and slab panels could be used in new 
contemporary architecture. Design seminars were carried out with architecture students and an 
architecture bureau in which up to three-storey buildings were to be constructed out of a limited 
number of components. It was striking with all the participants that a great curiosity for combin-
ing with the available building blocks was awakened. As with LEGO building blocks, a com-
pletely individual architecture resulted in each design despite the limited number of different 
building parts. 

2.3.1 Obstacles 
Due to the retention of the original structural module, compromises often had to be made in the 
function of the apartment floor plans.  



2.3.2 Improvements 
A clear improvement in the floor plans was attained through the geometrical adjustment of some 
components. Especially the processing of the walls made up for the problem of inflexible door 
and window openings among the recycled components. One strived to keep the working expen-
ditures at a minimum as well. Additionally integrated new building parts such as stairs brought 
further qualities into the design. The foreign application of components (e.g. a slab as a wall, 
pertinent due to a higher clearance height or interior components in areas exposed to the 
weather, property demarcation walls and garages) also provided good solutions. The application 
was limited, however, by technological limitations and building-part quality.  

2.4 Construction and processing possibilities when building with recycled components  
It was established in the architectonic design scenarios that a change of the original structural 
module/grid and, with it, the original components, is a prerequisite for good and functional ar-
chitecture. There were sufficient processing possibilities in the slabs and interior walls. It was 
advantageous that the slabs were made of prestressed concrete with immediate bond without 
end-anchored reinforcement. Through this, the slabs could be cut off without any loss of ten-
sioning force. It was similar with the interior walls. These were exclusively provided with trans-
port and ring-anchor reinforcement. When cutting, one had to take care that they could still be 
transported. The processing (trimming with the help of concrete saws) should be kept to a 
minimum. The possible processing costs are given by economic factors. The unchanged applica-
tion of the component is seen as an optimal application. 

Since the original welding joints would often fall off during the processing, a new system was 
consistently used during the connecting technique. The new joints were completely made of a 
screwable heavy-lift dowel system to ensure better dismounting in the future. This joint tech-
nique is comparable to that of a wooden house. 

2.4.1 Obstacles 
Since the available components are not building parts originally intended for dismounting 
and/or recycling, all the recycling activities (pilot houses) are subject to compromise. 

2.4.2 Improvements 
Recyclable building components should be planned for the future. The followings pointers are 
helpful for this.  

Component documents of the building and the components are to be on hand until the final 
removal. A demolition free of destruction or with limited destruction must be planned. One 
should aim towards a homogeneous combination of building parts. Multi-layered building parts 
which are difficult to separate should be avoided. 

Since preliminary material constructions have a utilisation period of several decades, it is not 
possible to plan a second application during the production period. The possibility of processing 
(e.g. saws with concrete) should be taken into account. The reinforcement is to be chosen in the 
building components so that the component can be freely cut for the most part. 

2.5 The logistical optimal solution when building with recycled components 
The basic necessary condition for building with recycled components is the presence of a suffi-
cient number of building parts. Previous experience has clearly shown that, despite surface 
demolition measures of prefabricated buildings in the eastern German provinces, the building 
material “panels” was not available in sufficient quantities since the great majority of the build-
ings were torn down. 

2.5.1 Obstacles 
Only about 4% were demolished in a way that protected the substance. The cheaper demolition 
was always chosen when no conditions of environment protection or workers’ protection were 
required in the demolition. The alternative variant of demolition plus marketing of the dis-
mounted building parts is not taken into consideration, although accompanying dismounting 
projects have shown that some building parts (usually slab components) can always be directly 



marketed through the demolition company. This is only possible to a limited extent, however, 
since the running construction operation must not be disturbed. Already in this situation one can 
run into delivery troubles in the application of our pilot projects, although the ratio of donor 
building to pilot projects was approx. 200:1 to 300:1.  

A further obstacle is the lack of professional processing possibilities of the components. The 
“just-in-time” production of the recycled building parts initially used for our pilot project can 
only be recommended for small projects and when dismounted building parts are already avail-
able.  

2.5.2 Improvements  
The preferred variant is that of an intermediary site in which the dismounted building parts are 
stored, processed and examined without rush or hurry. In this connection, the necessary quality 
assurance could be regulated with the certification of the components. Should a building com-
mission arise, the available recycled components could be transported from the intermediary site 
to the construction site. The advantage to this compared with a new part is the lack of a produc-
tion phase. A recycled building part can be delivered immediately after just a brief processing 
time.  

2.6 The economical significance of the method of building with recycled components for the 
building trade  

One can say, in general, that recycling is especially profitable with building parts that have ex-
tensive production procedures. This could be an expenditure of craftsmanship on the one hand, 
producing high wage-costs through its great amount of work involved (e.g. historical building 
parts such as stairs, doors, etc. which are already successfully marketed via historical building-
part stock markets). On the other hand, building parts particularly intense in terms of energy, 
such as the concrete prefabricated parts described in this contribution, are particularly economi-
cal. Concrete is especially intense in terms of energy due to its high proportion of cement which 
holds together the stone gradings. Approx. 80% of the primary energy expenditure for the pro-
duction of concrete is in the cement. Approximately 50 to 55 litres of heating oil are needed for 
the production of 1 m³ of concrete. The reuse of concrete prefabricated parts requires, on the 
other hand, only 2.6 litres per m³ of “panelling.” Converted to the realised pilot houses, this 
means that 4500 l to 6000 l of the equivalent of heating oil per house are saved through the use 
of concrete recycled components. This is one of the reasons why reuse in the area of building-
part production is already today 50% cheaper than a comparable new concrete building part. 
This advantage will become even greater with continued energy price increases.  

When building with recycled building parts, the cost advantage sinks by 26% compared with 
the usual massive construction method. These were the experiences gained with the pilot 
houses. The cost advantage especially shrinks because the recycled building parts were not 
planned for reuse. New construction measures were required for this that had not been tried on 
the market often led to compromises. Moreover, the usual new-building tolerance of new pre-
fabricated parts of +/- 5 mm could not be attained. In the pilot projects, one must work with tol-
erances of the location construction of +/- 20 mm, which resulted in somewhat higher costs.  

2.7 The ecological advantages of recycling compared to new construction  
Alongside the economical advantages, especially influenced by energy and raw material prices, 
the ecological aspects especially speak out in favour of the use of building parts. 

The recycling of building components in the building trade is especially significant in terms 
of saving raw material resources and energy when dealing with building materials with a long 
life and high degree of energy expenditure. Figure 1 makes clear the significance of the building 
carcass with regard to material and energy currents. E.g. 85% of the material mass is concen-
trated there. Figure 2 shows an ecological-balance comparison of a reused concrete prefabri-
cated part with different recycled concrete, new concrete and masonry. The comparison with re-
cycled concrete is particularly interesting. A clear advantage is recognisable in the primary raw 
material consumption, especially in mixture 3 in the approx. 50% recycled stone gradings. The 
energy values, on the other hand, show no improvement over the new concrete. 



 

 

Figure 1. Comparison of carcass and fin-
ishing of a typical row-house in massive 
construction (sand-lime masonry, concrete 
slabs, ETIC) according to the German 
regulation for energy saving in buildings, 
simple design. The amount of substance, 
primary energy and the global warming 
potential in relation to the gross storey 
area are compared. The data are based 
upon our own calculations with the soft-
ware LEGEP. 

Figure 2. Ecological-balance comparison of the production 
(up to the factory gate) of a cubic metre of building material 
of new materials, recycled and reused materials. 

 
This is above all due to the cement content of the mixtures, which tend to be somewhat 

higher in recycled concrete than in new concrete. The cementing material holding the stone 
gradings together primarily determines the ecological consequences. Since this binding remains 
when it is reused, the ecological balance for the building-part recycling is all the more advanta-
geous the more energy-intensive the adhesive is.  

3 PILOT PROJECTS 

Since the recycling construction method was conceived from the very outset as a practical alter-
native for small-part apartment construction, a prototype was built in the TUB test hall at the 
beginning of the pilot programme. The test building was made of interior walls and prestressed 
concrete slabs of the type WBS 70 and provided with a variety of construction details which 
were needed for the pilot projects to be realised subsequently. The adaptation of the component 
geometry through sawing procedures, component strengthening, processing of damages and 
connecting technique amongst the components are especially notable. Until the beginning of 
2007, 9 small houses could be realised in the recycling construction method being introduced 
through private initiatives. Several buildings will now be shown as examples.   

3.1 Prototype at the TU Berlin 

 
Figure 3. Processing of the de-
mounted components with a con-
crete saw. 

Figure 4. Test building after 
completion in the test hall of the  
TU Berlin.

Figure 5. The test building after 
being moved. 



The test programme comprised the construction of a flat roof from shortened and whole slabs, 
the realisation of a high-pitched roof out of diagonally sawed walls and shortened slabs. The 
walls were made of both whole and cut components. The connections were made with de-
mountable heavy-lift dowels. The building was dismounted after the test phase. Since 2006 a 
Berlin architecture bureau has been using the prototype as an exhibition pavilion. 

3.2 Pilot house in Mehrow near Berlin (Architecture bureau CONCLUS) 
The first pilot project in Mehrow was occupied in 0ctober 2005 (200 m² living area).  

The construction method of the prototype studied before was realised. The slab and wall 
components were supplied by a donor building 8 km away. Demounting, processing and re-
mounting took place “just in time,” within 12 days. The façade was covered with an external 
thermal insulation composite system (ETIC). Altogether, 118m³ of prefabricated concrete units 
were reused. This corresponds to an oil equivalent of 5900 litres. 

3.3 Pilot house in Schildow near Berlin (Architecture bureau CONCLUS) 
The second pilot project in Schildow consists of a main and subsidiary house (280 m² living 
area). The transport distance was 33 km. The special feature of the building is the sattle roof, 
built entirely out of recycled concrete components. The facades were covered with an ETIC. Al-
together, 245 m³ of prefabricated concrete units were reused. This corresponds to an oil equiva-
lent of 12.250 litres. 
 

3.4 Pilot house in Berlin-Karow (Architecture bureau CONCLUS) 
What is special about the pilot house (180 m² living area) is that recycling components were 
also used for the walls. Through this, higher spaces could be realised. The components had to be 
transported 23 km. Altogether, 91 m³ of prefabricated concrete units could be reused and 4600 
litres of heating oil saved. This building was also provided with an ETIC. It was occupied in 
October 2006. 

 
Figure 6. Mounting 
of the building car-
cass. 

Figure 7. Building carcass after com-
pletion. 

Figure 8. Building after completion. 

 
Figure 9. Behind: Building car-
cass of the main house.  
Front: Foundation of the sub-
sidiary house. 

Figure 10. Building carcass of main 
and subsidiary houses completed.  

Figure 11. Animation of the fin-
ished building. 

 



4 CONCLUSION  

Recycling of building units is an alternative variant for a kind of construction which protects re-
sources and saves energy. Especially long-living, durable, energy-intensive building materials, 
such as concrete, can be kept in the life-cycle longer through recycling. Prefabricated construc-
tions are the prerequisites for constructions necessarily capable of being taken apart. As before, 
quality assurance and the marketing possibilities of building products are to be adapted to recy-
cling systems. The economical components are responsible for the successful dissemination of 
the concept. The savings in costs of 26% in the case of optimal application in the building car-
cass area offers a lucrative complement to new building methods. This depends on several 
courses to be set, however. Alongside the logistics, back-building and remounting plans must be 
combined with each other; legal construction regulations and financial aspects must be im-
proved. In this connection, the state is also asked to assume a leading role. Through the not in-
considerable support of back-building plans, for example, there is the possibility of providing 
motivation for the housing companies to occupy themselves with the possibility of a reuse of 
building units, through the differentiated support of demounting on the one hand and conven-
tional demolition on the other hand. Construction methods capable of being demounted and re-
used should be developed and applied in the future. 
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Figure 12. Building carcass. Figure 13. Installation of the 

ETIC. 
Figure 14. Building after comple-
tion. 



1 SUSTAINABLE CONSTRUCTION AND ENVIRONMENTAL IMPACTS 

All the impacts it’s important to refer the waste production, energy consumption, CO2 emis-
sions and natural resources consumption. 

In construction phase it´s consumed about 50% of the natural resources, 50% of waste pro-
duction, around 40% of energy consumption and 30% of CO2 emissions are verified in con-
struction phase, in industrialize countries (corresponding to 20% of the total energy in Portug-
al). 

The construction cycle is namely an open cycle, functioning between a source (the nature) 
and a sink (again the nature). The construction extracts from nature the materials needed to 
construct (sand, water, etc.) and gives back to nature the waste from the production of other ma-
terials (cement, paints, etc.) and from the usage of buildings (atmospheric pollution) and, in the 
end, the demolition products. 

In sustainable construction this cycle is closed, existing several closed cycles, namely: 
• The building’s reuse, with small changes 
• The building’s reuse, totally rehabilitated  
• The building’s components (deconstruction) reuse or the reuse of construction mate-

rials (in other From the several sectors of activity in our society, the construction sec-
tor, not only in the operation phase (building use) but also considering the construction 
phase, has several environmental impacts that imply responsibilities and the conscience 
at the environmental level. 

• From buildings or roads 

Guidelines for a good practices manual on sustainable 
construction 

I. Santos & L. Soares 
ECOCHOICE, Lisboa, Portugal 

J. Teixeira 
Faculdade de Engenharia, Universidade Católica Portuguesa, Lisboa, Portugal 

ABSTRACT: Why a manual for good practices to Sustainable Construction? To reflect about 
good practices that can be applied to the Construction Sector. This manual will be an important 
tool to all deciders at construction level.  
It’s possible to construct in a sustainable way using materials and technologies that improve liv-
ing conditions without destructing the environment. What sustainable construction aims is a 
careful selection of materials and technologies to be used in construction with minimal lost, 
promoting conscious and sustainable changes in all the building life cycle. 
The implementation of sustainable buildings is fundamental to the wealth of our planet and our 
self. It´s possible to promote the Sustainable Construction without increasing construction costs 
trough technological development and market laws. 
From the analyses made it’s possible to conclude that is necessary to rethink the construction 
sector activities, in and integrated holistic way, trough a qualitative way of change, towards 
Sustainable Construction. 



One of the main advantages of sustainable construction is the improvement of energy effi-
ciency with the reduction of CO2 emissions. 

The urban sustainable conception (soils use planning) contributes to the reduction of the ur-
ban sprawl and natural habitats and biodiversity depletion. The urban environment integrated 
management should promote sustainable policies on soil use that avoid the urban sprawl and 
the reduction of impermeable soil, namely in the promotion of urban biodiversity and the sensi-
tization of urban citizens.  

The soil protection must be approached trough industrial space rehabilitation and reuse and 
by spatial planning and economy, having in mind the reduction of impermeable soil and guaran-
tying the rational use of them.  

The sustainable urban transport planning will contribute to reduce atmospheric pollution and 
noise and stimulate the bicycles use and walking, which will allow a health conditions im-
provement. Sustainable construction methods are a contribution to promote comfort, security, 
and accessibility, reducing health and atmospheric pollution impacts in the interior and the ex-
terior of buildings, namely by suspension particles from heating systems. 

At the social/urban context we should consider that buildings serve to receive people and a 
good connection between them should be stimulated. That can begin by satisfying the users ex-
pected quality level, by understanding what those quality expectations are. In order to do it 
people’s participation in quality parameters definition it’s crucial to guaranty a good function-
ing.  

By what has been said, at any project conception phase a special attention must be taken in 
each sustainability vectors: environmental, social and economic.  Without them the project 
won’t be viable. Although, to analyze and monitor all construction phases it’s necessary to de-
fine all objectives and targets, which must be reached by economical performance and social 
environment. That’s why a building monitoring system should be implemented.   

2 GOOD PRACTICES AT ENERGY LEVEL 

This paper objective is to reflect on good practices to be applied at construction sector, in or-
der to respond the sustainable development challenges, presenting sustainable solutions guide-
lines associated to building life cycle activities. These guidelines should be a base to a sustain-
able construction good practices definition.  

These good techniques and tools application are transversal to all construction sector, if the 
needs and conditions to those applications where identified.  This implies a previous study 
about the building needs (energy, water, materials, etc.), revealing the planning stage impor-
tance.  

In order to contextualize sustainable construction good practices, there will be identified 
some action vectors, grouping measures that can be applied, namely: 

• Planning 
• Energy and gas emissions  
• Water and wastewater  
• Materials, waste and quality 
• Indoor air 
• Social aspects (comfort, relation with users and environmental promotion) 

These vectors will be analyzed in a bigger detail in the next text. 

2.1 Planning 

Any activity’s planning is determinant to the inclusion of sustainability measures. It´s necessary to 
previously understand the project’s characteristics, in order to establish objective and adequate 
measures. 

In the planning phase is determinant to define the building’s characteristics that can influ-
ence his environmental performance, such as: 

• Occupation type; 
• Activities that are going to be developed in the building; 
• Occupant’s characteristics and needs, etc. 



The next step is to analyze the construction local, in aspects like: 
• Localization; 
• Local parameters, like the soil type, type of occupation, climate, orientation, solar expo-

sure, rain water affluence, etc.; 
• Localization in terms of other interest areas to future occupiers.  

These two characteristics groups (project’s and local) are determinant to define sustainable 
measures. This planning phase is important to the other vectors of action that are defined bel-
low, like energy and water consumption and comfort. So, it´s important to define the local po-
tentials to the implementation of passive energy measures and the use of renewal sources of 
energy, that are directly connected with occupiers internal comfort and also to the reduction of 
water consumption, trough the use of rain and reused water. 

Before these aspects is the local to build selection that, anytime as possible, should be also a 
target of environmental parameters that contribute to construction impacts in the local to inter-
vene. These evolve questions like the reduction of impermeable soil, natural habitats affecta-
tion, urban sprawl, etc., to each it’s crucial the urban intervened soils reuse and the building re-
habilitation. 

2.2 Energy and gas emissions 

The energy consumption in buildings is our day’s one of the most concerned aspects to sustain-
able construction, due to the increase of these consumption in these sector (22% of total energy 
consumption in Portugal is verified in buildings (Balanço Energético de Portugal, 1999), in 
Pinheiro, 2006), mainly because the energy inefficiency that characterize it. 

Buildings should be projected in order to improve the energy efficiency, reducing the effec-
tive needs of energy, and using, every time as possible, renewal sources of energy.  

The passive energy measures are determinant to reduce the energy needs in the use stage, 
they are related to the use of solar energy to building heating, trough the construction strategies 
and conceptions. 

• Appropriated  heat insulation; 
• Appropriated orientation (according with projected utilization); 
• Appropriated dimensioning of windows and double window usage; etc. 
• The use of passive solar energy allows the utilization of solar energy, trough the sun in-

cidence, to building heating. The main advantages are the low cost of most solutions re-
ferred, solutions that can reduce 40% of energy consumption.  

Relating to energy consumption to building functioning, it’s important to refer the utilization 
of renewal sources of energy, efficient energy consumption systems and decentralized energy 
production. 

Solar and wind energy are the most used renewal sources of energy.  
The production of energy from wind has to be analyzed previously trough wind monitoring. 

The kinetic energy, resulting from wind, can be transformed in mechanical energy, trough a 
wind engine, or electrical energy trough wind turbines or wind turbine generators.  

Sun is another potential source of energy to Portugal. There are two forms of solar energy 
usage, trough the passive way, already referred, and the active away, transforming solar energy 
into thermal energy (using sun collectors) or into electricity (using photovoltaic collectors). 

The principal applications of thermal solar energy are the water heating, to sanitary usage. 
The electrical energy is one of the most promising future sources of renewal energy. The almost 
absence of pollution is one of the main advantages of this source of energy. Although, one of 
the main limitations is its small efficiency, this means a small conversion of solar energy in 
electrical energy. 

It´s important to refer that is possible to combine several types of energy, like wind and solar 
energy, as it can be seen in the next picture. 

In alternative to big energy centrals and high tension distribution nets, the decentralized 
energy production is getting more reasons to become one of the future technological solutions 
to energy applications, like micro-generation, cogeneration and trigeneration. 

These concepts have the same principles: the decentralized energy production, using simul-
taneously   thermal and electrical energy. They have different definition due to different powers 
installed, and the trigeneration by producing electricity, heat and cold.  



 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 - Integrated use of solar and wind 
energy technologies (Santos, 2007) 

 
This new technologies use mainly natural gas, but they can work with renewal sources of 

energy (like sun and wind), with less (or any) gas emissions. With these technologies it’s also 
possible to use the heat released in electricity production, using in a more efficient away the 
energy resources.  

Cogeneration is then defined as the simultaneous production of mechanical and heat energy, 
from a system that uses only one source of energy. This primary energy, transformed in final 
energy, can have different origins.  

Beyond the referred measures of passive performance and the utilization of renewal energies, 
mainly in decentralized production systems, it´s also important to promote the use of better 
energy rationalization technologies. These can be applied at the energy equipments level, 
pumping systems, acclimatizing and ventilation systems, in the recovery of thermal energy and 
lightning. To these systems it’s important to apply measures to: select equipments of high effi-
ciency, to respect the equipments maintenance needs and analyze the project needs and the sev-
eral solutions that can be applied, selecting the most sustainable ones. For example in lighting 
systems the natural lighting should be optimized, trough direct utilization by windows or trough 
other indirect ways, like sun pipes, etc., selecting high efficiency lights to guaranty the adequate 
lightning levels.  

The referred measures optimize building energy consumption, reducing the utilization of fos-
sil sources of energy, and so reducing gas emissions. The CO2 it’s the most important gas emis-
sion, because its greenhouse potential. However, other gas emissions are also important, like 
SO2 and NOx, equally associated with fossil combustion, which are relevant, for example, in 
acid rain.   

2.3 Water and wastewater 

The water consumption in building, mainly potable water, it’s also the cause of several envi-
ronmental impacts that cause the degradation and contamination of water resources, by the con-
sumption and the production of contaminated wastewater. The water consumption by Portu-
guese population is around 7% of total consumption (INAG, 2001). It’s important to say that, at 
the distribution level, the lost value is very high and also that around 80% of the water that is 
consumed returns like wastewater. These are important considerations that enforce the need on 
establishing measures to reduce water consumption and improve the consumption efficiency. 

The strategy should consider the reduction of water consumption, using rain and wastewater, 
and also the reduction on wastewater recovery and treatment systems pressure. 

Some examples of measures to reduce water consumption are: 
• Flow reducers on tap; 
• Temporizing valves on WC tap; 
• Thermostatic valves to showers; 
• Double charge WC; 
• Humidity sensors in green areas; 
• Adapted and/or autochthones species, that reduce the maintenance and water needs in 

gardens.  



These measures can reduce the water needs, both in internal and external areas. However, to the remain 
needs, that also don’t need potable water, some measures can be established, like: 

• Use of rain water: through a rain water recovery and storage system, using this water in 
WC, gardens and outside spaces; 

• Implementation of a wastewater treatment and reutilization system, using wastewater in 
toilets and green areas. 

In a integrated way these measures allow a reduction on water consumption and also on 
wastewater production, reducing the pressure on municipal treatment systems. However meas-
ures to locally treat wastewater should also be included, such as: 

• Dry toilets; 
• A separation system to grey and dark wastewater; 
• A recovery and treatment system in the building area, like biologic systems to WC, 

plants systems, etc. 
• All these measures can minimize these vector impacts, by reducing water consumption 

and minimizing the wastewater production. 

2.4 Materials, waste and quality 

The construction sector is one of the most intense one’s in the consumption of materials. Ngowi 
(2000) says that the building construction is responsible, for the consumption of 25% of wood 
and 40% of aggregates (stone, sand, etc.)(in Bragança et al, 2006). 

The material consumption impacts are extended and very complex to analyze. In many cases 
the materials become from places far away from the building and can have large impacts related 
to its fabrication, transformation, transport and distribution, that, for example, extremely in-
creases the materials embodied energy. Other impacts easier to identify are related to natural 
resources degradation, dust, etc. 

The materials consumption has also consequences at the waste production level, since a large 
parcel of the consumed materials are then released as waste and also because the small recy-
cling rate.   

Other aspect to have in mind in the selection of materials it’s the quality and functionality of 
the constructed space. To respect these principles, sustainability parameters should be included 
at materials level, that allow: 

• Minimal utilization of materials; 
• The use of materials with small amounts of embody energy, selecting materials coming 

from small distances; 
• The use of recycled materials, or materials with potential to be recycled; 
• The use of ecological materials, environmentally certificated, and non toxic.    

Besides this aspects there should be considered the utilization of construction techniques that 
allow the materials inclusion the most adequate way, such as: 

• The construction materials and techniques used should permit the deconstruction and 
recycling of the building components, at is end of life; 

• To guaranty  the quality of materials and components, namely, with pipes and electrical 
installations, ensuring the building’s quality and durability; 

• To ensure the possibility of internal and external space adjustments, in response to its 
users needs during the building life time, namely by changing areas, removing walls, 
etc. To allow these adjustments, the constructions of walls, the pipes and electrical in-
stallations, etc., should be designed to be flexible and functional; 

• The concentration of pipes and other electrical installations, for repair and maintenance 
reasons. 

The parameters described below are a first step towards the reduction on waste production, 
since they minimize the material needs, enforce the reuse, by construction methods that allow 
deconstruction in place of demolition, and also because they promote the materials recycling. 

Besides these measures, to promote even more the waste reduction it’s important to enhance 
the reduction, reuse and separation of waste, in the construction and use stages. The hazard 
wastes are the most important ones and, to promote sustainability at waste level, there should 
be made contracts with legal entities to recover these wastes (kitchen oil, lamps, etc.). 



2.5 Indoor air 

The aspects related to air quality inside buildings are extremely important, because we spend 
about 90% of our time inside buildings and a bad air quality can be the cause of several diseas-
es to the occupants. 

The main impacts coming from a bad air quality in buildings are felted directly by their oc-
cupants, normally related with the Sick Building Syndrome, associated to air contaminations 
such as: dust, legionella, tobacco smoke, volatile organic compounds (VOC), heavy metals, etc. 
The health problems caused by these components can be allergies, breading problems, sickness, 
etc., and even cancer. 

It’s possible to establish tree class sources of contamination: 
• Internal sources: materials and activities; 
• External sources: infiltrations of contaminated air from the outside; 
• Bad air circulation in the building (ventilation and renovation problems). 

This source of contamination shows the planning stage, materials and construction metho-
dologies importance: a good planning, with a good materials, construction and organization (of 
the building) analyses can avoid these toxic compounds presence, guarantying the life quality 
of their occupants. It´s also clear that the environmental aspects of buildings directly interfere 
with its occupant’s life quality, and that sustainable construction doesn’t only aims the minimi-
zation of environmental impacts, but also wants to establish a harmony between built space, 
environment and health and well-being of its occupants. 

To minimize the internal sources of air contamination, one of the main aspects to be consider 
is the materials selection, without components that can be harmful to health, like VOC, asbes-
tos, CFC/HCFC, heavy metals, radon, etc. The main materials to be careful at are insulation, 
paints, glues, wood, etc. For another hand it’s important to guaranty and adequate insulation of 
areas where activities that release pollutants occur.  

The reduction of contaminations due to external sources is related to the correct location of 
outside points of air extractions, insulation of possible areas with contaminated air (garage, 
etc.). 

Although the aspects referred, it’s very important to guaranty the adequate renovation of in-
side air, avoiding the concentration of hazards substances. 

Other important aspect is the correct equipments maintenance, namely air condition devices, 
responsible for bacteria and fungus, namely legionella.    

It´s import to refer that after construction, mainly after the finishing phase, it’s important to 
guaranty the internal space correct ventilation before its occupation, releasing the hazards com-
pounds from materials, more intense after its application.   

2.6 Social aspects (comfort, occupants relation and environmental promotion) 

Like cited before, the construction of a sustainable building must integrate environmental, so-
cial and economic aspects, considering the potentialities and best measures that can be applied 
to each project. 

The social aspect is very important since buildings are constructed to be used for people and 
so their needs and comfort should be guaranteed, and also because a building sustainability can 
only be reached if their users have sustainable behaviors, making use of the potential that a 
building constructed to be sustainable offers.   

By other perspective, to ensure the users satisfaction it’s important to have a functional and 
adaptable space, in and out the constructed areas. To achieve this, it’s important to allow the 
adaptation of thermal, acoustic and lightning comfort and also in physical aspects like changing 
areas, removing separations, etc.. The internal and external space, mainly in common areas, 
should also be developed in order to promote users interaction, in leisure, cultural, etc. activi-
ties.  

Finalizing, it’s also equally relevant the environmental promotion, which is a crucial element 
to ensure a continual good environmental performance, during all building utilization. All im-
portant environmental issues that can be a target of environmental education to users must be 
identified, including simple aspects like good practices (waste separation, reducing water con-
sumption, etc.) and aspects related with good building functioning (equipments and building in-



structions, functioning and maintenance, etc.). It’s also important to establish a monitoring me-
thodology that can control, verify and continuously improve all environmental measures that 
can be combined in an environmental management system, in a more integrated perspective.  

3 OBSTACLES TO SUSTAINABLE CONSTRUCTION AND CONCLUSIONS 

The present paper aimed to be an approach of sustainable measures that can be applied do con-
struction, in order to promote sustainable construction. 

The main impediments to sustainable construction are bureaucracy, the difficulty achieving 
some market technologies and the waiting time needed to use them. Another problem can be 
some economic increase, in terms of payback time, which is mainly due to a disintegrated anal-
ysis, because, if considering all life cycle, sustainable construction is certainly liable.  

Promoters must be encouraged to analyze construction in a sustainable perspective, because 
in our days we cannot say that there aren’t mechanisms or laws to the application of sustainable 
construction principles. A proof of this fact is the current European directive that imposes an 
energy certification to all new buildings.  

We hope this work can show the feasibility, availability and, in many cases, the simplicity of 
most sustainable construction measures, to all construction stakeholders. 

In conclusion, to promote sustainable construction, we should consider all the sustainable po-
tential at each project, in order to obtain: 

o A better local integration, considering climate and other local aspects;  
o Reduce the natural resources degradation (by consumption or pressure); 
o Improve the users comfort and sustainable behavior. 

Sustainable construction is a concept possible to realize, without significant costs, achieving 
not only a minimization of construction environmental impacts, in all life cycle stages, but also 
upgrading building’s quality and comfort. 

This paper attempts also to demonstrate that sustainable construction needs the participation 
and cooperation of all parties evolved in construction sector: sustainable construction doesn’t 
stops when responsibilities stop, doesn’t end when contracts end, it’s, in contrary, a continuous 
process, that must be considered at all stages of its life cycle, by all parties evolved in every 
step. 
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1 TOWARDS CLOSING THE MATERIALS CYCLE 

1.1 From a physical point of view 
The Earth is an open system in terms of energy yet a closed system in terms of materials, and it 
is a lot easier to convert material into energy than it is to convert energy into material. 
Therefore, material must be effectively controlled in order to ensure proper management of 
resources and waste matter.  

Living organisms need to break down energy and material to keep them alive, and the only 
way to avoid this process causing entropic damage to the Earth is by using renewable energy 
from solar sources. This would permit a complete recycling of materials, in a way similar to 
photosynthesis, the process that allowed the biosphere and the human species to develop 
(Naredo, Valero). 

Can we continue to use non-renewable resources? Human life depends on the ‘stock’ of 
material found in the Earth’s crust.  The question is how natural energy sources can be used to 
close the cycle of material, allowing waste to convert back into resources, avoiding damage to 
the Earth’s crust due to waste contamination and diffusion of raw material. 

Economically speaking, the value of goods (in this case, non-renewable energy) is 
determined by the cost of extracting the material, not by the cost of replacing it. This explains 
why extraction is the preferred method to the cost of recycling (an oversight that we will end up 
paying for), making the civilized world’s industrialized system of production less and less like 
that of the biosphere, which in contrast is sustainable (Cuchi).  

There are two clearly different ideas of sustainability. Weak sustainability was developed as a 
result of the standards of today’s economic climate, and strong sustainability was developed on 
the principles of thermodynamics (physic’s version of economics) and ecology (nature’s version 
of economics). The former type of sustainability relies on the Earth’s natural stock of capital, 
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supposing the replacement of the stocks by man-made products, and the latter type of 
sustainability recognizes that the Earth’s natural stock of capital can not be replaced by a 
manufactured material and thus, efforts must be made to avoid the deterioration of these sources 
(Naredo, Valero). 

For this, it is necessary to establish an institutionalized framework and a social conscience 
that will promote renewable production and recycling as opposed to extracting material and 
transporting it long distance. These are key issues that must be considered in order to promote 
the management of closing the materials cycle. 

1.2 From an industrial point of view 
The industrial metabolism is an integrated system of processes that converts raw material and 

energy into waste. Production is not regulated in itself; it is directly influenced by human factors 
such as the workforce, and indirectly influenced by the rate of consumption, which in turn 
determines demand. In a decentralized economy, the industrial system is regulated by the 
balance between supply and demand of products and work, by means of the price of the product. 
The economic framework is, in essence, the regulatory mechanism of the industrial metabolism. 

One major difference between biological and industrial metabolisms is illustrated when 
comparing the life cycles of material or nutrients.  The water cycle and nitrogen cycle are 
examples well known to scientists, yet while they are closed cycles, the industrial equivalent is 
an open cycle. Generally speaking, the industrial metabolism fails to recycle its nutrients. The 
process begins with high quality raw material that is extracted from the Earth’s crust (such as 
minerals or fossil fuels), which is returned back to the earth in a state of deterioration, thus 
increasing entropy (Ayres, Ayres). 

The cycle of materials is generally seen as a system of compartments containing stocks of 
one or more nutrients bound by certain flows. The system is closed when it does not need any 
external supply, like the planet as a whole, for example (except for the phenomenon of 
meteorites). The system starts to become a closed cycle when stocks of each component are 
constant or do not significantly vary. This implies that there must be a balance between what 
goes into and comes out of each compartment. 

The closed cycle of materials can sustain itself indefinitely thanks to a continuous flow of 
exergy. In brief, exergy means the minimum amount of useful energy which is necessary to 
make a system from its primary elements when they are in a dead ambient. Exergy becomes 
usual as a cost measure in a sustainable analysis. This is directly determined by the second law 
of thermodynamics, which states that global entropy is an increasing, yet irreversible process. 
The exergy would be used simultaneously if it was not conserved, and consequently the closed 
cycle would be able to sustain itself for as long as the flow of external exergy lasted. 

The open cycle however is unstable and unsustainable. It either stabilizes or collapses against 
the thermal equilibrium of each of the flows until all physical and biological activity comes to a 
halt.  

The industrial metabolism is normally an open cycle. Hence it can synthesize in a systematic 
sequence the extraction of raw material and the production of waste. Yet this system possesses a 
hypothetical number of intermediary cycles that would allow the system to be closed.    

What was until recently considered as waste can nowadays be considered as raw material. In 
the last few years, various companies such as carpet manufacturers have developed new 
technology that allows their factories to be powered by recycled raw material. This technology 
replaces the linear production process that has been in use since the industrial revolution 
(extracting unlimited quantities of raw material and converting it into contaminated waste). 
Instead it is a cyclical process similar to that of the biosphere, which does not create waste, but 
raw material that can be used over and over again to manufacture brand new products. Nylon 
coating can be recycled into new nylon thread, and polyester casing into new polyester fiber. An 
example of this development is Interface, the world leader carpet producer; it has created a 
biopolymer derived from natural resources such as plants. It is 100% recyclable, but also 
compostable and can be used to make a single material carpet. Some of the Interface factories 
are changing our energy sources to renewable energy ones (Anderson). 

Another method of closing the materials cycle is by using eco-industrial systems. These are 
areas, for example an industrial park or a region, where all material used is collected then 



recycled back into the system. In this way the system only consumes renewable energy from 
outside, and produces a service, not a product, to be sold on the market (this is made possible by 
renting instead of selling the service). Perhaps the most famous case of this type is the 
Kalundborg industrial park in Denmark where, in brief, residual heat from an energy plant and a 
petrol refinery was used to heat greenhouses. The industrial waste was converted into products 
such as fertilizer or building material. 

In an eco-industrial system, four basic conditions permit the material cycle to be a closed 
cycle. Firstly, the operation must be large scale to allow for the interchange of diverse material, 
and include a company that will ensure large scale activity, such as an exportation company. 
Secondly, there must be a large company in the local area that would be able to absorb the waste 
produced by the first company, after having converted the waste into usable material. Thirdly, 
there must be other specialized ‘satellite’ companies to use the rest of the first company’s waste, 
either as raw material or as marketable goods.  Fourthly, and most importantly, a mechanism 
needs to be put in place that will ensure long-term technical co-operation between participating 
companies. The organization with the responsibility of ensuring such conditions would be the 
exportation company, or an organized group of companies, or even a public agency. 

2 HOW CAN THE MATERIALS CYCLE BE CLOSED IN ARCHITECTURE? 

When it comes to closing the material cycle, there are many advantages associated with 
industrialized construction systems as opposed to the traditional ones (which normally have an 
on-site factory, intensive labor and non reversible joints). 

Modular co-ordination, standardization, mass production and control of the manufacturing 
process all facilitate the streamlining and optimization of the use of resources. Such 
characteristics also permit the reduction, revaluation and reuse of waste matter. Industry is 
technically capable of converting left over and faulty material into new raw material or 
components, and this is important to the strategy of revaluing waste, and converting it into 
usable raw material.  

Industrialized construction normally uses both heavy systems (500-2000 kg/m2, usually 
concrete) and light systems (approximately 150-500 kg/m2, wood, plastic or metal). Each type 
uses different amounts of material and energy resources. Heavy systems need larger quantities 
of on-site materials and fixed weights for larger structures, and also require the means of 
transport and assembly suitable for heavy loads. Light systems can use smaller amounts of 
material, and therefore require transport and assembly suitable for light loads.  

The use of light systems can therefore give rise to dematerialization (or increase in the 
productivity of material resources), which is the second important strategy. 

An interesting type of light industrial system is the modular 3D which is usually made of 
metal, and measures 2.44m (interior width), 2.6m (exterior height), and 6.01-12.02m (length), 
conforming  to the standard ISO norm for transport containers. Modular units and reversible 
joints allow the buildings to be assembled and dismantled time and again, and also allow for 
changing the layout or function of the building. Therefore, the building’s modular units can be 
reused at other times, in other buildings, and can also be used for partial restoration. This is the 
third strategy, deconstruction and reconstruction, (instead of demolition, the building can be 
rebuilt and taken down numerous times, until its modular parts are no longer fit for use.) 

The modular 3D structure is generally made of two frames (floor and roof), and four columns 
made of tubes or cross sections of steel. Modular paneling, such as floor, covering, roof, 
insulation, woodwork and interior finish, is assembled onto the structure. The paneling is easy 
to assemble and dismantle, and component parts can be changed with ease. In addition, when 
the parts can no longer be used, they can be separated into their component materials. This is the 
fourth strategy; the substitution of materials (for example substituting polyurethane, PVC, and 
organic solvent-based paints for other non-contaminating materials that can be recycled.)   

A final point to consider is that the marketing strategy for modular systems is based on 
leasing, rather than selling. In this way, the temporary and permanent modular 3D buildings can 
be leased from the suppliers, who will take care of assembly, maintenance and dismantling, and 
once finished with, the modular units are returned to the manufacturer. There are many 
companies in Europe who offer this service, for example Algeco, Balat, Bauart, Erne, Interlink, 



Yves Cougnaud. This leads to the fifth strategy, the three R’s, repair, reuse and recycling (the 
modular components are sent back to the manufacturer, this proves to be technically and 
economically viable). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Typical lightweight modular units available in Spain. 
 

3 WY BUILD BY STEEL? 

The composition of modular 3D structures that are sold in Spain (eg Algeco, Balat, Yves 
Cougnaud systems etc.) is as follows; steel 105.4kg/m2, wood 17kg/m2, polyurethane 5.6kg/m2, 
aluminum 20kg/m2, paint 1.5kg/m2, copper 0.3kg/m2 (Algeco). Steel accounts for two-thirds of 
the total material weight, and is the principal area of study in this type of building system. 

One can consider that there are three types of recyclable material. The first group is made up 
of materials that are economically and technologically compatible in question in terms of price 
and regulations. The second group is material that is not recycled for economic reasons, 
although technically recycling it would be possible. The third group consists of material that 
cannot be recycled due to economic and technological reasons.  The majority of structural metal 
belongs to the first category of materials, and steel in particular offers many advantages over 
other types of metal when it comes to recycling (eg. magnetism for an easy separation process). 

The technology to manufacture and use steel in construction is widespread, and it is globally 
available. This means that, in principle, a particular technological innovation constructed in 
steel could have an impact in many other parts of the world.  Its structural capacity allows for 
the effective use of small quantities of material that can be reinforced using laminating 
streamlining and folding techniques. 

Steel is one of the most recycled materials in the world, 350 million tones are recycled each 
year, and this recycling process dates back to approximately 100 years ago (IISI). Steel can be 
recycled many times over, without losing the quality of the material. From the fourth recycling 
process, embodied energy and emissions of CO2, SOX and NOX gases from the steel produced 
from minerals reduces by between 25 and 30% (British Steel 1). Electric arc furnaces can use 
nearly 100% of the scrap metal to produce new steel, a process which in some countries is 
economically convenient to make several types of building pieces (ISSI). At the moment, about 
80% of the scrap metal available is converted into new steel and there is still demand for a lot 
more because approximately a half of the world’s industrial production is still derived from 
minerals (IISI).  

Material that has been painted and galvanized can still be recycled. This will not affect the 
process, as the gases are either eliminated during melting, or turned into solid waste which can 
be separated from the recycled material at the end of the process. Galvanization zinc is usually 
recovered when recycling steel (ATEG). This is different for other metals, as once they have 
been covered, they cannot be easily recycled (eg some painted aluminum). 

Approximately 95% of the total amount of steel used in a building can be recycled, thus the 
building can be leased for an amount of time, still as part of the structure.  Like the modular 3D, 
many structural components and even completed steel structures can be leased for the space of 
time that they are required for, instead of being sold. In some cases the parts are designed to be 
assembled and dismantled, allowing for further use. An example of this type of building system 



is the Hangar Nº2 in Cardington Airport, which was relocated to the Building Research 
Establishment (British Steel 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Basic oxygen and electric arc furnace production steel system 
 

4 AN ENVIRONMENTAL ASSESSMENT APPROACH 

Three types of houses were analyzed by using TCQ 2000 Environmental Management Module 
software developed for the Institut de Tecnologia de la Construcció de Catalunya, ITeC. First, 
predominant concrete structure and brickwork based (Conventional). Second, standard Algeco’s 
modular unit steel based that are usually sold in Spain (Basic modular). Third, improved 
modular unit based on environmentally friendly materials modifications (Optimized modular).    

Direct and indirect materials consumption, embodied energy and green house emissions of 
the construction phase were calculated for each type of building. First, all materials involved 
were accounted in order to determinate its weights in a representative square meter composition. 
Second, these materials amounts were converted to energy consumption and CO2 gas emissions 
using the environmental information of the PR/PCT building database of the ITeC. Third, a 
similar process were followed in order to determinate the material intensity per unit of service 
(MIPS) for abiotic, biotic and water resources affected into the extraction and production stages, 
where Wuppertal Institute MIPS indicators were used. 

The results chart shows that there are several gaps between Conventional, Basic modular and 
Optimized modular types. Synthetically speaking the last one reaches the smallest levels at each 
environmental impact effect considered but in order to evaluate the closing the loop condition a 
recycling potential and zero waste approach should be developed in deep. 
 
 
Table 1.Environmental indicators for both conventional and modular construction at the building phase 
(basic modular is showed as reference). 
                Conventional   Basic modular  Optimized modular 

Building materials (kg/m2)*         2.961 (285%)    1.038 (100%)         205 (20%)      
Energy (MJ/m2)*                6.987 (90%)     7.768 (100%)  2.721 (35%)   
Greenhouse emissions (kgCO2/m2)*     672 (79%)        847 (100%)     143 (17%)   
Total material requested TMR1 (kg/m2)**    7.405 (232%)    3.193 (100%)  1.072 (34%) 
Total material requested TMR2 (kg/m2)**  23.777 (119%)  19.990 (100%)  7.435 (37%) 
* ITeC building materials PR/PCT data base was utilised. ** TMR1: abiotic + biotic resources, TMR2: 
abiotic + biotic + water resources. Wuppertal Institute Material Intensity indicators were used. 

 
 

In order to see how the optimized module house type can be affected for the different Barcelona 
climate conditions an indoor temperature simulation was done. Solar protection (textile screens 



on south exposed windows) and mass inertia (10cm thick concrete floor slab) building 
components were added to the initial configuration. By using Balanç (De Bobes, Tribó), dairy 
interior temperatures were calculated for winter and summer without both heating and cooling 
help. Analyzing them into the comfort temperature band (18-22ºC for winter and 24-26ºC for 
summer) it can be seen that heat peaks on winter and summer go beyond the maximum level. 
Conventional construction houses present similar cooling energy consumption areas. This is a 
frequent situation on several buildings like workplaces ones at Barcelona but in order to reduce 
them ventilation and mass inertia should be increased on module units. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Typical one-day cycle of interior temperatures into the optimised modular house.  
References: 1 exterior temperature, 2 sunny day interior temperature, 3 cloudy day interior temperature, 4 
minimum level of comfort, 5 maximum level of comfort. 

5 THE CASE OF THE VALLES SCHOOL OF ARCHITECTURE COMPETITION 

In October 2001, the Technical University of Catalonia ran an open competition to extend the 
existing Valles School of Architecture.  

One proposal was based on the same idea explained in this paper using light steel 3D 
modular components, in order to extend the school without any new impact on the environment. 
The design team was composed for Albert Cuchí, Albert Sagrera, Gerardo Wadel (architects), 
Anna Pagés, Isaac López (students in collaboration). 

This proposal suggested the use of modular systems that are presently available on the 
market, and also proposed leasing the structure for 5 year periods. In order to do that an 
agreement would be reached with the supplier (Ormo, S.A., which is called today Algeco Spain) 
to gradually improve the structure, facades, roof, windows, which would create a new 
generation of more sustainable modular units.  

From the point of view of materials, the proposal suggested the dematerialization of modular 
units, the revaluation of manufacturing waste and the substitution of contaminated or non-
recyclable materials for other materials. Also, the deconstruction and separation of materials 
into their component elements, and the three R’s, repair, reuse and recycling were proposed.  

From the point of view of use, the project suggested the reduction of consumption by using 
more efficient equipment, the collection of natural energy, the installation of thermal energy 
storage into the horizontal frame (British Steel 2), the refrigeration of naturally cooled air to 
protect from excessive heat gains in the summer. In this way the modular construction system 
presently in use would evolve, the cycle of resource material would be closed, and auto-
sufficiency of energy resources would be maximized. 

The project was praised by judges for its ‘didactic spirit, and the sheer effort that was made to 
establish the basis of an architectural system which respects the environment’ (Act).   

In spite of this, the proposal could not awarded first, second or third price as the university 
management chief objected to the system of leasing. Unfortunately, the competition guidelines 
did not mention this expressly, yet it was interpreted that the new building had to be purchased 
and the leasing system could be objected from other competitors. 



A few years ago, on 2004, a similar modular lightweight building system called Spacebox 
began to be used at some Netherlands’s universities like Utrech, Delft, Eindhoven, and 
Hilversum, for student housing accommodation (www.spacebox.info). 

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
Figure 3. A view of the Vallès School of Architecture proposal. 

6 THE CASE OF THE INCASOL COMPETITION FOR YOUNG PUBLIC HOUSING 

Few years ago the Incasol (Institut Català del Sòl), an institution of the Catalonia Government 
which promotes public housing, organised an open competition calling both architects and 
builders to show together their last technology innovations developed in the previous years as a 
part of their regular works. 

A management idea based on the 3D lightweight modules was presented by Albert Cuchí, 
Albert Sagrera, and the author of this paper in collaboration to Algeco Construcciones 
Modulares, S.A. (modules manufacturer), obtaining a special recognition from the jury for its 
environmental characteristics.  

From the sustainability point of view this was a closing the loop strategy for renting housing, 
making possible to leave behind the traditional building concept that only can consider them as 
a real state goods.  

The project presented to the Incasol competition was based on a lightweight modular 
building system witch can be assembled and dismantled entirely without any important waste 
generation nor materials decreasing, in order to be transported and assembled in another place 
(reuse), to be returned to the modules factory (refurbishing), or to be given to recovering 
materials industries  (recycling).  

The central concept was focused on the change that the traditional public promoter’s role 
should experiment in order to reduce the environmental impact of the renting housing they 
habitually build and manage.  

To assure the described conditions it is necessary that all resources involved can be 
maintained into the industrial management avoiding the usual waste generation. Some 
traditional promoter’s tasks like construction, maintenance and finally demolition, have to pass 
to the modular industry so new roles can be determined into the public housing promotion. The 
most important one probably could be to consider housing like a service in place of a building.  

Modular buildings that can be assembled, dismantled and reassembled offer some other 
important advantages. Lightweight (150-200kg/m2) make possible to build on low resistance 
grounds that usually can not resist a conventional building on (2000-2500 kg/m2) or, in addition, 
make possible vertical extensions on existing buildings. 

Construction-deconstruction condition permits to use ground temporararily because it does 
not modify the original soil characteristics (there are several locations like that in any Spanish 
middle or big size cities). Short construction process time (45 days approximately for the whole 
building) helps to accurately respond to the dynamic location of housing need.  

Finally, building evolution (either parts or module units are replaced for newest ones along 
the building lifespan) can improve the global system performance. 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Promoters / industry tasks and the building closed life cycle proposed. 

7 CONCLUSIONS 

Only ‘strong’ sustainability will lead to global environmental improvement, as it can revert the 
process of environmental damage, while ‘weak’ sustainability merely focuses on parts of the 
overall problem. 

There are two key areas to consider in the search for alternative ways of constructing 
sustainable architecture: closing the cycle of materials, and using renewable energy sources. 

The industrial and commercial characteristics of the light 3D modular systems available in 
Europe provide an ideal opportunity to formulate an experimental proposal to close the cycle of 
materials. 

The most important material to be used in this area of investigation and development would 
be steel, due to the mass nature of its use and the fact that it is easy to dematerialise, transport, 
reuse and recycle. 

The technological development that allows for higher levels of sustainability in these 
construction systems could be used in other systems, using steel and reversible joints. 
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ABSTRACT: Sustainability is now recognised as a key issue which much be addressed in the 
design, construction and life long maintenance of civil engineering structures. In this lecture, 
generic aspects of sustainability will be briefly discussed, but the main focus will be on its 
application to bridges. Motorway bridges built in the 1960’s/70’s had design lives of 120 years; 
however many were showing signs of deterioration after only 20-40 years. This led to much 
debate on the issue of initial versus full life cycle costing which is still ongoing today. 

In order to address the highly complex issue of the sustainability of bridges the following 
specific areas which impinge on this important subject will be considered: 

1. The impact on sustainability of different forms of bridge construction and 
maintenance/repair/replacement strategies.  

2. The utilisation of innovative in-situ testing equipment for assessing the long term 
durability of concrete. 

3. The development of innovative structural designs for bridges which inherently have 
greatly extended lives at minimal, if any, additional cost.  

 
 
1. INTRODUCTION 
 
The built environment has to co-exist with the natural environment with which it is inseparably 
linked. Energy, materials, water and land are all consumed in the construction and operation of 
buildings and infrastructure to such an extent that sustainable development can be said to depend 
on the built environment. The world’s cities have a major impact on emissions of ‘green house 
gases’ and global warming: they take up around 2% of the earth’s surface but account for nearly 
80% of the carbon emissions from human activities. The urban environment influences our living 
conditions, social well-being and health. Thus the performance characteristics and quality of our 
infrastructure are of fundamental importance to urban sustainability and the well-being of our 
environment. The significance of this should not be underestimated especially if it is borne in 
mind that our infrastructure accounts for at least 50% of our national wealth.   

The burden placed by construction on our natural resources can be estimated from the 
embodied energy i.e. the total primary energy that has to be extracted from the earth to produce a 
specific product – usually measured per m2 of plan area. In addition the operational energy used 
during their lifetime has to be taken into account. The relative proportion depends on the form of 
construction. In general, a bridge has high embodied energy and low operational requirements 
whereas a hospital with its demanding service conditions has a high proportion of operational 
energy. However for bridges the relative proportions for these energies depends on the extent of 
maintenance/repair during their lifetime. If minimal maintenance/repairs are required the 
operational energy may be only marginal however if extensive repairs are necessary and 
considerable disruption/congestion results the energy consumed can increase dramatically. Thus 
the challenge for designers is to achieve the minimum total energy used over the 120 year design 
life and to persuade the client that a sustainable approach is preferable to a minimum initial cost 
design. 

In order to contribute to a better understanding of the highly complex issue of the sustainability 
of bridges a number of specific aspects which impinge on this important topic will be discussed: 
 



1. The relative merits of different forms of construction from the sustainability 
viewpoint. 

2. The utilisation of innovative in-situ testing equipment which will allow the durability 
of concrete bridges to be assessed.  

3. Technological innovations which could lead to much more durable and sustainable 
forms of construction for concrete bridges based on: 

 
(a). The enhanced strength of deck slabs arising from arching action 
(b). A novel flexible concrete arch system 

 
In the latter two instances the approach adopted in research at Queen’s University Belfast, carried 
out with the industry, will be placed in context. 
 
 

2. SUSTAINABILITY ISSUES AFFECTING BRIDGES 
 
2.1 The Environmental Impact of New Bridges  
 
The embodied energy from the use of construction materials is a source of concern to engineers 
when planning, designing and constructing a bridge. However relatively little advice or guidance 
is given in the literature as to the relative merits of different forms of construction. In this context 
a recent paper by Collings [1] presents the results of a comparative study, derived from an actual 
project. A bridge in the UK over a river of width 120m with 66m of approach spans on each side 
was considered. The total deck area was over 4000m2 and this bridge allowed consideration of the 
shorter spans on the approaches as well as the main river span. Three basic forms of construction 
were considered for the river span; a profiled girder; a tied arch; and a cable stayed bridge.  
Constant depth girders were use for all the approach spans. Temporary works were included as 
was an estimate of the likely repair, maintenance during the life time of the three basic forms of 
construction; steel; concrete; and composite construction. 

Useful comparative tables and graphs are included in the paper by Collings [1] however the 
results summarising the impact of the span and the form of construction on the embodied energy 
are only included in this paper. The estimates of the embodied energy during construction (per m2 
for bridge deck) are tabulated in Table 1. Values vary from approximately 16 to 75 GJ/m2 of deck 
with the short span concrete structural form giving the lowest values and the all steel or 
composite, longer span structure the highest. The embodied energy is also presented graphically 
in Fig. 1, where it can be clearly seen that longer spans consume greater embodied energy/ m2 

(not unexpected as the cost/m2 also follows these trends). Figure 1 also implies that a well 
engineered longer span bridge using local materials, recycled steel and sustainable cement can be 
almost as environmentally friendly as a shorter span structure where sustainability issues are not 
considered. Table 1 and Fig. 1 also indicate that at the spans under consideration the more 
architectural solutions (arches, cable stayed) have a higher environmental burden for all materials 
(as well as a cost premium). Further comparative studies of this nature, by experienced designers, 
need to be encouraged so that the most appropriate forms of construction, from the sustainability 
viewpoint, are selected. 
 



 
Table 1 Embodied energy during construction (GJ/m2) for various structural forms and materials 
(from Collings [1]) 

Energy Type Steel Concrete Composite 

 
 

Minimum 
 

 

viaduct 
girder 
arch 

cable-stay 

17.8 
30.9 
49.8 
40.3 

 

15.7/16.6 
23.6 
34.3 

21.1/22.1 
 

16.6 
29.1 
48.8 
37.7 

 

 
 

Minimum 
 
 

viaduct 
girder 
arch 

cable-stay 

17.8 
30.9 
49.8 
40.3 

 

15.7/16.6 
23.6 
34.3 

21.1/22.1 
 

16.6 
29.1 
48.8 
37.7 

 

 
 

Average 
 
 

viaduct 
girder 
arch 

cable-stay 

23.5 
39.3 
61.9 
50.6 

21.1/22.1 
30.6 
49.1 
43.9 

22.1 
37.0 
60.8 
47.7 

 
 

 
Fig. 1 Variations in embodied energy with span and material type (from Collings [1]) 

 
 
2.2 Repair, Maintenance and Congestion 
 
All bridges will require some form of intervention during their lifetime and ideally this, as well as 
all other aspects, should be taken into account in the design process. Even the most basic 
maintenance will cause congestion but the impact of replacement can be much greater as 
exemplified by the Tinsley Viaduct. 



The Tinsley Viaduct is a twin deck steel/concrete composite beam girder bridge which carries 
the M1 motorway and the A631 trunk road across the Don valley near Sheffield. The 1km long 
structure has 20 spans and crosses two railway lines, the River Don and a canal. As a strategic 
part of the motorway network, the viaduct carries approximately 115,000 vehicles per day. 
However in the late 1990’s it failed to satisfy the requirements for the introduction of 40t lorries 
and decisions had to be taken on whether to strengthen or replace the structure. 

A replacement bridge was estimated to cost £200 m however the associated cost of congestion 
over the 2-3 years period of construction was considered to be around £1400m. This enormous 
additional cost, not to mention the associated environmental impact of congestion, was clearly 
unacceptable and in the end it was decided to carry out a complex strengthening process whilst 
keeping the viaduct open for traffic except for a short time each night. In the end the Viaduct was 
repaired for £80m with minimal congestion resulting – a net saving of £1,500m. 

From the viewpoint of the impact of congestion this extreme example demonstrates the 
importance of having bridges which can be repaired whilst effectively remaining in service. In 
this regard steel is more amenable to strengthening however the availability of carbon fibre 
composites allows comparable action to be taken for concrete bridges. It should also be noted that 
he cost/environmental impact of congestion is an ever increasing problem as many urban bridges 
built in the 1960’s are now in need of remedial action. This should be considered, even if only 
approximately, in the total life cycle design of future bridges. Whilst this may increase the design 
cost the long term savings could be enormous. 

The relative importance of congestion also requires designers to think carefully about the 
selection of durable materials and the most appropriate form of construction. As a consequence in 
the future it will be even more important to build bridges which require minimal maintenance and 
ensure that premature replacement is avoided.  
 
 

2.3 Total Life Cycle “Cost” of Bridges 
 
Whilst the initial “costs” are useful it is the “cost”/”energy use” over their full life that is more 
significant.  In this context the importance of adopting Integral Bridges [2] for relatively short 
spans is highlighted. Basically by designing a bridge without movement joints and which is 
integral from one abutment to the other the maximum resistance to chloride penetration is 
obtained. As a further step the timely and appropriate application of protective coatings which can 
be applied whilst it is in service, can delay the need for bridge repair. Thus, by using these 
methods and some of the innovative approaches detailed later in this paper the life of specific 
types of bridges can be greatly enhanced and the total life cycle “cost”/“energy use” reduced. 
 
 
3. DEVELOPMENT OF NOVEL IN-SITU TEST METHODS 
 
3.1 Background 
 

The single most important parameter that leads to premature deterioration is the ingress of 
moisture into the concrete [3,4]. Thus, the permeability of concrete to the macro-environment 
during its service life can be used as a measure of its durability. 
In the development of a holistic model for concrete deterioration, Mehta [4] has considered the 
influence of environmental factors on the various deterioration mechanisms involved. In essence, 
the permeability influences the primary method of transport of moisture and aggressive ions into 
the concrete and subsequent increases in the permeation properties are responsible for the 
increased rate of damage. Thereafter, crack growth (which depends on the fracture strength) 
accelerates the penetration of aggressive substances into the concrete and the spiral of 
deterioration continues downwards. The interdependence of all these factors and the importance 
of permeability/transport properties and strength are clearly illustrated in the holistic model in 
reference [3]. 



 
3.2 Measurement of Durability Related Properties 
 
Recognising the importance of these parameters researchers at Queens University Belfast have 
responded by developing the following three in-situ test methods and the associated novel test 
equipment: 
 

1. The “pull-off” test [5] for measuring TENSILE strength of concrete using the 
‘LIMPET’; 

2. Permeation testing [6] utilising the ‘AUTOCLAM’; and 
3. Assessing the diffusion characteristics of concrete using the ‘PERMIT’ [7]. 
 

All the three in-situ tests have been used on site to assess the corrosion induced damage to the 
Dickson bridge in Montreal [8]. The tests indicated that strength did not correlate well with the 
levels of deterioration but permeability and diffusivity provided much useful information. 
 
 

3.3 Conclusions on in-situ Test Methods 
 
In the assessment of durability, the following potential uses for strength, permeability and 
diffusion testing have been identified: 
 

1. Estimating the life of new structures: Here the equipment has been used to develop 
a “mix design for durability” [9] and important trends have been identified (Fig. 2) 
which could be extremely relevant to new construction. 

2. Assessing the remaining life of existing structures: The good correlation between 
permeability indices and durability characteristics can allow remedial action to be 
taken before irreparable damage has occurred. 

 
Thus, it is essential for practising engineers to work closely with those involved in relevant 
research. In this context the ‘LIMPET’, the ‘AUTOCLAM’ and the ‘PERMIT ION MIGRATION 
TEST’ (Fig. 3) could be invaluable tools for generating useful data. 
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Fig. 2 Influence of mix proportion on Autoclam air 
permeability index 

 
Fig. 3  Permit, Limpet and Autoclam (from left to right) 

 



4. TECHNOLOGICAL INNOVATIONS FOR ENHANCED SUSTAINABILITY 
 
4.1 Background  
 
Bridges with spans of up to 30m constitute the vast majority of road infrastructure bridges in 
service across the world. Within this category of bridges concrete deck slabs are widely used 
whether in combination with pre-cast pre-stressed concrete beams or steel girders. In addition, 
Arch bridges have been widely used in the past for shorter spans and even though their durability 
is unquestioned their labour intensive methods of construction have rendered these unpopular in 
recent decades. Technological advances to overcome some of these problems will now be briefly 
described.   
 
 

4.2 Design of bridge deck slabs based on arching action  
 
By taking the structural advantages of arching action into account in the design process [10] and [11] 
the following benefits can be achieved:  
 

1. Reduction in reinforcement (from 1.7% to 0.5% or less); 
2. Same slab depth for greater spacing of beams; 
3. Lower overall cost of bridge superstructure as one larger beam at 2m centres is less 

expensive than two smaller beams at 1m centres. 
 

Thus, substantial reductions in costs can be achieved whilst at the same time retaining 
comparable strength and durability (Fig. 4). Research has shown that significant enhancement to 
durability/sustainability can be achieved by utilising: 
 

1. Concrete with fibres to reduce cracking or taking advantage of the fact that for a 
given degree of restraint the strength of slabs developing arching action significantly 
increases with concrete strength. 

2. Conventional steel reinforcement located in a single layer at the centre of the slab 
(greatly increased cover). 

3. Glass/carbon fibre reinforced plastic reinforcing bars. 
 

These approaches have performed well in laboratory and field tests as anticipated, and it is 
clear that by using high strength concrete (with or without fibres) in conjunction with corrosion 
free reinforcement, bridge decks could be produced which should be virtually maintenance free 
(Fig. 4). 
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Fig. 4 Comparison of the total unit cost of beam and slab superstructure over their 
service life 



4.3 Development of a novel flexible concrete arch system  
 
Brick or stone masonry arch bridges have been utilised for thousands of years and have proven 
durability. However, it is no longer economically viable to construct a masonry arch in the 
traditional way due to the cost of accurate centring and the preparation of the masonry blocks. In 
order to provide a viable alternative Queens University Belfast, in collaboration with Macrete 
Ireland Ltd, have developed a flexible concrete arch system made of un-reinforced pre-cast 
concrete voussoirs. The arch system is constructed and transported to site as a flat pack arch. A 
polymer grid reinforcement is used to carry the self weight during lifting to form a masonry arch.  
The preferred method of construction of the arch unit is as follows:  
 

The voussoirs can be pre-cast individually, laid contiguously in a horizontal line with a 
layer of polymer grid reinforcement placed on top. An in-situ layer concrete, is placed on 
top and allowed to harden to interconnect the voussoirs. 

 
The arch unit can be cast in convenient widths to suit the design requirement, site restrictions 

and available lifting capacity. When lifted, the wedge shaped gaps close, concrete hinges form in 
the top layer of concrete and the unit is supported by tension in the polymer grid. The arch shaped 
units are then placed on precast footings and all self-weight is then transferred from tension in the 
polymer to compression in the “voussoir” elements of the arch. 

The novel arch system has been demonstrated [12], to be a viable alternative to long established 
methods of construction and the following advantages have been identified: 
 

1. As the Arch system is cast horizontally it can conveniently be transported to site in a 
“flat pack” form. 

2. As centring is not required during installation this greatly simplifies the process and 
enhances the speed of construction. 

3. As there is no corrodible reinforcement the long term durability is assured. 
4. The system is cost competitive with less aesthetic RC box culverts.  

 
 
5. CONCLUDING REMARKS 
 
The sustainability of our infrastructure is now accepted as a key issue in many parts of the world 
and it is essential that the construction industry recognises the important role it has to play and 
responds positively to the associated challenges. Within our transportation network, crucial for 
the continued economic growth of out nation’s bridges form a critical part. Deficiencies in the 
durability/strength of bridges which necessitate repairs/replacement can lead to considerable 
disruption/congestion within the network and have a very negative impact on sustainability. Thus, 
bridge engineers will have to integrate aspects of sustainability, such as the relative merits of 
different forms of construction, maintainability and associated congestion, into the total life cycle 
cost design process. 

Innovative research carried out over the past 30 years at Queen’s University Belfast has been 
aimed at increasing the durability of concrete structures and bridges in particular and has led to 
the following conclusions: 
 

1. The availability of improved in-situ test methods paves the way for greatly enhanced 
durability by design for new and existing concrete structures. 

2. Advances in structural design based on research on arching action in bridge deck slabs 
can lead to virtually maintenance free systems. 

3. The flexible concrete arch system, which can be transported to the site in “flat pack” form 
and avoids the need for centring, has great potential. 
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ABSTRACT: After a brief overview of sustainability issues details are given of recent research at 
Queen’s University Belfast on two innovative forms of construction, both of which have the 
potential to be highly sustainable. The first is on un-reinforced concrete bridge desk slabs and the 
second is the development of a flexible concrete arch system for short span bridges with no steel 
reinforcement. 
 

 

1. INTRODUCTION 
 

Within most regions in the world the built and natural environments are constantly interacting and 
they are inseparably linked. Energy, materials, water and land are all consumed in the construction 
and operation of buildings and infrastructure to such an extent that sustainable development can be 
said to depend on the built environment. The world’s cities have a major impact on emissions of 
‘green house gases’ and global warming: they take up around 2% of the earth’s surface but account 
for nearly 80% of the carbon emissions from human activities. The urban environment influences 
our living conditions, social well-being and health. Thus, the performance characteristics and quality 
of our infrastructure are of fundamental importance to urban sustainability and the well-being of our 
environment. The significance of this should not be underestimated especially if it is borne in mind 
that our infrastructure accounts for at least 50% of our national wealth. 

Sustainability issues in construction are characterised by their complexity, the diversity of those 
involved and the need for innovative and special solutions. As the largest and most fragmented 
industry, the construction sector faces huge challenges in the pursuit of sustainability. Sustainable 
construction is a way for the industry to move forward, taking into account environmental, socio-
economic and cultural issues. 

Enhanced sustainability can be achieved through an integrated approach, by adopting innovations 
in technologies and by taking it into account early in the design process. In this context more 
detailed information is provided in this paper of two technological innovations which could lead to 
much more durable and sustainable forms of construction. The development of maintenance free 
bridge deck slabs and a flexible concrete arch system for short span bridges is backed up by 
laboratory testing at Queen’s University Belfast and complementary field testing. 
 
 

2. ENHANCED SUSTAINABILITY OF CONCRETE BRIDGE DECKS BY DESIGN 
 

2.1 Background  
 

Bridges with spans of up to 30m constitute the vast majority of road infrastructure bridges in service 
across the world – whether it is for overpasses/underpasses for motorways or for minor river 
crossings. Within this category of bridges concrete deck slabs are widely used whether in 
combination with pre-cast pre-stressed concrete beams or steel girders. A similar type of deck can 
also be utilised for many medium span bridges hence the importance of designing a durable deck 
system cannot be overemphasised. 



Over the past 20 years it has been found that many concrete bridges (concrete was selected in the 
1960/70’s for its inherent durability) have exhibited problems, such as spalling, associated with 
reinforcement corrosion.  Such problems are particularly prevalent in marine environments or where 
freezing/thawing conditions require the intensive use of salt to prevent the formation of ice.  In the 
latter case the vulnerability of the reinforcement in the deck slab is exceptionally high and in many 
instances deck slabs have to be repaired/replaced at great cost within 20-30 years. This causes great 
disruption to traffic and the associated costs of congestion are high. 

A further problem for bridge deck slabs is that they have to be assessed structurally to ensure that 
they can carry the heavier lorries now on our roads. These deck slabs would in many cases be found 
to be unsatisfactory were it not for an inherent strength which is not taken into account in normal 
flexural design approaches. In particular it is accepted that the capacity of the slab elements of beam 
and slab decks is greatly enhanced due to the restraint provided by the beams and diaphragms. This 
enhancement has been recognised by a number of bridge authorities worldwide by incorporating it 
into their national design codes. The recognition of arching action is most important as it can mean 
the difference between a bridge deck passing or failing the assessment requirements. 

In this paper the greatly enhanced strength associated with arching action, which is clearly of 
benefit for increased loadings, when taken into account in the design process can be shown to 
produce concrete bridge decks which are more durable than current designs.   
 
 

2.2 The concept of arching action in slabs 
 

With the advent of Johansen’s [1962] yield line theory in the 1940s designers and researchers felt 
that at long last they had a prediction method for slabs which would provide realistic strength 
estimates. However, the tests carried out by  Ockleston [1955] on interior panels of the Old Dental 
Hospital in Johannesburg revealed collapse loads of 3~4 times those predicted by the yield line 
method. This enhanced capacity was attributed to the development of an internal arching mechanism 
arising from the restraining effect of the surrounding panels. 

Where a beam is restrained against longitudinal expansion, the concept of arching can best be 
understood by referring to Fig. 1. With the development of tension cracks at mid-span and at the 
supports the beam tries to expand longitudinally but as it is restrained, corresponding forces are 
induced which allow it to sustain a substantial load on the basis of the arching thrusts which develop 
as the deformation increases. Similar actions take place in two-way systems and this phenomenon is 
generally referred to as "Compressive Membrane Action" (CMA) The extent of the enhancement 
provided by CMA, over and above the flexural strength, depends on the degree of restraint provided 
by the surrounding structure. A typical load deflection curve with the notional contributions 
separately identified is given in Fig. 2. 
 
 

2.3 Relevance to bridge deck slabs 
 

Tests on model bridge deck slabs in the Civil Engineering Department, Queen's University, 
Kingston, Canada, in the late 1960s revealed considerable reserves of strength against punching 
failure [Tong & Batchelor, 1971]. The cause of this enhancement was correctly identified as CMA 
and its particular relevance to transient concentrated wheel loads was recognised. Bridge decks 
represent one of the first areas to be considered appropriate for the utilisation of these design 
concepts because the major localised loading is transient in nature and creep is not significant. 
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Figure 1: Arching action in a typical bridge deck 
slab  

Figure 2: Interaction between flexural and arching 
action 

 

On the basis of small scale model tests a conservative design method was produced. Thus, in the 

Canadian design standards [2005] for beam and slab bridges, nominal transverse reinforcement, 

only 0.3% was required to resist concentrated wheel loadings as opposed to the 1.7% based on 

flexural design requirements. Similar design concepts are now accepted in various states in the USA 

and to date no adverse effects have been detected from these reductions in levels of reinforcement. 
 
 

2.4 Research on arching action in the UK 
 

2.4.1 Validation tests in Northern Ireland  
 

In the knowledge of the research carried out in Canada on AASHTO girder based beam and slab 

bridge decks it was decided that parallel tests should be carried out on spaced M-beam (essentially a 

range of depths of prestressed I-beams with a narrow top flange and a broad bottom flange 1m wide) 

decks to determine whether similar reductions in transverse reinforcement were possible. This 

would allow a slightly larger M-beam to be used at a spacing of 1.5m or 2.0m with consequent 

savings relative to smaller M- beams at 1.0m spacing. In order to establish the strength of the slabs 

spanning between beams a one-third scale model bridge deck was constructed in the laboratory and 

tested at Queen's University Belfast, in the late 1970s.  

The flexural design of the prototype slab for the two 112.5kN wheel loads indicated that steel 

reinforcement of the order of 1.7% was required. For test purposes areas of reinforcement 

equivalent to approximately 1.7%, 1.2%, 0.5% and 0.25% were provided in the model along with 

three panels equivalent to 2m spacing and two panels equivalent to 1.5m beam spacing providing a 

total of 20 panels for testing. 
 
 

2.4.2 Model test results and prediction method  
 

The ultimate load capacity of the 20 test panels was determined as the load which caused the 

loading shoe (simulating the wheel load) to punch through the slab in the characteristic manner. It 

was found that there was very little variation in the ultimate load capacity of all the panels even 

though the transverse reinforcement varied from approximately 0.25% to 1.7%. In comparison with 

design code predictions (Fig. 3) the results of the tests on the one-third scale model with the M-

beams spaced at up to 2m apart showed considerable enhancement over the design capacity of the 

standard slab. 

Figure 3 clearly shows that the codes do not give a satisfactory prediction of the punching shear 

capacity of typical bridge slabs and a more appropriate method which allows for in-plane restraint 

was therefore developed. This method makes use of an effective steel reinforcement ratio, and full 

details of the method and its derivation are given in Kirkpatrick et al, 1984. As can be seen from 

Fig. 3 the proposed method of predicting the punching shear strength of reinforced concrete bridge 



slabs gives good correlation with the results from the one-third scale model. This method has now 

been endorsed by the UK Highways Agency. 
 
 

2.5 Serviceability of deck slabs  
 

The ultimate load tests referred to above have indicated that strength is not critical in the design of 

deck slabs- however; designers also have to satisfy the serviceability limit state requirements.  Thus, 

full-scale tests [Kirkpatrick et al, 1986] were subsequently carried out on a bridge built by the 

Northern Ireland Roads Service. This bridge incorporated beams at 1.5m and 2m spacing, and the 

reinforcement varied from 0.25% to 1.7% in the standard 160mm thick deck slab. Initial cracking 

occurred at loads well in excess of the design service loads and even after cracks had been induced 

by severe overloading it was found that the slabs still satisfied the serviceability limit state 

requirements.  
 
 

2.6 Review of the advantages arising from CMA 
 

From a structural viewpoint the following benefits are evident: 
 

1. Reduction in reinforcement (from 1.7% to 0.5% or less); 

2. Same slab depth for greater spacing of beams; and 

3. Lower overall cost of bridge superstructure as one larger beam at 2m centres is less expensive 

than two smaller beams at 1m centres. 
 

Thus, substantial reductions in costs can be achieved whilst at the same time retaining comparable 

strength and durability. However, if the long-term durability of the bridge deck could be increased at 

a modest increase in cost then the whole life cost could be reduced as can be shown schematically in 

Fig. 4. Thus, the challenge to designers is to achieve the type of relative performance achieved by 

the CMA deck (enhanced durability). Significant progress of this front has been achieved in Canada 

[Mufti et al, 1993] and the UK in recent years.  
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Figure 3: Test results of one-third scale model bridge 
deck 

Figure 4: Comparison of the total unit cost of 
beam and slab superstructure over their service 
life 
 

  

2.7 Improved sustainability by design – developments in the UK 
 
The system developed in Canada is not applicable to decks with pre-cast prestressed concrete beams 

which tend to be significantly more popular across the world. Thus, a number of alternative 

approaches have been the subject of ongoing research both in the laboratory at Queen's University 

1 



Belfast and on site in conjunction with the Department of Regional Development- DRD (NI) Roads 

Service [Taylor et al, 2003]. This work focused on the following subjects: 
 

1)  Concrete - As well as considering the addition of fibres, advantage is being taken of the fact 

that for a given degree of restraint the strength of slabs developing CMA is significantly 

enhanced by increases in concrete strength. 
 

2)  Reinforcement - Apart from considering the lower percentages of top and bottom reinforcement 

(0.5% vs. 1.7%) site and laboratory tests have been carried out on: 

(i) Conventional steel reinforcement located in a single layer at the centre of the slab 

(greatly increased cover). 

(ii) Glass fire reinforced plastic reinforcing bars. 

  

Both approaches have performed well, as anticipated, and it is clear that bridge decks could be 

produced which should be virtually maintenance free. Because of the lower percentages of 

reinforcement these need not have a higher initial cost than conventionally decks hence it could be 

of enormous benefit to bridge owners. 
 
 

2.8 Conclusions from CMA research  
 

A sufficient understanding of the structural benefits of compressive membrane action for bridge 

deck slabs has now been achieved. This will allow: 
 

(i) The enhanced strength and serviceability of laterally restrained slabs to be taken into 

account in the assessment of beam and slab bridge decks. 

(ii) CMA concepts to be incorporated into relevant national design codes.   

(iii) The development of durable deck slabs, which will be virtually maintenance free. 
 

The net effect of all the above is more cost effective bridge decks which exhibit greatly enhanced 

sustainability relative to existing designs. 
 
 

3. NOVEL FLEXIBLE CONCRETE ARCH FOR SUSTAINABLE BRIDGES 
 

3.1 Background to the novel arch system  
 

Masonry arch bridges are one of the oldest forms of bridge construction and have been in existence 

for thousands of years. Brick and stone arch bridges have proven to be highly durable as most of 

them have remained serviceable after hundreds of years. In contrast, many bridges built of modern 

materials have required extensive repair and strengthening after being in service for a relatively 

short part of their design life. This section describes the development of a novel flexible concrete 

arch system that has the potential to be highly sustainable due to the low or zero amount of steel 

reinforcement. It is no longer economically viable to construct a masonry arch in the traditional 

method due to the cost of skilled labour required to build the accurate centering and to cut the 

masonry blocks. Progress on this type of work is usually slow and can be weather dependent. In 

order to provide a viable alternative Queen’s University Belfast, in collaboration with Macrete 

Ireland Ltd, are developing a flexible concrete arch system made of un-reinforced pre-cast concrete 

voussoirs. The arch is constructed and transported in the form of a flat pack using a polymer grid 

reinforcement to carry the self weight during lifting but behaves as a masonry arch once in place.  

Basically there are two options for the construction of the arch unit. The voussoirs can be pre-

cast individually, laid contiguously horizontally with a layer of polymer grid material placed on top. 

An in-situ layer of concrete, approximately 40mm thick, is placed on top and allowed to harden to 

interconnect the voussoirs. The same unit can be made in a single casting operation by using a 

shutter with wedge formers spaced to simulate the tapered voussoirs. Both forms of construction are 

shown in Figs 5 and 6. The arch unit can be cast in convenient widths to suit the design requirement, 



site restrictions and available lifting capacity. When lifted, the wedge shaped gaps close, concrete 

hinges form in the top layer of concrete and the unit is supported by tension in the polymer grid. The 

arch shaped units are then placed on precast footings and all self-weight is then transferred from 

tension in the polymer to compression in the arch. 

 

3.2 Materials  
 

Paragrid® polymeric reinforcement was utilized in conjunction with the concrete in the voussoirs 

which had a 28 day compressive strength of around 55MPa.  
 

3.3 Manufacture of the arch unit  
 

A prototype arch unit of 5m span, 2m rise and 2.5 m internal radius was constructed and lifted.  This 

arch required twenty-three voussoirs which were 1m wide and 200mm deep with a 40mm slab 

interconnecting in-situ screed. The arch was lifted at approximately the quarter span points with 

additional nominal support at the mid-span region. During lifting the arch drags at the each end and 

the mid span point tends to sag; hence the need for the additional support. When the end cantilevers 

are fully effective they produce a hogging moment in the mid-span region which assists in the 

formation of the arch. During this operation a critical case occurs when the arch is fully formed and 

suspended at the lifting points. A maximum bending moment occurs at the lifting points for the 

cantilever ends and to simulate this condition a series of short beam elements were tested to 

establish the capacity and to investigate the rate of creep in the low modulus polymer reinforcement. 

These were found to give an adequate factor of safety during the lifting procedure. The lifting 

sequence is shown in Fig. 7. 

The arch unit complete with tapered seating is shown in Fig 7c. Subsequently, an anchor block 

detail was designed for the seating of the arch ring. The anchor block caters for the slope of the last 

voussoir enabling the arch to from correctly. It also provided some lateral restraint to the arch ring 

both during construction, prior to completion of the arch system with spandrel walls and backfill, 

and in the long-term under live loading. 
 

3.4 Stability test 
 

3.4.1 Test set-up 
To assess the flexibility of this system, a stability test under backfilling operations was conducted 

and the arch unit was monitored for horizontal deflections, vertical deflections and strain at the 

voussoirs joints. It was originally intended to use granular backfill.  However, after a preliminary 

cost estimate for this span, it was decided to trial the use of lean mix concrete as a backfill option.  
 

3.4.2 Test procedure and results 
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Figure 5: Construction of arch unit using pre-cast 
individual voussoir concrete blocks 

Figure 6: Monolithic construction of the arch 
unit using a special form of pre-cast wedges 



The backfilling operation was carried out by placing approximately 250mm deep layers of concrete 

to each side of the arch to minimise the effects of asymmetric load.  The maximum movement at the 

crown was 0.8mm upwards for the full height of the concrete backfill.  Overall the results of the 

stabilty tests showed very little movement in the arch ring and it was concluded that the arch was 

stable under the backfill operations. 
 
 

3.5 Live load testing of the arch system 
 

A simulated static wheel load was applied at the mid-span and the third span of the arch ring. The 

single wheel load (Fig. 8), for the intended category of bridge, is 5.75t. However, for both loading 

locations the arch system carried over 35t without showing signs of distress (that is, six times the 

single wheel load).  
 
 

3.6 Analysis of the arch unit 
 
An analysis of the arch unit was conducted using ARCHIE a numerical analysis package which 

allowed for interaction with the arch backfill. The predicted ultimate capacity was highly 

conservative when compared with the actual load which was safely carried by the prototype arch 

system.   
 

  
 

Figure 7a: “Flat- Pack” 
 

Figure 7b: Arch Unit during Lifting 

  
 

Figure 7c: Prototype arch on seating 
 

Figure 8: Test set-up for mid-span loading  

 



3.7 Conclusions for the novel arch system 
 
Experience has shown that arch bridges are highly durable structures requiring little maintenance in 

comparison with other bridge forms. Thus, the objective of the new Highway Agency Standard 

[2004] is welcomed especially if it encourages a renaissance in arch building using un-reinforced 

masonry materials. The novel arch system has been demonstrated, Gupta et al. (2006), to be a viable 

alternative to long established methods of construction and the following advantages have been 

identified: 
 

(i) As the Arch system is cast horizontally it can conveniently be transported to site in a 

“flat pack” form. 

(ii) As centring is not required during installation this greatly simplifies the process and 

enhances the speed of construction. 

(iii) As there is no corrodible reinforcement the long term durability should be assured. 

(iv) Initial estimates would indicate that the system is cost competitive with less aesthetic 

RC box culverts.  
 

A complete 5m wide arch bridge with a 5m span and 2m rise complete with spandrels, fill and 

surfacing has been constructed,  load tested and has performed exceptionally well. From all view 

points the system represents a very sustainable alternative for the future. 

 

 

4. OVERALL CONCLUSIONS 

 

Once designers and contractors have a better indication of what they are looking out for they will be 

better placed to take sustainability into account right from the inception of a project. In this way and 

by developing innovative technologies to overcome difficulties progress can be accelerated in this 

important field. The two examples of innovative approaches to bridges, ie. Un-reinforced deck slabs 

and the flexible concrete arch, share the following positive sustainability features relative to 

conventional designs: 
 

•  Little or no maintenance throughout their life 

•  Greatly extended lives 

 

Since these improvements can be achieved at little or no additional cost the problems associated 

with traffic disruption/congestion when a bridge is being repaired/replaced can be minimised. This 

recognition of the significance of full life cycle costing, as opposed to the minimum initial cost 

approach, is very important from the sustainability viewpoint. 
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East London Line Sustainability Initiatives 

L. B. Carse 
Parsons Brinckerhoff Infrastructure Ltd, London, UK 

ABSTRACT: The construction in London of a new railway presents many opportunities for 
sustainable development. The greatest opportunities arise early in the project development cycle 
when decisions are made on railway alignment, whether or not to utilize existing facilities in the 
new project or to construct new facilities tailored to the project requirements, and what 
requirements to include in the design–build contractor’s remit on sustainability issues. This 
paper describes the development of the East London Line project and the way that sustainability 
considerations have been incorporated. 
 

1 BACKGROUND 

The need for an orbital railway that would run around London outside the existing Circle Line 
has long been recognized. In the early 1990’s the Strategic Rail Authority (SRA) developed a 
scheme to create an orbital line from two existing railway lines; the East London Line and the 
North London Line 

The present day East London Line began life as the East London Railway. Construction 
began in 1865, and even then, included a major element of infrastructure recycling, namely the 
reuse of the existing Thames Tunnel which had been built by Mark Brunel and his son Isambard 
Kingdom Brunel between 1825 and 1843 for use by horse drawn vehicles to move goods into 
London from the docks located on the south bank of the Thames. Though the tunnel was 
completed, lack of funds prevented the construction of the approach ramps and the tunnel was 
never used for its intended purpose. For 22 years after its completion the tunnel was used 
mainly as a foot tunnel until in 1865 it was taken over by the East London Railway which 
constructed the approaches and laid tracks to the north and south of the tunnel to create a 
railway line from New Cross Gate at the Surrey Docks on the south bank of the Thames to 
Liverpool Street Station, a major rail terminus on the east side of London. The tunnel section 
from New Cross Gate to Wapping on the north bank of the Thames and which includes the 
historic Thames Tunnel was opened to rail traffic in 1869. The section from Wapping to the 
Liverpool Street Station of the Great Eastern Line opened for service in 1876.  

Now, as a key element of the proposed orbital railway, the East London Line - see Figure 1, 
will be extended from just south of the new Shoreditch High Street Station where it once joined 
the Great Eastern Line for a distance of 3 km north to Dalston Junction where it will connect to 
the North London Line, and in a second phase of the project, to the west from Surrey Quays to 
Clapham Junction to complete the loop and make to an orbital line a reality. 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – The East London Line 
 

2 THE EAST LONDON LINE 

In London, where the costs, both monetary and social, of acquiring new surface rights-of-way 
are extremely high, any railway extension in the central urban area will normally be in new 
tunnels constructed for the purpose e.g. Crossrail or the Channel Tunnel Rail Link (CTRL) or 
will utilize existing infrastructure such as unused railway rights of way if available. For the East 
London Line, the disused Kingsland Viaduct, a brick arch viaduct completed in 1876 and which 
carried the North London Line between Dalston Station and Broad Street Station until 1984 
when it was closed in a restructuring of the British Rail, provided just such an opportunity for 
the northern extension of the East London Line from Shoreditch to Dalston Junction.  



For the central section of the project from Whitechapel Station to Surrey Quays there were 
two choices; utilize the existing East London Line tunnels, including the Thames Tunnel and 
approaches or, construct new surface or sub-surface routes from scratch. The Thames Tunnel 
had just been refurbished in 1996-98 with new reinforced concrete lining and trackwork and its 
dimensions and condition made it suitable for continued use as part of the orbital railway. The 
approach tunnels on either end of the Thames Tunnel are of cut and cover construction and have 
been in service for more than 130 years. Their condition too was deemed suitable for continued 
service in the orbital railway and so given the cost and disruption of a new alignment and the 
suitability for continued service of the existing tunnels, the decision was taken to use the 
existing East London Line alignment for the central section, even though this meant that East 
London Line rail service would be halted during reconstruction. Repairs to the approach tunnel 
sections will be carried out in 2008/09 when the East London Line is closed for a 30-month 
period to replace the existing trackwork, signalling, power and communications systems with 
new trackwork and systems to orbital rail standards. Once the East London Line Line is closed 
at the end of 2007, the tunnels, and particularly the tunnel inverts will be fully surveyed and the 
full extent of repairs determined. Innovative repairs, including carbon fibre wrapping of cast 
iron struts, are planned. 

The southern extension from Surrey Quays utilizes a combination of existing East London 
Line alignment and Network Rail tracks between New Cross Gate and West Croydon / Crystal 
Palace. The existing tracks will be removed and replaced, and several substandard bridges will 
be replaced while the line is closed. The remaining works in the southern section consist 
principally of a stabling yard, a train maintenance facility and an operations building complex, 
all of which will be constructed on a brown field site at New Cross Gate where disused Network 
Rail sidings and carriage maintenance facilities once stood.  

3 SUSTAINABLE ASPECTS OF THE PROJECT 

The concept of sustainable development was defined in the 1987 Bruntland Commission report 
‘Our Common Future’ as “…. development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs…”. The UK 
government’s strategy for sustainable development (A better quality life: a strategy for 
sustainability development for the UK (CM4343 1999) describes sustainable construction as 
balancing four main elements: 
− Effective protection of the environment 
− Social progress which recognizes the needs of everyone 
− Maintenance of high and stable levels of economic growth and employment 
− Prudent use of natural resources 

At a project level, the UK government has set targets in the following areas: 
− Carbon neutrality 
− Carbon emissions 
− Energy efficiency 
− Waste and recycling 
− Biodiversity 
− Water consumption 

The Mayor of London issued the policy document “Sustainable Design and Construction 
May 2006” as a Supplementary Planning Guidance to the London Plan setting out a series of 
standards for sustainable design and construction in London. The guidance sets out lists of both 
“essential standards” and “preferred standards” and both lists of standards provide the basis for 
sustainability initiatives for the East London Line Project.  

 
Sustainable design of the East London Line falls into two major areas of responsibility: 

− At the conceptual design stage, planning decisions made regarding alignment, station 
locations, budgets, policies and procedures and similar. These key decisions were made 
directly by TfL and its predecessors and through the Transport and Works Act processes 



− At the detailed design stage, decisions are made on material selection, waste management, 
reuse of materials. These decisions are made by the design-build contractor to meet 
established project standards    

4 SUSTAINABILITY CONSIDERATIONS IN CONCEPTUAL DESIGN 

4.1 Environmental Sustainability 
 
The orbital railway will provide better rail links between suburbs and for rail travellers whose 
destinations require them to cross London and will bring metro style transportation to a 
depressed area of London. This will reduce use of cars and buses to make these trips and divert 
travellers on to a transportation mode that is more energy efficient and less pollutive. There is 
also the added benefit that reduced use of cars and buses will reduce congestion on streets and 
improve traffic flows, again with a commensurate reduction on air pollution  

Maintaining existing structures keeps historic links to the communities past. The Kingsland 
Viaduct, a disused section of the North London Line running south from Dalston Junction to 
just north of Shoreditch High Street will be rehabilitated and put back into service. The 
Kingsland Viaduct is an integral part of the Boroughs of Hackney and Tower Hamlets, having 
been an important transportation corridor at the time that these boroughs developed. 
Reintroducing trains to the viaduct will be a natural fit with the layout of the boroughs and will 
make very little impact on the existing borough infrastructure.  

Between Shoreditch High Street and Hoxton stations, the East London Line crosses an area 
containing a number of sites of archaeological interest. Archaeological investigations are being 
carried out on the project’s behalf by the Museum of London 

 
− The site of the Holywell Priory, a medieval site of significant archaeological potential. All 

areas to be disturbed by construction will be excavated in advance by archaeological teams 
−  The Bishopsgate Goodsyard is a site that was urbanized in the 17th and 18th centuries, then 

subsequently redeveloped for railway use following the arrival on one of London’s first 
railways, the Eastern Counties in 1839. Archaeological teams have excavated representative 
locations before releasing the site for construction.  

− The Shoreditch High Street bridge which will span what was originally a Roman road. The 
bridge abutments will be excavated to locate and preserve any roman artefacts or roman 
building remains within the footprint prior to construction.  
 
In addition, the archaeological team will assist under a watching brief at other locations 

where foundations are to be excavated and will also carry out a programme of surveying and 
photographing structures to be demolished ahead of the demolition 

The East London Line runs alongside, and even utilizes a number of historically important 
structures. These structures are classified by the UK government and must be protected from 
damage or alteration. At Bishopsgate Goodsyard, the grade II listed Braithwaite Viaduct which 
formed the initial construction of the goods yard structure was saved from demolition. The 
Braithwaite is an early example of brick masonry arch viaduct with the added feature of pointed 
arch construction rather than the more usual circular arch. The East London Line has been 
designed to run alongside the Braithwaite Viaduct without damaging the structure.  

At 196 Shoreditch High Street, a seventeenth century grade II listed building was purchased 
by TfL and has been strengthened and to allow viaduct construction, which passes within 150 
mm of one corner of the building, to proceed without damage to the structure. At the grade II 
listed Crystal Palace Station, new platforms and turnback tracks are required for East London 
Line service. The station was constructed in the 1850’s to serve the original Crystal Palace after 
it was moved from Hyde Park to Sydenham and new construction will be designed to avoid 
impacting the original structure.  

The East London project is located largely on land that either still is or has been used for 
railways. The East London Line’s reuse of the existing active and disused railway land turns 



disused railway viaducts and abandoned railway yards back into productive use and upgrades 
property that otherwise lies abandoned and contributing to urban blight.  

4.2 Social Sustainability 
The project has been planned to increase the availability of public transport to the communities 
along the corridor, and provide better links to London’s extensive underground and surface rail 
systems. The project expects to encourage a shift from road to rail travel, reducing road 
congestion in eastern London and reducing the fuel used per passenger mile. 

The project will increase community access to services and facilities throughout the London 
area and will create employment opportunities for east London residents, both in the short term 
through construction related jobs and longer term as businesses establish at locations along the 
alignment.  

The East London Line will also provide a major benefit in 2012, by providing improved rail 
connections to the Olympic sites, reducing reliance on motor vehicles and reducing congestion 
on crowded east London streets.     

4.3 Economic Sustainability 
The Kingsland Viaduct, being a brick arch structure has provided some 150 rental spaces for 

use by a variety of small business enterprises. Now the arches will be renovated and 
waterproofed as a part of the viaduct rehabilitation extending the life of these low cost facilities 
that these small businesses need. In comparison, modern viaduct structures would not likely be 
of a construction type that would offer small businesses comparable facilities. 

The City of London is expanding eastwards to take advantage of old commercial and 
industrial sites that are close to the City. The Bishopsgate Goodsyard site is a major 
undeveloped site and once the East London Line provides the necessary transportation links, 
will become a prime development site within a short distance of the current City. 

At Dalston Station, the East London Line project will construct a podium slab above the 
Dalston Station that will be suitable for mixed-use development buildings of up to 15 stories. It 
is anticipated that the combination of a new railway station together with a new mixed-use 
development will provide the catalyst for further redevelopment in the area. 

In addition to the signature redevelopment sites at Dalston Station and at Bishopsgate 
Goodsyard, the other new stations are expected to stimulate redevelopment and growth along 
the railway. For example, the Docklands Light Railway which passes through the disused 
London Docklands area and which connects with the present East London Line has stimulated 
growth and redevelopment at many of its stations through the old docklands area. A similar 
stimulus to redevelopment is anticipated with the upgrading of the East London Line. 

4.4 Use of Natural Resources 
Reuse of existing structures avoids the need for new materials and the disposal of existing 
materials and is a strong positive aspect of the project. Furthermore, the re-use of active or 
derelict railway alignments fits well within the context of communities that that developed 
around the railway and therefore lend themselves to renewed rail service 

 The Kingsland Viaduct is approximately 1,800m in length and the ability to reuse the viaduct 
for the extension to Dalston Junction avoids the need for this length of new viaduct or tunnel. 
This translates into a savings of some 38,000 m3 of reinforced concrete and the elimination of 
the need to demolish and dispose of approximately 90,000 m3 of brick masonry. This equates to 
some 12,800 round trips by trucks no longer required.  

The rehabilitation works on the viaduct included the replacement of 11 short span bridges, 
which were originally of cast iron beam and jack arch construction with modern steel beam and 
reinforced concrete deck structures, the strengthening of existing brick masonry bridge 
abutments, and the repair and upgrading of a further 10 riveted steel beam bridges. The 
rehabilitation works also included the waterproofing of the entire viaduct with a modern 
waterproofing membrane. Preserving the riveted steel and jack arch bridges helps maintain the 



architectural integrity of the viaduct and preserve examples of a construction method no longer 
used.   

Water Harvesting. The train maintenance facility at New Cross Gate requires the construction 
of a maintenance shop building approximately 100m by 38m. The 3,800 m2 footprint provides 
the opportunity for rainwater harvesting. Rainwater runoff from the roof will be captured and 
stored in underground tanks for use in the train wash plant and wash down facilities. 

Regenerative Braking. The East London Line is purchasing new trains to replace the old East 
London Line stock. The new train sets, in addition to providing improvements in overall 
efficiencies from advances in motors and drives over the past 25 years, are equipped with 
regenerative braking which allows the energy from braking to be recaptured and reused instead 
of being dissipated as heat as the current train sets do.  Regenerative braking is relatively new, 
and while the East London Line train sets will not be a first in England, they are, nevertheless, 
an example of how the East London Line is supporting the use of advanced technology to 
reduce the use of energy.  

5 SUSTAINABILITY CONSIDERATIONS DURING DETAILED DESIGN AND 
CONSTRUCTION 

5.1  Sustainable Design Requirements   
The project requires the contractor to develop a sustainable design plan to identify sustainability 
issues for consideration during design development. The contractor’s plan must provide for 
showing how initiatives have been incorporated into the design, reasons why it was not possible 
to fully implement any of the identified initiatives and demonstrate that the detailed design was 
compliant with the project’s sustainability requirements. The project requires the contractor to 
be certified to BS EN ISO 14001 and also requires the contractor to consider whole life costs in 
the design. Both are considered to be positive factors in reducing the environmental impact of 
the project.   

To monitor the performance of the design against the sustainability initiatives, an agreed set 
of Key Performance Indicators (KPI’s) have been agreed with the contractor. The KPI’s have 
been selected to meet SMART criteria, i.e. Specific, Measurable, Affordable and Time-related. 
The project has specified that KPI’s are to address the following topics. 

 
− Energy – predicted total energy use and carbon emissions for the new stations and 

operational building complex. The contractor will evaluate the performance of his design 
against baseline energy and emissions of the notional buildings calculated in accordance with 
Building Regulations methods. 

− Noise and Vibration – compliance with project criteria for airborne noise, ground-borne 
noise and vibration.  

− Materials – Percentage of re-used and recycled content from the top 10 supplied materials in 
terms of spend and volume. The contractor will be required to meet or exceed project 
standards for re-use and recycling.  

− Bio-Diversity- Substantial areas of new habitat are to be created as part of the landscape 
works along the route. The area of seeded substrate bed created will be compared to project 
targets 

− Drainage – drainage using sustainable urban drainage systems (SUDS). The contractor will 
measure the areas of new construction and areas of existing and former railway sites that are 
drained to a SUDS system.     
  
KPI’s have substantial financial incentives attached, making it worthwhile for the contractor 

to meet or exceed KPI targets.  



5.2 Environmental Sustainability 
Included in the tender documents for the design–build contract is a Code of Construction 
Practice (CoCP) which is an agreement between the project and local authorities setting out 
general construction principles and environmental requirements to be followed during project 
construction. Typical issues addressed in the CoCP include noise and vibration, hours of work, 
traffic routes, and dust. The CoCP is also a vehicle for the local authorities to address issues of 
particular concern during construction, such as any special restrictions near schools. 

 
While the CoCP addresses noise resulting from construction activities, the contractor is also 

responsible for producing a design that will meet project noise and vibration criteria. For 
example, selection of the railway track form, whether to use steel or concrete to construct the 
viaducts and what noise mitigation structures to install along the track will all determine how 
much noise residents alongside the tracks will hear. It is the contractor’s responsibility to 
produce a design for each of these individual elements that in aggregate, will result in an 
operating railway that meets the project noise and vibration criteria  

The project has established overall landscaping goals and guidelines, but leaves it to the 
design-build contractor to integrate the landscaping into the civil and structures designs. The 
contractor is to produce an integrated design that balances the civil elements with the 
landscaping needs, rather than having landscaping as an afterthought. The project also specifies 
a preference for native flora, and a further preference for species that are nectar rich and berry 
bearing.  

5.3  Social Sustainability 
The East London Line passes through two of the most economically depressed Boroughs in 
London. Arguably, the most important aspect of social sustainability is the potential impact of 
the project on local youth. The project has included requirements for the contractor to hire local 
workers, buy materials from local businesses, and implement an outreach programme to local 
schools and colleges to give local youth the opportunity to learn a construction trade and gain 
meaningful on–the-job experience that will last a lifetime.  When the anticipated redevelopment 
of these areas occurs once the East London Line is reopened, the training and work experience 
that the local residents have received during the construction phase will allow them to 
participate as well in the development projects that follow.  

The project has also relocated a community resource in the borough of Tower Hamlets, the 
Spitalfields City Farm which is located on a covered way above the existing East London Line. 
Spitalfields City Farm provides the local community access to open space, garden plots, and has 
pens for farm animals. Though not a requirement of the TWA, the project has worked closely 
with the farm management and the Borough to relocate the farm so that this resource will not be 
lost to the community.  

5.4 Economic Sustainability 
While under construction, the East London Line will provide job opportunities for the residents, 
and opportunities for local businesses. The contractor has to comply with project requirements 
to engage with the local communities and apprise them of work and commercial opportunities. 
A successful outreach programme will not only provide the local communities with 
opportunities in the short term while the East London Line is being constructed, but more 
importantly, will equip the communities to continue to participate in the redevelopment projects 
to come. 

5.5 Use of Natural Resources 
By its nature, the East London Line offers substantial opportunities for recycling. For example 
27,000 tonnes of crushed brick arisings from demolition of masonry arches at the Bishopsgate 
Goodsyard are being used on site for backfilling, avoiding the need to transport the brick 
arisings to a landfill and for importing suitable fill materials.  



A similar quantity of ballast resulting from the removal of the existing East London Line 
ballasted tracks may be recycled either on the East London Line as fill materials or cleaned and 
rescreened for use as ballast on other railway locations. Alternatively, the ballast can be used as 
fill material.  

On the Kingsland Viaduct, the existing subgrade material was partially removed for the 
installation of waterproofing membranes. The subgrade material was then screened and reused 
to provide the engineered materials required for the protective layers above and below the 
membrane as well as for the structural subgrade below the new railway tracks 

Some 12,000 m of the existing East London Line trackwork will be removed and replaced. 
The contractor will be responsible for identifying ways to recycle the steel rails, the timber and 
concrete sleepers and the ballast. The contractor’s performance will be measured as part of the 
KPI process.   

In order to minimize waste, the contractor is required to pursue a strategy of ensuring that any 
surplus materials will be managed, so far as is reasonably practicable, to maximize the 
environmental benefits from the surplus materials and where they need to be disposed of, to 
ensure that they are handled in accordance with legislation and best practice.   

6 CONCLUSIONS 

The East London Line project has taken an aggressive stance in promoting sustainable 
construction, both in the project development stage and throughout design and construction. The 
decisions taken during design development stage have been made with sustainability in mind, 
and the inclusion of sustainability requirements in the design- build contract will ensure that 
sustainability continues to be in the forefront. Projects like the East London Line demonstrate 
the role that transportation projects play in sustainability, particularly in their ability to promote 
regeneration and encourage modal shift from road to rail. In the case of the East London Line, 
the sustainability is further enhanced by the ability of the project to reutilize abandoned or 
underutilized infrastructure.   

 
 



1 MEETING THE PORTUGUESE SUSTAINABLE PROJECT OF PONTE DA PEDRA 

The Project of Ponte da Pedra came out of an Ideas Competition, which is, by the beginning, a 
good indicator of the high quality of the housing architecture of Ponte da Pedra. Between the 
development of the urban and residential idea (September 1998) and the conclusion of the 
construction (February 2007), 9 years have passed, in a cruise speed. 

The construction of the building replaced an old tannery, improving the quality of the local 
site, since, far beyond the housing promotion, we have promoted an environmental and urban 
regeneration. 

The first phase of the Building is composed by 6 Blocks that gather 150 dwellings, an 
educational and cultural equipment placed in the north of the new street and a sports area in the 
middle of the housing area. 

Th second phase of the building is composed by two blocks (Block 7 and Block 8 – 101 
dwellings) and also has a child equipment, public park and water mirror, with gardens and 
sidewalks all over the building.  

The housing ensemble creates neighborhood spaces, leisure areas, also having an improving 
and appropriated connection with the surrounding area. 

From the President of the Cooperative Union, the architect responsible for the project and the 
Technical Director until the building company, all these agents were very important keys in the 
development and success of this pilot initiative in Portugal. We also count on the academic 
support of Prof. Eduardo Maldonado, Faculty of Engineering of the Oporto’s University, and 
Prof. Manuela Almeida, Minho’s University. 

This second phase represents the Portuguese participation in the SHE Project (Sustainable 
Housing in Europe) as a consequence of the application of this Second Phase to this Project. 

The SHE Project has the support of several institutions that come from 4 European countries 
– Italy, Denmark, France and Portugal, and aims to demonstrate the real feasibility of 
Sustainable Housing as far as the economic, the environmental, the social and the cultural issues 
are concerned, using, for that purpose, European cooperative constructions as dissemination 
pilot projects of a new method of construction that we want to adopt in future constructions. The 
Project was recently awarded, on the 2nd February 2007, with an Energy Efficiency Prize 2007, 
in the Category Public – private partnership, by the Directorate-General Energy and Transport 
of the European Commission, on the scope of the Sustainable Energy Europe Campaign 2005-
2008, which says a lot about the importance and the pioneering initiative of this Project to 
which we belong. 

The first cooperative building of sustainable housing in Portugal 

J. P. T. Coimbra 
Fenache – Federação Nacional das Cooperativas de Habitação Económica em Portugal, FCRL, Lisboa, 
Portugal 

ABSTRACT: The First Cooperative Building of Sustainable Housing in Portugal 



The second phase of our pilot project started in February 2005 and was achieved in February 
2007 and is now in operation, since it is already inhabited. 

It is a building of 9.216.160, 00 €, co financed by the SHE Project with the institutional 
support of FENACHE (National Federation of Cooperative Housing, F.C.R.L.) and FEUP 
(Faculty of Engineering of the Oporto’s University). 

This second phase keeps the same building features of the 1st Phase, having an external 
technical follow-up of the building’s construction with a ten year insurance policy (that protects 
dwellings against structure defaults that might appear during a ten year period), hygiene, safety 
and health external control in the building site, supervision of building works directed by an 
Engineer from NORBICETA and coordinated by the Tecnhical Manager of the Cooperative. 
The management model of the dwelling also respects the NP EN ISO 9001:2000 rules, since the 
Quality Management System implemented in a single Cooperative was also adopted by the 
other Cooperatives that belong to the Union. 

Apart from these indicators, we have a group of building features in the second phase of the 
building that really distinguishes it from the conventional construction and that gives it the title 
of The First Sustainable Building of Cooperative Construction in Portugal. This promotion is, 
nevertheless, a cooperative construction under controlled costs, approved and subsidized by the 
National Institute of Housing. 

2 HOUSING SUSTAINABLE FEATURES 

We, obviously, make reference to the housing sustainable features, according to the SHE Project 
that are organized according to the following horizontal activities: 

2.1 The participation process 
The involvement of several stakeholders in the different steps of building’s development, 
especially local authorities, the Cooperative Union, the building company, the design team, 
technical staff, inhabitants and future users, achieving the target of social cohesion, through the 
effective participation of these stakeholders in an Integrated Strategy of Sustainable 
Development: 

 
• Weekly meetings with Project Designers, representatives from the building 

company and the Housing Cooperative; 
• Opened sessions on the Building’s presentation and Project discussion; 
• Documents to support the main dissemination moments of the building’s 

promotion; 
• User Manual to allow a correct use and maintenance of sustainable dwellings; 
• Edition of a quarterly magazine that updates the development of the activity of the 

Cooperative promoter; 
• A website that uploads, every three month, the information concerned. 

2.2 Building’s integration in the local site  
Building’s integration in the local site in a positive way, respecting land management constrains 
and local ecosystems and promoting, on the other hand, biodiversity. Ponte da Pedra building 
has significant information on this subject. The building has replaced a very poor area by an 
important building and regeneration initiative, that respects solar exposure, profits the local 
water vein and, since it is very close to a public transport network, it potentially reduces the use 
of cars and the mobility impact of inhabitants. 

2.3 The choice of materials  
The use of materials that respect and protect the environment, whether for its reduced impact, 
local provenance and low need for maintenance, whether for their durability, recycled, 
recyclable or reusing potential. Our building has preferably chosen locally or regionally 



produced materials with a very low need for maintenance, considering the underdeveloped 
situation of our country as far as the use of the Ecolabel or life cycle cost analysis is concerned. 

2.4 Water Cycle Management 
The respect for the existing water cycle and the reduction of clean water consumption, through 
the use of technologies and equipments that allow water saving and through the reduction of the 
loss of the infiltration rate: 

 
• Showers with thermostatic valves for temperature control; 
• Garden watering with humidity sensor; 
• Use of double flush in toilets (6 liters or 3 liters); 
• Building of an underground water tank to store rain water and the water that comes 

from the local vein to be used in the toilets and in the garden watering of the whole 
Ponte da Pedra ensemble. 

2.5 Waste Management 
An appropriated waste management during the construction and the use, reducing, separating 
and reusing waste: 

• Containers to separate waste during the construction, with the support  of the urban 
services; 

• Creation of outside eco points for waste separation during building’s use; 
• Placing differentiated waste bins inside dwellings. 

2.6 Energy Management 
The construction of a highly efficient energy building, considering maximal use of passive solar 
potential (building’s orientation), minimum consumption levels, the use of renewable energy 
technologies, the installation  of highly efficient equipments, materials and equipments selection 
with a low embodied energy and the information of the future users about the best practices of 
energy needs (through the user manual). 

Let’s have a look at the building’s solutions that assure the reduction of heating and cooling 
and the energy need for sanitary hot water aiming to certify the building in terms of energy 
efficiency: 

 
• Study of the building’s solar orientation, profiting passive solar potential and 

reducing the need for environmental heating inside dwellings; 
• Development of thermal insulation systems of the surrounding that totally excludes 

thermal bridges and that considers a K=0.35 for surrounding elements that are in 
contact with the exterior; 

• High thermal insulation, according to the new Regulation of the features of 
Building’s Thermal Behavior; 

• Use of solar panels on the building’s roof, profiting a renewable energy source for 
sanitary hot water heating, deeply reducing the consumption levels of natural gas 
and electricity; 

• Use of low consumption bulbs and electronic systems in every common areas, 
turned on by solar cells placed outside; 

• Use of movement detectors in main rooms, staircases and corridors; 
• Adoption of crossed ventilation inside dwellings, being preferably natural as an 

important indicator of inner comfort aiming to reduce the need for cooling; 
• Construction of a class A energy efficient building. 
 



2.7 Daylighting 
Management of daylighting, respecting legal requirements as far as the level of natural and 
artificial lighting is concerned, assuring an efficient coordination between both and a high 
percentage of spaces with natural lighting: 

 
• Building respects legal requirements as far as luminance levels are concerned inside 

dwellings; 
• In the case of artificial lighting, we use equipments that allow energy saving (as it is 

explained in the chapter of energy efficiency) 

2.8 Acoustic comfort 
Acoustic Comfort controlling noise outside and inside the building: 

 
• Planting a tree barrier in the building’s surrounding that “works” as a noise barrier; 
• Use of horizontal and vertical acoustic insulation, between dwellings and between 

those and common areas. 

2.9 Energy, environmental, social and economic building’s monitoring  
Energy, environmental, social and economic building’s monitoring that will take place for a 
year, between March 2007 and February 2008, when the building is already inhabited. This 
monitoring will allow the measurement of the sustainable building’s performance. For instance, 
as far as gas, electricity and water saving is concerned, we expect to reach an extremely good 
performance in a way that from the 4th year forwards, all savings will be net, as a result of the 
additional investment that each family had to do when buying their sustainable dwellings (the 
price for sail was 5% above the traditional cooperative building). During this period, we would 
also be able to understand the social benefit of a Sustainable Construction, which is a key 
element that can motivate state financial supports, whether local or regional, whether national, 
that will stimulate sustainable construction practices. 

3 POSITIVE OUTPUTS OF A SUSTAINABLE EXPERIENCE 

It is extremely important to underline that this project completely changed the pattern of 
cooperative housing promotion in Portugal. From now on we have committed ourselves to 
always promote sustainable buildings, respecting as much as possible the principles learned 
with the SHE experience, but always taking into account the specificities of each project. In 
Portugal, we have completely adopted the purpose of the SHE Project – to make sustainable 
construction a common practice in Housing Cooperatives. 

Apart from this output, we may also underline that the National Federation of Cooperative 
Housing, also a SHE Partner, has adopted a Declaration for the Quality in Cooperative Housing. 
This document is a strategic goal that intends to qualify management and operational methods 
among the Portuguese Cooperatives and it clearly assumes sustainable construction as a 
Compromise that every Cooperative must sign. 

Government authorities have also recognized the importance of this cooperative step: local 
municipality has assumed, in a public seminar that sustainable projects will have a priority 
treatment with tax exemptions and that social housing promoted by the local council must also 
respect the same principles. On the other hand, there was an important change in the national 
legislation that declares that government will support the promotion of sustainable dwellings, in 
new or retrofitted buildings, since they will have outright grants. 

These extremely important outputs give us the strength to carry on and do as better as we can, 
improving techniques, innovating methods and stimulating behaviors. 



1 INTRODUCTION 

Buildings are accountable for a large part of the yearly energy consumption of many nations. 
Within the European Union the energy consumption of the residential and tertiary sector is more 
than forty percent of the final energy consumption. The energy consumption of this sector is 
even bound to increase (EC 2002). According to Campbell the annual energy consumption of 
offices in Northern Europe varied between 270 and 350 kWh/m2 (1988). In European office 
buildings the annual energy consumption ranged thirteen years later from 100 to 1,000 kWh/m2 
(McNicholl & Lewis 2001). 

Governmental and commercial organisations feel the need however to lower the energy con-
sumption of their real estate, because of increasing energy prices and the aim to reduce green-
house gas emissions. By gathering information on commercial real estate objects and their con-
sumption patterns, a strategy to effectively lower energy use and water consumption can be 
developed.  

The inventory of buildings can take place by using the methodology of Santamouris et al. 
(1994) that distinguishes five kinds of information to analyse the energy consumption. Although 
these kinds of information are necessary to determine the potential for energy conservation and 
to investigate the possible limitations of energy saving technologies, it does not offer the neces-
sary insights in the financial aspects of energy saving investments or investments that improve 
the sustainability, to convince the facility management of their necessity. Therefore in this re-
search information on facility costs was incorporated in a new assessment framework. This 
framework was applied to three Dutch commercial real estate objects. 

2 METHODOLOGY 

In the initiation phase of this research project the curiosity for what is known by the user 
about the building’s sustainability, maintenance costs, energy use, and water consumption of-
fered a new perception on analyzing commercial real estate objects historically. Interviews were 

Directing sustainable investments in commercial real estate 
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University of Twente, Faculty of Engineering Technology, Department of Construction Management and 
Engineering, Enschede, Overijssel, The Netherlands 

ABSTRACT: This paper focuses on the facility costs, energy use and water consumption of 
commercial real estate. A framework consisting of four components is established in which the 
performances on these three aspects are analysed. By using the first, second and third part of the 
framework suggestions for reducing the energy and water consumption can be given. The build-
ing related facility costs form the fourth component, which make it possible to give a more pro-
found direction to cost-effective sustainable measures. The framework was applied to three 
Dutch office buildings from comparable age with a floor area up to 37.890 m2. The combination 
of qualitative, quantitative and financial analyses can be an useful instrument for facility man-
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taken with the wardens of the objects to get information on their view on its sustainability and 
their experiences with making the object more sustainable.  

By taking interviews among the wardens it was experienced that many maintenance activities 
are not a result of diagnosed shortcomings, but that they often consist out of repairs. These more 
or less ad hoc repairs will not follow a defined process in which a broad scale of alternatives are 
weighed, but just need instant guidelines. The investments, that follow out of repairs or recog-
nized shortcomings, need a methodology that encompasses the five kinds of information in the 
methodology of Santamouris et al. (1994) and that is easier to apply than the existing methodol-
ogy incorporated in TOBUS of Caccavelli & Gugerli (2002) for example. Therefore, an assess-
ment framework was developed that consists of four components. 

2.1 Description of the building 

In this component the utilization, functional design and magnitude of the building are derived. 
The most important variables to get acquainted with the building and to relate its performance 
on energy use, water consumption, and facility costs, are: the year of completion, its location, 
the number of employees, the number of workplaces, the number of full time equivalents, the 
gross floor area, the net floor area and the rentable floor area. These figures will form the base 
for further analysis of the object. 

2.2 Qualitative analyses of the building’s sustainability 

The applied sustainable techniques or design methods are categorized by using a triad approach 
for five aspects, namely the Trias Energetica for energy use, Trias Hydrica for water consump-
tion, Trias Hylica for applied materials, Trias Toponoma for land use, and Trias Poreutica for 
transport (Brouwers & Entrop 2005). These five aspects all contribute to the environmental im-
pact of a building, but it is not necessary to compute the exact environmental impact of every 
measure within each aspect. The triad approach offers a three step sequence in creating a sus-
tainable built environment to which the applied measures can be assigned: (1) Measures to re-
duce the consumption of or demand for the specific aspect; (2) Measures that fill in the remain-
ing demand with sustainable or renewable sources as much as possible; (3) When there is still a 
need for more sources, then apply measures that use unsustainable sources in an efficient way. 

2.3 Quantitative analyses of the building’s consumption patterns 

In the third component of the assessment framework the energy use and water consumption of 
the object will be assessed. Derived data are compared with performance indicators for the av-
erage Dutch energy use per square meter of offices larger than 10,000 m2 and water consump-
tion per employee and workday.  

To assess the water consumption of the building two different indicators can be used. The as-
sessment computer program Greencalc takes an average water consumption of 24 to 50 litres a 
workday for each employee into account (Van der Linden et al. 2000) and a national guideline 
mentions 20 to 30 litres per workday for each employee (SenterNovem 2006). 

The energy use for heating is in the Netherlands normally expressed in cubic metres natural 
gas with an average caloric value of 33.41 MJ/m3. The indicators for energy consumption are 
based on two Dutch studies (see Table 1). The first study was executed among thirty-three of-
fices of more than 10.000 m2 in the period 1989-1993 (Novem 2003). In 2003 a second study 
examined thirty-two offices larger than 10.000 m2 (SenterNovem 2006). 
 
Table 1: Energy consumption of Dutch office buildings for the top twenty percent, the median, and lowest 
twenty percent of the observations (Novem 2003, SenterNovem 2006). 
Type of office Natural gas consumption 

(m3/(m2·year)) 
Electric energy use 

(kWh/(m2·year)) 
Number of 

objects 
Year of  
research 

Percentage of observations 20% 50% 80% 20% 50% 80%   

Offices > 10,000 m2 5 11 16 36 82 146 33 ‘89-‘93 
Offices > 10,000 m2 6 60 114 8 79 140 32 2003 



2.4 Financial analyses of the facility costs 

The facility costs of the research objects are benchmarked to assess if certain sustainable meas-
ures are preferable from a cost-effective point of view. The used reference for this benchmark 
was provided by the database FACANA, which is a contraction of FACility ANAlyses. The da-
tabase was developed by Twynstra Gudde in 1991 and has been regularly updated ever since. 
Nowadays it contains the facility costs of more than 200 Dutch organizations. The offices have 
a total floor surface of more than 4,800,000 m2 (Janssen & Konickx 1991). 

The costs per workplace are by Facana divided in two categories: (1) object related facility 
costs and (2) organisation related facility costs. The costs per workplace in the first category in-
crease, when the number of employees increases. The organisation related facility costs per 
workplace decrease, when the number of employees increases. Only for the second category of 
costs there seems to exist a quantum advantage. 

3 DESCRIPTIONS OF THE CASE STUDY OBJECTS 

To test the assessment framework three case study objects were selected within the tertiary sec-
tor. The objects needed to be larger than 10.000 m2. This size was given by the already men-
tioned standard norms of SenterNovem. A second selection criterion was that the objects needed 
to be of almost the same age, because of time depending building regulations. 

The selected case study objects are all three located in The Netherlands and were completed 
in the nineties of the last century. Although building regulations required a minimal Energy Per-
formance Coefficient for offices from the beginning of 1995 (Official Journal 1995), it was only 
the required minimal thermal resistance of 2.5 (m2·K)/W for the building shell originating from 
1992 that could have been of influence on the building plans of the two youngest objects (Build-
ing Code 2003). The building and renovation activities on the second case object started in 
1989, therefore its building shell has a higher thermal transmittance than the two other case ob-
jects. General information for this first component of the case study has been brought together 
in Table 2. 
 
 
Table 2: General information on the three case objects derived in the first component of the framework. 
 Object 1 Object 2 Object 3 
Year of completion 1995 1993 1996 
Location Utrecht Rotterdam Hengelo 
Number of employees 1,200 1,000 600 
Number of workplaces 1,320 1,050 640 
Number of full time equivalents 1,150 950 550 
Gross floor area 37,890 m2 26,918 m2 16,087 m2 

Net floor area 34,664 m2 22,314 m2 14,725 m2 

Rentable floor area 30,439 m2 18,258 m2 13,500 m2 
 
The floor area of the objects can be obtained unambiguously by using standard determination 

methods (NNI 2001). However, only for the second object an official report was available on 
the size of the floor area. In the Netherlands it is common practice to offer a rentable floor area 
of 85 or more percent of the gross floor area (Van der Woude & Pijpers 1997), but all three ob-
jects have a smaller rentable floor area of respectively 80.3, 67.8, and 83.9 percent. 

4 QUALITATIVE ANALYSES OF THE CASE STUDY OBJECTS 

The three office buildings were analysed using a qualitative approach based on the five aspects 
of the triad approach. The results of these analyses are shown in Table 3. It can be noticed that 
of all aspects energy receives the most attention, although the use of sustainable or renewable 
energy sources is limited. 

One measure regarding the Trias Hylica has a paradoxical contribution to the objects’ sus-
tainability. Using a dynamic no break system to guarantee the power supply will result in a 



higher electric energy use than a static no break system. On the other hand a static no break sys-
tem uses batteries with a high environmental impact compared to using a fly wheel. In this case 
it is assumed that the environmental impact of batteries overshadows the extra electric energy 
use. Therefore these techniques are considered to be materialistic measures and not energetic 
measures within the Triad approach. The application of measures to come to sustainable water 
consumption, transport, and land use is limited for all three steps of the triads. 
 
 
Table 3: Applied sustainable measures within the objects categorized according to the triad approach. 

Trias Step Object 1 Object 2 Object 3 
1 -Transformers for electric 

energy are on top floor 
No measures applied -Heat recovery by using 

heat wheels 
2 -Climate windows 

 
-Natural day light in the 
entrance by using a mirror 

No measures applied 

T
ri

as
 

En
er

ge
tic

a 3 -EFF1 engine air treatment 
-Elevators return electric 
energy to the network 
-Mechanical valves within 
central heating system 
-External heat delivery to 
heat the object 
-External heat delivery to 
boil water on three floors 

-Energy saving lights in 
restrooms 
 

-Individual possibilities to 
regulate room temperature 
Energy saving light bulbs 
 

1 -Flexible division of office 
space 

-Flexible division of office 
space 

-Flexible division of office 
space 

2 No measures applied No measures applied No measures applied 

T
ri

as
 

H
yl

ic
a 

3 -Reuse of art within façade 
-Reuse of cooling liquid 
-Dynamic no break system 

-Reuse of the construction 
originating from the fifties 
-Dynamic no break system 

No measures applied 

1 No measures applied No measures applied No measures applied 
2 -Green roof with sedum No measures applied -Semi-hardened parking 

lot to absorb rain T
ri

as
 

H
yd

ri
ca

 

3 No measures applied -Reuse of cooling and hu-
midification water 

No measures applied 

1 No measures applied No measures applied No measures applied 
2 No measures applied No measures applied -Bicycle shed employees 

T
ri

as
 

Po
re

ut
ic

a 

3 No measures applied No measures applied No measures applied 

1 -Semi-underground park-
ing space 

No measures applied No measures applied 

2 No measures applied No measures applied No measures applied T
ri

as
 

T
op

on
om

a 

3 No measures applied No measures applied No measures applied 

5 QUANTITATIVE ANALYSES OF THE CASE STUDY OBJECTS 

This part of the assessment makes it possible to look at the energetic and water performance of 
the objects and their employees. The smallest actual natural gas consumption can be found at 
the smallest object valuing 6.2 m3/(m2·year). Object 1 consumes 8.1 m3/(m2·year) of natural gas. 
Object 2 consumes 7.0 m3/(m2·year) of natural gas. The standard value of 60 m3/(m2·year) 
(SenterNovem 2006) seems to be too high compared to the findings in this research and com-
pared to the standard of 11 m3/(m2·year) (Novem 2003). The actual natural gas consumption of 
the case objects almost equals this last standard value. 

In Figure 1 degree days and actual energy use for heating are brought together. In 2004 and 
2005 the difference between case 1, 2, and 3 seems to be constant. In the year 2006 the energy 
use of case 2 rose significantly. Although the outside temperature was lower than the tempera-
ture in the preceding two years, it is hard to relate this higher energy consumption solely to that 
fact. 



Figure 1: Monthly energy use for heating per object in relation to monthly Dutch degree days.  
 
 

The natural gas consumption per employee shows a different order in efficiency than the 
natural gas consumption per square meter. The second case object uses less natural gas per em-
ployee than the third case object during several months in 2004 and 2005. The natural gas con-
sumption per employee of the first object exceeds the natural gas consumption per employee of 
the two other case objects. The higher natural gas consumption of object 1 can be explained, be-
cause of the presence of a large auditorium and an entrance with a larger volume than case ob-
ject 2 and 3. 

The real electric energy use of case 3 approaches with a value of 80 kWh/(m2·year) the men-
tioned standardized values of SenterNovem. The electric energy use of case 1 of 162 
kWh/(m2·year) is exceeding these values. Case 2 uses with 23 kWh/(m2·year) only a fraction of 
the standard electric energy use. The monthly electric energy use is during the year more stable 
than the monthly natural gas consumption (see Figure 2). The electric energy use of object 1 ex-
ceeds the standard value with 100 %. Case 2 is supplied with over 600 electric heaters, but only 
in 2006 the electric energy increased presumably to come to a comfortable indoor temperature. 

Figure 2: Monthly actual electric energy use per object. 
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The monthly electric energy use of case 3 was not known till September 2004 and therefore 
the yearly electric energy use given by the energy bills was divided by twelve. When the data on 
the electric energy use are corrected for the number of workplaces, employees, and full time 
equivalents the values per case change in proportion to each other, but the hierarchy in effi-
ciency does not differ. 

The water consumption of the cases is according to the standardized values of SenterNovem 
related to the number of workdays and employees. The largest object consumes annually 8000 
m3 water, but it has not the highest total water consumption. Case 2 and 3 are exceeding the av-
erage values on water use with their water consumption of respectively 10,000 and 5000 
m3/year. The consumption of case 3 is nearer to the average theoretical value than case 2. The 
monthly water consumption of each of the objects is strongly fluctuating (see Figure 3). 

The figures per employee and per square meter gross floor area show that object 2 has the 
highest consumption and object 1 the lowest. With approximately 250 workdays a year the wa-
ter consumption differs from 26.4 to 41.8 liter/(person·workday). Per square meter the water 
consumption ranges from 209 to 389 liter/year. The range of the standard values of 20 to 30 li-
ter/(person·workday) (SenterNovem 2006) seems to small. Values of Van der Linden et al. 
(2000) better match the results of the case study. 

Figure 3: Monthly water consumption per case object. 

6 FINANCIAL ANALYSIS OF THE CASE STUDY OBJECTS 

The financial analysis is performed with help of the Facana benchmark. By giving the number 
of workplaces this benchmark tool is able to calculate the facility costs of one workplace and 
per square meter. The Facana benchmark uses for its computations a standard gross floor area of 
28.7 m2 per workplace, before calculating the costs per square meter. Case 2 and 3 offer a gross 
floor area of approximately 25 m2 per workplace. The expectation is that this will result in lower 
actual object related facility costs than the facility costs calculated by Facana. The actual size of 
a workplace in object 1 equals the standard size of a workplace in Facana.  

In case of object 1 the total annual facility costs are € 14,920 per workplace. A workplace in 
object 2 costs € 14,701 per year and in object 3 € 14,370 per year. In general the total theoretical 
facility costs per workplace are increasing when the number of employees is increasing. The 
costs on energy use and water consumption account with an absolute value of approximately € 
14.90 for 4.7 to 5.8 % of the object related facility costs. The total object related facility costs 
are, according to Facana, around € 280.- /(m2·year). Depreciation and mutations account for 
seventy to eighty percent of the object related facility costs. 

The actual facility costs were derived for two objects in 2002. That year the facility costs for 
case object 1 were € 18,210,000.-. The expenses on the second case object were € 9,513,000.-. 
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For the third case the actual facility costs were not available yet. For this object it was only pos-
sible to fill out five of the twenty cost subjects that form the total facility costs. The total costs 
on taxes, energy use, water consumption, refurbishment, maintenance activities, and insurances 
were in 2006 € 1,727,000.-. 

Analysis of standard facility costs and actual facility costs showed that financial benefits of 
energy and water saving measures can only influence a marginal part of the total building re-
lated facility costs. The direct building related costs like depreciation and mutations are ac-
countable for 70 to 80 % of all building related facility costs. Regarding this composition of the 
costs, sustainable measures that increase the market value of an object or that make the object 
more flexible in adopting future mutations, have a potential to be cost effective. 

7 DISCUSSIONS 

In this paper a new framework was presented to obtain favourable investment opportunities re-
garding building related sustainable measures for the facility management of commercial real 
estate. New components in this framework are qualitative analyses and financial analyses. 

The first component summarises general information on the object. In the case study informa-
tion on the capacity of the heating and ventilation systems was derived, but inventories on en-
ergy consuming office equipment were not made. In future case studies these inventories should 
be made offering the possibility to estimate the application composition of the total energy use.  

Observed sustainable measures can not be compared directly regarding their environmental 
impact by using merely component two, because of the narrative character. This component of-
fers only the possibility to make a categorical inventory of the sustainable measures by distin-
guishing five different triads with three degrees of sustainability each. Therefore, it provides the 
opportunity to organise past investments and future investments opportunities more quickly. 

The third component uses at this moment data, which are only referring to two of the five tri-
ads within the second component. The land use, generation of transport, and material use of the 
object have not been discussed by using data. Different Life Cycle Analysis methods already 
exist to assess material use, but the environmental impact of commercial real estate by its land 
use and by its generation of transport offers opportunities for further research.  

The financial analyses were in this research based on the methodology of Facana. It was not 
an easy task to compare the theoretic facility costs and the actual facility costs of the case ob-
jects, because of different accounting methods and cost specifications. To compare the theoretic 
data of Facana and the actual financial data of the facility management in more detail, future re-
search will focus on the accounting methods and the classification methodologies of the facility 
costs. 

8 CONCLUSIONS 

Three case objects that offer almost the same accommodation and that were constructed in the 
same decade, were analysed by using a new assessment framework. Despite the similarities, 
some important differences were found regarding their sustainability, energy use, water con-
sumption and the composition of the facility costs.  

The natural gas consumption for heating was with values of 6.2 to 8.2 m3/(m2·year) found to 
be significantly lower than the standard reference value of 60 m3/(m2·year) established in 2006. 
The actual electric energy use of the objects ranges from 23 to 162 kWh/(m2·year). The referred 
electric energy use is 79 to 82 kWh/(m2·year). The actual water consumption was 26.4 to 41.8 
dm3/(person·workday). 

The use of the qualitative and quantitative analysis for assessing the sustainability of the three 
objects made it possible to recommend measures, which prevent energy use and water consump-
tion, and make the energy supply and water consumption more sustainable than in the current 
situation. These recommendations fit in other words the first and second step of the Trias Ener-
getica and the Trias Hydrica. The scope of this research did not allow the researchers to formu-
late recommendations that contribute to the goals of Trias Hylica, Trias Toponoma, and Trias 
Poreutica. 



The proposed assessment framework makes it possible for facility managers to derive in-
vestment opportunities that contribute to a lower environmental impact of existing and new 
commercial real estate. The fourth component of the framework can be used to specify invest-
ments that lower yearly facility costs. The energy use and water consumption are accountable 
for €14 to €16/(m2·year) of the total facility costs of € 258 to € 292/(m2·year). Investments that 
contribute to the market value or flexibility of an object seem to have a higher potential in sav-
ing costs. The financial appreciation of the energy and water saving aspect of sustainable meas-
ures alone, will in some cases not suffice in expressing the real financial value and potential of 
these measures for the organisation that owns or uses the object. 

When the framework is used for designing new buildings historical data will not be available, 
but by using the reference data guidelines are offered to come to designs that are more environ-
mental friendly and have on average lower annual facility costs. 
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1 INTRODUCTION 

Besides energy performance, environmental performance aspects have become more and more 
important criteria for the choice of constructive solutions and the development of new products. 
There have been several independent initiatives within the European community to develop 
methodologies for the declaration of environmental information that supports the construction 
of sustainable buildings. In addition, calculation models have been developed or are under de-
velopment for the assessment of the environmental performance of complete buildings, based 
on an aggregation of the environmental performance of its components. These buildings should 
provide all of the necessary functions to the users whilst minimizing their environmental im-
pacts. Standards are established in Great Britain (BREEAM), in France (HQE), in Italy (Itaca), 
Switzerland (UBP), Netherlands (GreenCALC) and Austria (TQM). These standards can be 
considered as innovative, although the presented results differ widely. In the background the 
standards are partly or completely referring to the work of ISO/TC 207 and the issues identified 
in ISO 14020 and ISO/TR 14025. This information is based on the ISO 14040 series of stan-
dards and the quantified environmental data for products. All of the national programs have 
been based on Life Cycle Assessment (LCA). The European research project “Inter-comparison 
and benchmarking of LCA-based environmental assessment and design tools” performed in 
PRESCO aimed on a clearer view on the precision of the different tools and some harmoniza-
tion regarding LCA based assessment of buildings.  

During the design phase of a tourism project in Portugal there have been a number of ques-
tions about a construction draft which uses traditional materials like clay, brick, cork and wood:  
• What are the environmental benefits of such buildings?  
• Do the constructions support a friendly indoor climate with low energetic amount?  
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• Which role embodied energy play? 
To answer these questions it is necessary to dispose of an appropriate method (integrated 

LCA), relevant tools and well documented, realised buildings. The following contribution is 
based on the presentation of German integrated LCA software  

2 LEGEP – A TOOL FOR THE ASSESSMENT OF INTEGRATED LIFECYCLE 
PERFORMANCE OF BUILDINGS 

LEGEP is a tool for integrated life-cycle analysis resulting from basic research in Germany, 
Switzerland and France. It supports the planning teams in the design, construction, quantity sur-
veying and evaluation of new or existing buildings or building products. The LEGEP database 
contains the description of all elements of a building (based on the German DIN 276 standard 
which can be mapped to other similar standards); their life cycle costs (LCC/WLC based on the 
German DIN 18960 and the final report EU-TG4 LCC in Construction). All information is 
structured along life cycle phases (construction, maintenance, operation (cleaning), refurbish-
ment and demolition). LEGEP establishes simultaneously and for the whole life cycle  
• the energy needs for heating, hot-water, electricity (following German standard EnEV and 

EN 832) 
• the construction, operation (energy, cleaning etc.), maintenance, refurbishment and demoli-

tion costs 
• the environmental impact (effect oriented evaluation based on ISO 14040 – 43) and resource 

consumption (detailed material input and waste).  
 
LEGEP is organized along four software tools, each with its own database. The method is 

based on cost planning by “elements”. The database is hierarchically organized, starting with 
the LCI-data at the bottom, building material data, work-process description, simple elements 
for material layers, and composed elements like windows, and ends with macro-elements like 
building objects. The data are fully scaleable and can be used either “bottom-up” or “top-down”.   
 

Figure 1: Hierarchical organization of data “Staircase” in LEGEP 
 
Elements at each level contain all necessary data for cost, energy-, and mass-flow and envi-

ronmental impact evaluation. A building can be described using either preassembled elements 
or defining elements from scratch. The user can also define a specific composition by exchang-
ing layers or descriptions of the element. The advantage of the top down approach is its com-
pleteness: if an element is not explicitly changed or eliminated it will remain in the calculation. 
The costs of the elements are established by the German SirAdos database, which is published 
each year. There are about 8.000 elements “ready for use” for the building fabric, technical 
equipment and landscape work. The LC Inventories are based on the ECOINVENT data and 
specific values from the Baustoff Ökoinventare and a LEGEP database with specific values for 
construction products.  

LCI

Input/Output      
Materials, Energy, 

Transport

Materials

Technical Datas, 
physic

Macro-
elements

Complexelem.

Complex-
elements

Fineelements

Fine-
elements

Descriptions

Work 
description

Products, work, 
costs



 

3 THE PROJECT COSTA TERRA 

Costa terra is a leisure development near Grandola, Portugal. It is situated less than 130 km 
south of Lisbon along the Atlantic coast on a 1350 ha protected area, whereby 200 ha develop-
ment area are opened for commercial use and 33 ha of the site should be used as building area.. 
The project includes 3 suite hotels, 4 tourism villages, 4 apart hotels, 1 inn, 204 villas and 1 golf 
course.  

During the early design stage more than 130 projects and studies of different technical fields, 
involving more than 70 consultants with 300 specialists, were delivered and ended in a quality 
certification system concerning forest, environment, health and safety. One part of the environ-
ment quality management following EN ISO 14001 is the construction regulations. These regu-
lations have adopted a set of principles and rules, within its “Building Code” that derive from 
traditional building technologies. The regulations include a list of recommended materials like 
clay, wood and cork, authorised materials (concrete for primary structure), forbidden materials 
(e.g. concrete roofs, metal tiles) and a catalogue of recommended construction elements.  

4 CONSTRUCTION LEVEL - COMPARISON OF CONSTRUCTIONS 

For the design phase of a project the comparison of LCA-Data of building materials, e.g. 1 t of 
concrete compared with 1 m³ of wood, is not helpful. For architects and planners it is recom-
mended to start the comparison on the construction level. The work shall consider the following 
steps: 
• Definition of the functional unit e.g. 1 m² of outside wall 
• Definition of the technical performance of the construction e.g. u-value or fire resistance. 
• Definition of the service life of the construction, e.g. 80 years 
• Definition of the ecological indicators, e.g. CO2 –eq.,SO2 –eq. 
• Selection of the constructions to be compared 

4.1 Description of the constructions 

The architects present a set of recommended constructions, Type A and Type B, Type C is not 
recommended, but serves as a reference model. Type A uses traditional materials and tech-
niques e.g.  a wall of rammed earth. Type B uses traditional materials but combines them with 
industrialized techniques e.g. a wall with layers from low-weight clay stones and porosized 
bricks. Type C uses conventional materials and technique e.g. reinforced concrete and synthetic 
insulation material. 
 
Table 1  Overview of wall and roof constructions   

Construc-
tion 

Type A  Type B  Type C  

 Layer Thick
-ness 

Layer Thick-
ness 

Layer Thick-
ness 

  cm  cm  cm 
Outside 
wall 

Clay color  Natural-resin 
based color 

 Synthetic based  
color 

 

 Clay plaster 1,5 Lime-plaster 1,5 Cement-lime-
plaster 

1,5 

 Clay 50 Low-weight 
clay stones 

11,5 Concrete col-
umn 

25 

 Wood-fiber-
board 

6 Porosized 
brick 

24 Light weight 
bricks  

25 

 Lime-plaster 2 Lime-cement-
plaster 

2 Cement-plaster 2 

 Silicate-  Silicate- color  Synthetic resin  



 

color based color 
Roof Gypsum 

board 
2 Wooden beam 18 Synthetic resin 

based color 
 

 Wind barrier  Wooden board 2 Lime cement 
plaster 

1,5 

 Wooden 
beam 

18 Wind barrier  Concrete  slab 20 

 Cellulose fi-
ber 

18 Cork insula-
tion 

8 Bitumen based 
coating  

0,4 

 Wood fiber 
board 

2 Cement fiber 
board 

0,8 Polystyrol- in-
sulation 

10 

 Brick tiles  Brick tiles  Cement tiles  
 

The list of proposed constructions encloses  
• Foundations 
• Outside walls, windows and doors 
• Inside walls and doors 
• Ceilings and staircases 
• Roofs 
The technical equipment is described without alternatives. Based on these data the constructions 
were modeled within the database.  

4.2 Results  

The case study evaluates three sets of constructions. The evaluations include  
• the energetic and  
• the environmental performance. 

The energetic performance compares the behavior of the construction during the winter (U-
value) and the summer period (, phase displacement, effective storage mass).  
 
Table 2  Overview of energetic performance of the wall and roof constructions  
  

Con-
struction 

  Type A Type B Type C 

 Indicator Unit    
Outside 

wall 
     

 U-Value W/m²K 0,47 0,78 0,85 
 Phase Displacement h 21,6 13,9 10,3 
 Effective storage mass kg 936 350 140 
 Temperature-Amplitude 

Damping 
1/TAV 702 19 14 

Roof      
 U-Value W/m²K 0,28 0,44 0,36 
 Phase Displacement h 10,4 6,9 8,7 
 Effective storage mass kg 27 22 502 
 Temperature-Amplitude 

Damping 
1/TAV 15 5 104 

 
The constructions Type A proof a good profile for both periods. This will support the ther-

mal comfort of the user inside the building and reduces the need of air-conditioning. 
The environmental performance compares the following indicators: 

• Climate change, kg CO2-eq./m² 
• Acidification, kg SO2-eq./m² 
• Primary energy non renewable, MJ/m². 



 

The impacts can be calculated for the construction phase (see figure 2 below) or for the 
whole life cycle (e.g. 80 years). 

Figure 2: Overview of environmental performance of the wall constructions 
 

The construction Type A (red) show low environmental impacts due to the use of materials 
which have a very low prefabrication level and are put together on the construction site e.g. the 
rammed earth walls. The other construction elements (windows, ceilings, roofs) show similar 
results. The aspect of a higher amount of working time or the aspect of dependency of sunny 
weather periods is not taken into account.  

5 BUILDING LEVEL  

The building is the source of local, regional and global environmental impacts. The functional 
equivalent of a building on which the building assessment is based, is derived from the project 
specification of the building. The building, including its foundations (optional the external 
works within the area of building site) is the object of assessments and the source of impacts 
over its life cycle. The physical and temporal system boundary for the assessment shall be de-
fined in the scope of the assessment. The results of the assessments are expected to provide the 
means for understanding the impact that the building and its site have on the environment and 
on the user.  

This case study is concerned on the analysis of the impacts of the building over its life cycle 
(80 years) including processes and services related to the building life cycle.  

5.1 Description of the building  

In the northern part of the area 3 suite hotels (Gross floor area 33.600 m², Volume 78.450 m³) 
are planned in form of a serpent which surrounds a courtyard.  

The building is described in the software with three sets of construction elements Type A, B 
and C. Only a small part of the results is presented here, trying to show the difference between 
the conventional buildings and the building using traditional construction methods. 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Suite Hotel, First Floor 
 
 

 
 
 
 
 
 
 
 

Figure 4: Suite Hotel, Facade 

5.2 Results   

For the evaluation and comparison of the three buildings in a first step only the construction 
over the life cycle (80 years) excluding operational energy use is analyzed.  

As assumed the building with the construction set Type A shows the lowest environmental 
impacts over its life cycle.   

In a second step the three buildings are evaluated including the operational energy use. It is 
known that the operational energy use for the life cycle of 80 years contributes in Germany 
about 80 % to the use of primary energy of the building. In Portugal, due to other climate data 
the influence of the heating demand is reduced but the need of air-conditioning increases the use 
of electricity during the summer period. To compare buildings in both climates data are lacking. 

To show the influence of alternative solutions the three buildings were modelled with differ-
ent technical equipment: 
Type A: heating with wood, solar panels for hot water (30%), no air conditioning 
Type B: heating and hot water with gas, photovoltaic for production of electricity (30%), no air 
conditioning  
Type C: heating and hot water with oil, 100 % air-conditioning. 

The calculation is based on the German standard, EnEV modified with climate data of Por-
tugal. The heat demand of the three buildings varies within a corridor of 20% due to the differ-
ent constructions. The calculations are modified in a second step with special data for the need 
of hot water and electricity in a hotel. The influence of these consumptions on the environ-
mental impacts is more than 60%. In a third step the above mentioned strategy for different 
technical equipments was introduced in the buildings Type A and Type B to lower the energy 
amount without reducing the comfort level. For the calculation of the environmental impacts of 
electricity the average European mix (UCPT) is used. 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Comparison between “traditional” (Type A), “modified traditional” (Type B) and 
“conventional” (Type C) building, excluding operational use of energy 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Comparison between traditional (Type A), traditional-modified (Type B) and conven-
tional (Type C) building including operational use of energy over the life cycle (80 years) 
 

The building Type A (red) shows the lowest impact for CO2-eq. and primary energy but 
higher impacts for SO2-eq. and PO4. This results from the heating with wood. Type B shows the 
lowest impact for SO2-eq. and PO4 due to the production of 30% of the electricity demand by 
means of photovoltaic.  



 

6 CONCLUSIONS  

LCA-Tools which remodel buildings at different stages of their life cycle with a scaleable data-
base of elements and processes – like LEGEP – allow a complete evaluation of buildings with 
reasonable amount of work. Through the use of LEGEP the main effort of the designers and 
other specialists is shifted from the extremely cumbersome description of a building and exten-
sive input of data into a specific software to the interpretation of large number of synthetic re-
sults at each moment. The combined effects of changes can be immediately visualized; new 
methods of design can be founded on experience gained from LCA knowledge. In detail: 

1. The advantages of traditional materials and constructions can be quantified by using the 
method of integrated Life Cycle Analysis.  

2. To support the decision process of architects the work must be based on the definition of the 
functional and technical equivalent to allow a comparison of different constructions. 

3. The effective storage mass of traditional wall and ceiling constructions allows avoiding the 
air conditioning of the indoor climate and supports the reduction of the environmental impacts 
of the building. 

4. The combination of traditional constructions and modern technical equipment shows clearly 
the advantages in the short and long term run.    

The constructions Type A are still in use today in small residential houses. To adapt these 
methods in the tourist sector for hotel buildings, the environmental friendly profile of traditional 
architecture can enlarge the idea of personal wellness to the contribution of a sheltered envi-
ronment. In this case the LCA can support the marketing ideas of the investor. 
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1 INTRODUCTION 
Tourism is a worldwide phenomenon, it has impressive dimensions both considering the num-
ber of people involved and the aspects concerned by, and therefore it cannot be regarded as a 
sole economical activity: it is a possibility of contact, comparison, growth, an effective way for 
the cultural, social and economic local development.  

In many cases, the results of policies aimed at a short-term and forced growth of the tourist 
activity, lacking a careful planning, have been the cause of environmental disasters. The growth 
of tourist coastal centres followed similar development processes: at the beginning, the tourist 
demand was attracted by the quality of the landscape, producing an increase in the tourist facili-
ties - which, without an environmental control, started deterioration processes of the environ-
ment– and a transformation of the tourist demand from a naturalistic demand, into a recreational 
one. At the same time, the increase in the local economy produces a transformation of the eco-
nomical activities typical of the territory into tourist activities. In the long run, these process 
leads to the loss of the local identity of an area and to the abandonment of the urban centres dur-
ing the period in which the tourist demand is absent.  
1.1 Background 
In 1978, in order to face the environmental impact of tourist activities, WTO (Worldwide Tour-
ism Organization) established an environmental committee, which gathered for the first time in 
Madrid in 1981. However the concept of sustainable tourism was coined only after the more 
general definition of sustainable development. “The sustainable development of tourism shall 
meet the need of tourists and of all the destinations, at the same time, improving and enhancing 
the future possibilities”; this definition was set only in April 1995, at the end of the First World-
wide Summit on Sustainable tourism, in Lanzarote (Canary Islands), where the World Chart of 

A sustainable planning design tool for the environmental 
compatibility of the tourist coastal territory 

A. SERAFINO  
University of Genoa, Faculty of the Architecture, department DiParC, Genova, Italy 

ABSTRACT: This research deals with the general discussion about the environmental impact of 
tourism (a multidisciplinary issue concerning environment, society, culture and economics) and 
focuses on the degradation caused by the building activity and by the tourist facilities develop-
ment on unprotected territories of coastal areas. These areas are affected by great tourist flows 
that have positively effects on local economy in the short-time, are attracted by the environ-
mental qualities, but cause the deterioration of the natural ecosystem with the anthropic pres-
sure. The final goal of this work is to define a support tool for the planning to a sustainable ap-
proach. This tool can be used by local authorities that realize sustainable planning interventions 
in the Mediterranean coastal territories, where the tourist demand is limited to a short-time, and 
it can be used by the authorities in the evaluation phase of the projects, and by the architects for 
the preliminary design as well. 
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Sustainable Tourism were drawn up. Sustainable Tourism is not restricted to be only responsi-
ble tourism, eco-conscious visitors, eco-hotels, etc., it also deals with environmental protection 
and sustainable planning.  

In many cases, for example, the deterioration and the consumption of the land (one of the re-
sources with the slowest re-formation rate) persists in the name of a tourist demand, which is 
limited only to three/four months a year. 

The tourism must be considered a transversal activity that promotes and improves the quali-
ties and the peculiar economic activities of the territory and is a base of its development. 
1.2 The goal 
The main objective of this study is to define a sustainable planning design tool, specific for 
coastal tourist planning.  

HQE2R (Haute Qualité Environnemental et Economique pour la Réhabilitation) is a European 
methodology for sustainable neighbourhoods regeneration, that in this research it was adopted 
as a reference.  

2 METHODOLOGY 

The present research has used the methodological structure of HQE2R, the output result struc-
ture, whose efficacy has been extensively tested, has been used as well.  

The basic phases are: realization of the document related to the inventories and the diagnosis 
protocol; definition of the system of specific indicators for the existing conditions evaluation, 
and definition and evaluation of hypothetical development scenarios. Like HQE2R also this tool 
has the output file like a radar graphic, the vertexes are the systems of indicators (families), 
measured through a scale of values from +3 to -3. Every system of indicators is determined by 
the calculation cards of specific indicators scientifically measured. The tool measures the indi-
cators families that are called the “specific objects”. In these kind of tools, the final result is 
comparative and not quantitative: the mathematical operation to lead back the different parame-
ters to unique value scale points up the harmonic relations between the indicators families: the 
harmonic degree is an indispensable parameter for the sustainability evaluation of the general 
system.  

In this case, the systems analyzed are: the user system (all the users of the communal territory 
in the year -residents and tourists); the territory system (the urban, natural and cultivo areas); the 
services system distinguished in resident and tourists services; the resources system measures of 
consumptions in “open cycles” (consumption of no recycled water, consumption of no-self pro-
duction power and production of no recyclable waste) of both resident and tourists.  

The processes of definition of the indicators and their method of calculation have been fun-
damentals. The following main families of indicators have been established: 1. preservation and 
enhancement of the local values [territory]; 2. protection of the resources through the reduction 
of the open cycle consumption [resource: energy KgCO2/mq , water resources Liters/person 
day, urban waste Kg/person/day]; 3. services improvement [service: quality of life and quality 
of the visit]; 4. “tourist pressure” ratio improvement: residents/visitors ratio [the ratio among 
users typologies], this objective, defined as δT visitor/(resident + visitor) will help to understand 
the “threshold level” of the pressure. 

The definition of the specific objectives, referring to this decision-making support tool, is 
originated from the analysis of the diagnosis protocol and of the development processes occur-
ring in the coastal areas of the Mediterranean region. In this case the calculation cards of the in-
dicators families (the specific objects) are elaborated to make it easy the introduction of the data 
in the future applications. The data will have to be modified according to the requirements and 
the local peculiarities. In this type of planning tools, the transparency of the final result is fun-
damental and represents a synthesis of the processes applied for the environmental evaluation.  
2.1  The final output chart. 
The configuration of the final chart, according to the four objectives established, is represented 
by the following figure: 
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Figure 1: output chart 
 

3 THE FIRST CASE STUDY 

The first experimental application was made on the territory of Porto Cesareo in the province of 
Lecce, situated in the South of Italy.  

Porto Cesareo is characterized by peculiar environmental elements, subject to seasonal tourist 
flows; in the last decade the tourist demand had an exponential growth, therefore the setting up 
of tourist facilities has been increasing. The expansion of the built areas generally takes place 
with low attention to the techniques for environmental protection. The area has more than 20km 
of coastline and it is in the coastline of the Ionian Sea (Sea of the Gulf of Taranto), about 40° 
parallel. 
 
 

 
Figure 2: Porto Cesareo: municipal area and  pictures. 
 
Half of the borders of the municipal area of Porto Cesareo, are in the coastline of the Mediterra-
nean Sea. It is a tongue of land extending for about 3500 Ha, which in the narrowest points is 
only 900 meters deep. The maximum height of small hills in the inland is 50 meters sloping 
gently down to the sea.  
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At the present time, there are in the area 18 hotel structures, 3 guesthouses, two holiday vil-
lages and a campsite. All the accommodation typologies are in expansion; above all the taken 
area of the holiday villages has almost doubled in the last five years.  

In 2002, the number of the homes was to 16.856 of which 14.829 holiday homes: this data are 
not always expressive the truth, but gives a flash of the problem dimension.  

3.1 Methodology for the evaluation of the objectives. 
The writing out of the diagnosis protocol is necessary to highlight the basic characteristics of the 
whole area under consideration.  

In this case, users are divided into five main categories: the criteria to distinguish the five 
categories are “use span” and “use kind” of the area, according to the visitors and residents 
needs. The five user categories are: resident; owner visitor 1 (continuative presence, throughout 
4-5 months a year, and during weekends in winter); lodger visitor 2 (presence shorter than the 
previous category, concentrated in the holyday season months, over a period of 2-3 months 
every year); weekly visitor 3 (periodical presence a few weeks/years in the summer period [they 
use hotels, guesthouses and camping sites]; daily visitor 4 (generally by car, their presence is 
spread over 3-4 months; on the coastal areas only). 
In particular the resources consumptions and the quality of the services were analyzed for each 
the five user categories. 

Resources-The resources evaluation can be carried out through the measurement of their con-
sumption; the indicators help the evaluation of the use of open-cycle resources, an element 
which automatically gives information on the no sustainability of a system. This objective espe-
cially measures the impact that building has on the available resources within a region. Gener-
ally consumption is divided in three main classes (as already explained in the diagnosis phase): 
1. energy consumption [KgCO2/m2]; water consumption [litres/person per day]; waste produc-
tion [Kg/ person per day]. To evaluate this specific objective it is necessary to analyze the con-
sumption referred to each user typology in order to calculate the final consumption rate related 
to three consumption categories, as show in the following figure:  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Resources Evaluations 
 
The chart, which summarizes the consumption of the different users, points out that the more 

critical aspect is referred to the consumption of water. The data analyzed suggest that Visitor 2 
and 3 are the biggest consumption of water; this kind of user is hosted in hotels, holiday villages 
and guest-houses. 

Services- In the diagnosis protocol, a few main service categories have been defined, as fol-
lows: school services, leisure-cultural activities, commercial and health-related services.  

During the evaluation of the services, a series of specific indicators will be added to each 
class of services. The values assigned to each specific indicator are based on the following func-
tion: Σ (fx) =f(X) +f(Y) +f(J) where X= number or frequency; Y= accessibility, J= functionality  
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Figure4: Services Evaluations 
 
Observing the results achieved, it is clear that the worst level of services is offered the visitor 

1 (owner of holiday homes). This is due to the holiday homes location, often far away from the 
available services. This is also one of the main causes of environmental deterioration. For the 
same reason the visitor 1 who uses the services needs generally to use private transport, hardly 
replaceable by alternative means. 

Territory- In the diagnosis protocol, the six land typologies have been determined: natural 
vegetation areas, traditional cultivation areas, generic cultivation areas, dense urban areas, 
thin urban areas and areas with thin building (in this area the holiday homes were built during 
last 50 years). These five territorial classes refer to two important macro-categories: green areas 
and built areas. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure5: Territorial valuation 
 
Since the object of this research is the environmental compatibility, the natural vegetation ar-

eas were the most analysed and they divided in four subclasses: 
I group HR (high rate) high-quality habitat. Optimal evaluation: in this areas there is a con-

nection among the areas with a high quality habitat; they are surrounded by medium quality 
habitats (ecological connected corridors);  

II group MR (medium rate) medium-quality habitat: small clustered high quality patches, not 
fully connected. The corridor is composed by areas with variable quality, but surrounded by low 
quality habitats. The corridor could also be fragmented, and surrounded by medium quality 
habitats/settlements; 

III group LR (low rate) low-quality unsuitable habitat: the corridor is surrounded by low-
quality habitats, such as completely impervious land, or the corridor is intersected by medium 
quality habitats, therefore improvements are possible. Otherwise the corridor does not exist, but 
the area around the green patches is medium-quality, thus the areas are possibly connectable.  

IV group N (negligible): large and completely impervious land intersects the corridor. Other-
wise the intersection has small dimensions, but the green patches are surrounded by low quality 
habitats, therefore unlikely to be connected (Forman, 1995). 
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The result of the existing condition, equal to -1, is indicative of a critical state. This negative 
value assumes higher importance, if we consider that Porto Cesareo is the target of a tourist de-
mand attracted by the seaside resorts, which are strictly connected to the natural environment.  

Resident/visitor ratio: this ratio, defined as δT visitor/(resident +visitor) and originated by 
variable “time", corresponds to the pressure ratio of a visitors over a residents. In this case the 
availability for the evaluation data are partial and not fully objective. The unique analysis refers 
to a statistical survey carried out in August 2005. The final result is then absolutely questionable 
and shows several contradictions compared with other analysis. However, the pressure ratio is 
not alarming also considering that Porto Cesareo is a tourist site undergoing an exponential 
growth/expansion.  

3.2 Results  
The evaluation of the existing conditions shows that both the values referring to the consump-
tion of the resources and the territory rate are below zero. These results show a critical condi-
tion that point up most urgent problem of this territory. The evaluation of the existing conditions 
is the essential starting point to define the hypothetical scenarios of development, in according 
with the local authorities policies.  

Scenario 1: Building of two new tourist accommodation building center, located along stra-
tegic road junctions. Construction of an urban free zone, near the beach, set up as a traffic re-
straint area. For the good functioning of this scenario, the construction of the new buildings 
must follow all the low-consumption and low-environmental impact technologies. Since these 
are new buildings it is possible to obtain the best orientation, apply low-energy consumption 
systems and specific systems for collecting and recycling meteoritic waters. The public spaces 
built, in this scenario, will be of the pervious land and natural vegetation.  

The output result obtained by the evaluation of this scenario shows that the specific objective 
concerning general quantity/quality of the services has notably improved. This scenario acts 
only on the lodging visitor and weekly visitor. In regard to the results concerning the pressure 
resident/visitor and the resources consumption, it is possible to note that in both cases there is a 
slight improvement compared whit existing conditions. Since two tourist units have been de-
signed to accommodate the flow of visitors flocking to the area, the pressure level is changed. It 
is necessary to note, however, that from a social and cultural point of view, such a scenario does 
not stimulate the interactions between residents and visitors, and the social and cultural benefits 
that a resident may have from such exchanges will be inhibited.  

Scenario 2: Renovation of the existing houses and demolition of the areas in the most critical 
conditions; controlled construction of new urban spaces and connection with green areas (eco-
logical corridors). In order the renovation of the local urban structure to optimize the use of the 
resources. Construction of an urban free zone, near the beach, set up as a traffic restraint area. 
This development scenario conceives a careful and precise analysis of the built area; and then 
the each action of retrofitting must maximize the high efficiency level and values the consump-
tion resources and the comfort level, in the built environment. 

Observing the final output result, it is possible to note a general improvement, especially con-
cerning resources consumption and services evaluation. This scenario acts on the all users; in 
particular it acts on the reduction of the resources consumption by residents and owner visitors. 
These users stay in the area in the long time and use. The improvement reported by the values 
concerning resources and services is notable; the resident/visitor value is little changed in com-
parison to the existing conditions. 

Scenario 3: Complete renovation of all the existing buildings and redevelopment of selected 
areas. Construction of an urban free zone, near the beach, set up as a traffic restraint area. The 
actions are limited to the renovation of the existing built of the urban centre, but in this scenario 
is not forecast demolition action. 

The improvement reported by the values concerning resources and services conservation is 
sufficient in this scenario. The improvement reported by the values concerning resources and 
services is notable; the resident/visitor value is unchanged in comparison to the existing condi-
tions. 
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In all scenarios are forecast a series of bicycle rental points, with electrical bikes, will be set-
up in the beach area, like alternative means of transportation. The points will be located at a dis-
tance of 500 meters from one another (distance which can be covered to walk). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Final Evaluations 
 
The comparison of the final charts related to the existing conditions and the development sce-

narios clarifies that the area represented in these diagrams is wider than that considered in the 
existing conditions (this is especially evident in scenario Two and Three).  

3.3  Result comparison 
The first critical point, detected by the comparison among the existing conditions and the differ-
ent scenarios, is the difficulty to increase the values of the territory. Therefore, although both 
scenarios 1 and 2 envisage local changes, they can’t assign a value above zero to the territory. 
This is due to the general difficulty to regenerate the degraded green areas. The natural land is a 
resource with the slowest reformation rate. The third scenario does not envisage any demolition 
and the evaluation of the area is unchanged, compared with the existing conditions.  

Following there are the comparison graphs of the annual consumptions. We can read as 
changing the consumptions in the different scenarios. 
 

 

 
 
 
 
 
 
 
 
 
 

Figure 7: The comparisons 
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4 CONCLUSIONS 

This tool puts in systemic relation some territory indicators with building environmental indica-
tors, evaluating the possible planning actions starting the building scale: the sustainability 
evaluation of the system cannot be limited to the building scale. 

Being aware that the environmental evaluations and the sustainability development analysis 
are only “flashes” of a dynamic system continuously evolving, this study looks a methodology 
for the evaluation of the environmental impacts on the coastal territory, with special attention to 
the Mediterranean regions. The first research results are not exhaustive of environmental issues 
of the coastal tourist centers, but are a contribution for the definition of the support tools to the 
sustainable planning and the integrated management of these particular areas. 

The first tool application has pointed out its limits and its potentialities: this tool focuses on 
the compatibility of the built environment and its hypothetical development. The scenarios are 
calculated on a period of 20 years, but this time isn’t enough for the renovation of the natural 
land resource. In fact, the three scenarios don’t increase the rate of the HR (high rate) MR (me-
dium rate) and LR (low rate) territory. Only the scenario 2 increases the N (negligible rate) from 
the 11% to the 26%. 

In this application the data referred to the resources consumptions are not specific of Porto 
Cesareo. Aware that it would have been favorable to have the local data, it has been considered 
suitable to continue the experimentation with the acquired data, because one object of this ex-
perimentation was to construction the tool’s structure to be tested on other territories. 

The basic step, in this research, has been the definition of indicators useful and the measur-
ability of the scientific problem. The processes of indicators definition and their calculation 
method have been fundamentals. In this tools kind, the final result legibility is essential.  

Aware that the application to unique case study is not enough, we propose a future applica-
tion of this tool on other case studies. The further tests will offer the possibility to sharpen the 
measurability systems to improve the level of final result.  
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1 INTRODUCTION 

Portugal is currently facing serious challenges to its production and consumption habits. The 
country is very dependent on imports for its energy needs, with 87,2 % of the national yearly 
consumption deriving from external sources (DGEG – Geology and Energy General 
Directorate, in Portuguese, 2005), and energy efficiency is 25% above European Union’s 
average with 240 kgoe/1000 Euros in 2004 (EUROSTAT, 2004). 

The building construction industry, one of the largest employers in the country, is also 
considered a major responsible for several negative environmental impacts: energy 
consumption, associated emissions and waste production. Although the exact amount of 
construction and demolition waste (CDW) produced each year is not known, estimates point to 
a value of 4,4 Million tons (Farinha, 2007), the vast majority of which is land filled or illegally 
dumped. This value of CDW production may be attributed to lack of awareness, lack of other 
processing options and prevalence of construction habits that do not allow material separation 
or reuse. In this context, it is urgent to adapt design and construction paradigms to achieve 
greater resource use efficiency, reducing the amount of embodied and operational energy and 
also increasing the diversion of CDW from landfills. 

Building Deconstruction emphasizes promotion of “reuse” of building materials and 
components (and even whole buildings) as a way to “close the loop” of materials, and avoid the 
loss of matter and energy through construction and demolition waste. Whole building reuse is 
an example of Deconstruction, by disassembling a building and transferring part or the whole 
of its components to a new site for reassembly. Such operations are quite rare in Portugal and 
the opportunity to follow and fully document the transfer of the former Lisbon EXPO 98 
Macao Pavilion was considered a good subject for a case study in Deconstruction, as it would 
allow evaluating its environmental and economical profitability. 

Building deconstruction in Portugal: a case study 
 
A. Santos 
Faculdade de Arquitectura, Universidade Técnica de Lisboa, Lisboa, Portugal 

J. de Brito 
Instituto Superior Técnico, Universidade Técnica de Lisboa, Lisboa, Portugal 

ABSTRACT: This paper presents the transfer and adaptation of the former Lisbon EXPO 98 
Macao Pavilion from its original location to a town park in Loures as a case study in building 
deconstruction. An essential aspect for promoting Building Deconstruction is the demonstration 
of its multiple advantages, mainly to those directly involved in the designing and building 
processes, proving the compatibility of deconstruction friendly principles with architectural 
expression, functional efficiency and economical profitability. A description of the disassembly 
and reassembly operations of the former Macao Pavilion is made, identifying the main 
difficulties found. An analysis of the overall profitability of the operation is also made, 
estimating the amount of material diverted from landfill and the amount of embodied energy 
saved through material reuse. An economical profitability study compares the costs of 
disassembling and reassembling the pavilion with those of a new building. 



2 BACKGROUND 

The Lisbon Expo 98 Macao Pavilion was designed by RISCO architectural design office in 
1997 and was built in the northern central part of the EXPO 98 exhibition grounds, alongside 
the main pedestrian avenue, on a rectangular eastern facing sloping plot surrounded on three 
sides by streets while the north side opened to a another building plot  (Figure 1). 

 

 
Figure 1: The former EXPO 98 Macao Pavilion (Southeast view) in its original location in May 2005. 

 
The Pavilion was a two-story building, with an doubly symmetric 55 x 30 meters rectangular 

shaped plan, comprising two “blocks” with two floors each. The eastern block housed 
exhibition spaces and was open at the street level, while the western block also housed 
exhibition spaces and administration / reception areas in the enclosed lower floor. Both upper 
levels were linked by two partially enclosed elevated walkways, which defined a patio between 
both blocks. The whole building had a structure of bolted metallic elements ranging in cross-
section from HEA 600 to IPE 200, with enclosing walls made of 22 mm thick wood-cement 
viroc panels supported by metallic frames bolted to the main structure, except for the lower 
western block which had a brick encased metallic structure and brick partitioning walls. The 
floor of the upper level was made of 3 cm thick Medium Density Fiberboards and solid 
pinewood boards, while the roof was integrally made of corrugated metal panels, with metal 
rain gutters and eaves. Interior finishes (ceiling and walls) were gypsum board drywalls, 
including 60 mm rock wool insulation. The upper volumes had no windows, the only glass 
being present on the doors and panels that enclosed the street side of the elevated walkways. 
Windows and doors on the lower volume were double-glazed and aluminum framed. After the 
exhibition’s end in October 1998, the pavilion was vacated and closed. In late 2004 it was 
bought by the Loures municipality to be reassembled in the new town park of Loures and used 
as a teahouse / art gallery. 

3 DISASSEMBLY 

Disassembly started in May 2005, taking place in three main stages over a period of 
approximately 14 weeks up to mid-August 2005. During the first stage, interior finishing 
materials were stripped, sorted by type  and piled on the elevated walkways since the patio was 
unavailable as a sorting and stocking point. Building systems were also disassembled at this 
time. Doors, hardware, fixtures, cabling and piping were removed for reuse or recycling. Metals 
(soft steel, copper wiring) were sold to scrap metal dealers; wooden materials were removed to 
be used as fuel; other materials (rock wool, gypsum) were land filled. 



The second stage of the disassembly took about four weeks and consisted on the dismantling 
of the building’s external envelope, made possible since the removal of the interior finishes had 
exposed all of the internal connecting points for the external façade support frames as well as 
the roof panel’s fixings. At this point, unfamiliarity with disassembly operations led to time 
losses as some elements were “over disassembled” rather than kept as whole components, while 
there was no properly established identification system for the parts. 

The third stage of the process consisted on the disassembly of the steel structure. All of the 
elements of the steel structure were bolted, which allowed and facilitated disassembly, and 
were of a manageable size, which allowed manipulation and transport with commonly available 
means. The external access ramp, composed of two 24 meter long trusses, had to be cut in two 
for transport, while the main pillars bolting plates were found to be encased in concrete, and 
had to be cut making. A final step of the disassembly process consisted on the demolition of all 
reinforced concrete (foundations, ground slab and retaining wall) and brickwork walls. 

In conclusion, the configuration and constructive solutions, such as assembly sequence, 
geometry of product edges and connection methods (Durmisevic, 2003) allowed for a 
systematic separation of building materials. A more thorough audit prior to disassembly would 
have identified materials, components and sub-assemblies worthy of disassembly and transport, 
an action that might have increased the profitability of the operation, as the value of harvested 
materials is usually inversely proportional to the number of disassembly steps necessary to 
acquire them (Durmisevic, 2006). A more effective labeling system for identifying components 
and their connections would also have benefited the whole operation, as it was later estimated 
that a more effective labeling of parts would have reduced reassembly time as much as 25%. 

4 REASSEMBLY 

The contract for reassembling the metal structure and build a new exterior enclosure was 
won by the Somague company, with reassembly started in the spring of 2006 and still ongoing 
in May 2007 (Figure 2). The reassembly was slowed down by a variety of factors namely 
because the materials transported had been piled up exactly on the building’s future location  
alongside a general lack of information on the building design (original plans were not found 
on the architect’s archives) and deficient or inexistent labeling of parts . 

During rebuilding it was discovered that a few medium sized elements from the main 
structure were missing, and it was necessary to produce similar ones. New structural elements 
also had to be produced to replace those that had been encased in brickwork, while the original 
(and shortened) main pillars received new bolting plates.Other changes to the original project 
included the introduction of an intermediate steel deck. 

Other than the structural steel elements, little was reused from the originally transported 
parts, either because materials had already been reused (“viroc” wood-cement panels were 
applied in the back facade of the St. Paul church scale reproduction), because they were 
unnecessary (façade substructures were not needed, as infill walls were now to be made of 
ceramic brickwork) or because they were unusable (asphalt contaminated roof panels).  

 

 



Figure 2: General view of the pavilion being rebuilt in Loures as of April 2007. 

5 ENVIRONMENTAL PROFITABILITY 

Although it is fairly obvious that an operation of disassemble / reassemble should be 
environmentally preferable to a straightforward demolition, it is essential to determine exactly 
the benefits of such operations in order to promote design for disassembly and material reuse. 
There is no voluntary building environmental rating scheme in use in Portugal (such as 
BREEAM, LEED or Green Building Tool), and therefore there is no immediate methodological 
framework to evaluate the benefits associated with reuse of building components or materials. 

Guy (2003) has proposed a Green Demolition Certification Draft, consisting of a credit 
system, rating actions at Building, Planning and Environmental Health and Safety levels of the 
demolition process. The system proposes the attribution of a green certificate on attaining 25 of 
the 52 possible credits, while setting minimum pre-requisites such as a mandatory 20% material 
diversion from landfill independently of building size. The literal application of this 
certification draft was deemed inadequate in this particular case, nevertheless the 
environmental profitability of this operation was evaluated on two of the most “valuable” rating 
aspects of the rating scheme: diversion of materials from landfill and embodied energy saved. 

 

5.1 Materials diverted from landfill 

The original complete bill of materials of the pavilion having been lost, a new bill of 
materials was calculated from EXPO archive project drawings and partial RISCO files. This 
allowed an estimation of the quantities of materials present in terms of weight, with composite 
elements (window units, facade panels) being broken into their main materials. Smaller 
components (bolts, door handles, etc.) were ignored for these calculations. Materials associated 
with building systems such as HVAC, rainwater drainage, water supply and residual waters 
were not considered given their low relative weight or impossibility to decompose into basic 
materials (as in the case of air treatment units).  

In calculating the mass and weight of the materials, several references were used (Farinha, 
1997), as well as catalogues and technical information reference material. Weights of structural 
elements (steel and concrete) were taken from the original structural bill of materials. The 
pavilion weighted a total of 1.820 tons, with 75% of that value being reinforced concrete 
present in foundations, ground slab and retaining walls (Figure 3). 
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Figure 3: Volume of material per type. 



 
Allocating the different materials per waste processing option (Figure 4), it becomes 

apparent that only 10% of the materials were reused (the steel structure and viroc panels), while 
a total of 14% were diverted from landfill (through a mix of reuse, recycling and energy 
recovery). While these percentages would not meet the minimum requirements of the Green 
Demolition Certification draft mentioned, it should be noted that almost all of the main 
constituting materials were adequately separated and thus the lack of a higher diversion rate 
from landfill could be attributed to lack of processing options and not to project or process 
characteristics. 
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Figure 4: Volume of material per waste processing option. 
 

5.2 Embodied energy savings 

 
Another complementary assessment of environmental profitability of the transfer / rebuild 

operation is to quantify the amount of embodied energy saved. Treloar (1998) defines 
embodied energy as “the quantity of energy required by all the activities associated with a 
production process, including the relative proportions consumed in all activities upstream to the 
acquisition of natural resources and the share of energy used in making equipment and other 
supporting functions, i.e. direct plus indirect energy”. 

In the context of this study, embodied energy was understood as “process embodied energy” 
and not “gross embodied energy”, thus excluding energy used to transport the materials and 
workers to the building site, upstream energy input in making the materials (such as factory / 
office lighting, energy used in making and maintaining the machines that make the materials, 
etc.) or embodied energy of urban infrastructure (roads, drains, water and energy supply). 
Process embodied energy values for construction materials can vary greatly since there are 
many different combinations of possible input / output paths to attain a certain embodied 
energy value per unit of material. Studies (CSIRO, 2003) have identified the following 
variables affecting embodied energy calculations: efficiency of manufacturing process; fuels in 
manufacture of materials; distances of transport and amount of recycled product used. 

Embodied energy values are considered useful as an additional decision factor when 
comparing different building materials for a specific design problem, ideally complemented by 
environmental impact reference materials, since a low embodied energy material may be less 
favorable than another with higher energy content for a variety of reasons (lower technical 
service life, reciclability, etc.). Nevertheless, given the demonstrational character of this study, 
it was considered useful to demonstrate potential energy savings in this building transfer 
operation by calculating the amount of embodied energy preserved in reused building materials. 

The previously calculated material volumes were converted into MegaJoules using several 
reference tables for embodied energy values per unit of mass. Since there are no specific 
embodied energy tables for construction materials in Portugal, the closest comparable source 
was used, namely the tables of the Spanish Instituto para la Diversificación y Ahorro de la 
Energía (IDAE), as cited by Gonzalez (2006). These reference values were considered to be 
very reliable as Spain and Portugal have similar geographic conditions, construction habits and 
construction material usage. In the only instance where a value for a material used in the Macao 



Pavilion was not available in these tables, data from the New Zealand Institute of Architects 
“Comparison of building elements - Life cycle analysis” database (1995) was used. In 
calculating the embodied energy of steel elements a value of 14,25 MJ/kg was used, as a mean 
average between the values of 35 MJ/kg for virgin material and 10 MJ/kg for recycled source 
material considering that 83% of current steel is recycled or of recycled content (Steel 
Construction Institute, 2002). The original pavilion materials thus corresponded to a total of 
approximately 5.630.000 MJ of embodied energy, distributed according to Table 1. 

 
Table 1: Embodied energy present in the original building, including waste processing options (RU - 
reused; RE - Recycled; LF - Land filled; ER - Energy recovery) 

 Weight (kg) MJ/kg Energy (MJ) Option 
Structural elements         
Steel structural elements  159.900 14,25 2.278.575 RU 
Reinforcing steel rods 38.360 10,00 383.600 RE 
Concrete (B30) 1.383.120 1,20 1.659.744 LF 
Exterior walls         
Perforated ceramic brick wall, 30 x 20 x 20 cm, with cement / 
sand mortar render 5.384 2,50 13.460 LF 
Perforated ceramic brick cavity wall, 30 x 20 x 15 + 30 x 20 x 
11, with cement / sand mortar render 35.148 2,50 87.871 LF 
Cavity wall insulation rigid PU board (30 mm) 71 72,20 5.147 LF 
VIROC wood-cement facade panels (22 mm) 18.701 9,50 177.657 RU 
50 x 50 x 4 RSH facade panels metal frames   7.075 14,25 100.813 RE 
Interior walls         
Perforated ceramic brick wall, 30 x 20 x 11 cm, with cement / 
sand mortar render 33.587 2,50 83.966 LF 
Interior single 12,5 mm plasterboard wall (inc. substructure) 7.612 6,10 46.431 LF 
Rock-wool insulation (60 mm thick) 1.305 14,60 19.051 LF 
Floor finishings         
Cement sand screed, smooth finish (100 mm) 67.859 1,20 81.430 LF 
Ceramic mosaic 10 x 10 cm 170 2,50 425 LF 
Pinewood floor baseboard (20 x 70 mm section) 122 2,00 244 ER 
Solid pinewood floor (30 mm) 3.936 2,00 7.873 ER 
Moist resistant MDF boards (30 mm) 14.388 11,90 171.214 LF 
Ceiling finishings         
Interior suspended plasterboard  9.709 6,10 59.223 LF 
Exterior moist resistant suspended plasterboard  10.237 6,10 62.444 LF 
Rock-wool insulation (60 mm thick) 2.459 14,60 35.905 LF 
Stonework         
Door sills (average thickness 4 cm) 1.801 6,00 10.805 LF 
Doors and windows         
Glass  4.720 15,90 75.041 RE 
Aluminum frames  280 191,00 53.461 RE 
Steel frames and doors 4.261 14,25 60.715 RE 
Various steelwork         
Exterior hand-railings 1.235 14,25 17.592 RE 
Roof panels, corrugated sheet metal "Alaço" type 7.809 14,25 111.271 LF 
HVAC protection perforated panels, inc. substructure 1.230 14,25 17.524 RE 
1 mm zinced water-drains and eaves profiles 251 14,25 3.583 RE 

TOTAL 1.821.482   5.630.036   
 
According to the various disposal options for the different materials present in the Pavilion, 

it can be observed that 43% of the total EE value, corresponding to 2.450.000 MJ, was 
preserved due to the steel structure being reused. Considering the loss of 10-15% of the original 
steel components of the building, nevertheless approximately 2.200.000 MJ of embodied 



energy may have been saved. The production of this energy from fossil fuel would correspond 
to approximately 52,5 tons of oil equivalent (1 toe = 42 GigaJoules), whose combustion would 
release (on average) approximately 45.000 kg CO2 to the atmosphere. The amount of energy 
saved corresponds to 680.000 KW/h, which would cost 75.000 Euros (at current national rates). 

A comparison made using values from Portugal’s General Directorate for Energy “Energy 
Consumption Management Regulation” (1995), which stipulate maximum tons of oil equivalent 
to be spent in the production of certain construction materials, yielded steel embodied energy 
values almost 20% higher than those obtained through the Spanish IDAE values. 

As mentioned earlier the embodied energy values considered do not account for energy from 
transport, and so the added energy from the trips necessary to transport the pavilion steel 
components was not considered. However, it is important to refer that if this transport energy 
were accounted for, the option to reuse would be even more favorable than new building since 
there is no source of steel elements closer to Loures than the Expo site (the sites are just 18 km 
apart). CO2 emissions and embodied energy due to transport corresponded respectively to 550 
kg CO2 and 56 MJ, from the 200 l of diesel estimated to have been used in the 20 two-way 
journeys to transport the structure (consumption and distance obtained in www.mappy2.com). 

In conclusion, although only a low percentage of the total material volume of the existing 
building was reused, it did correspond to over 40% of the total estimated embodied energy 
present, which constituted a considerable environmental and financial saving. 

6 ECONOMICAL PROFITABILITY 

Parallel to the environmental benefits estimation, an equally important assessment (some 
would argue, the most important one) is that of the economical profitability of this operation. 
The Loures municipality paid a total of � 260.000 (excluding taxes) for disassembly, 
reassembly and construction of a new enclosure. The pavilion itself was donated, an obvious 
choice for the owner as the property becomes available for redevelopment at zero cost.  

An economical profitability study must compare the values paid for actually (re)used 
elements to the value of supplying and assembling new comparable products. As seen before, 
material reuse was limited practically to steel structure elements, of which the original pavilion 
possessed 160.000 kg. Considering a 10% replacement rate for lost parts and 24.000 kg to 
replace the elements that were originally encased in brickwork (estimated from the original bill 
of materials) a total of 200.000 kg present in the new pavilion is obtained. 

Considering that the value of the new foundations, enclosure walls and roof (which should 
be discounted) is equal to the price paid for the road transport of the elements (which should be 
added), an average value of 1,30 Euro paid per kg of steel is obtained. 

If a fully similar building were to be built anew, the budget of supplying and assembling 
160.000 kg of steel structure (the original amount needed) would be � 528.000 using 2006 
average tender prices of � 3, 30 per kg of steel. If the original 198.000 kg of steel (160,000 kg 
from the structure plus 38.000 kg of reinforced concrete bars) had been sold for recycling, it is 
reasonable that a price of 0.5 Euro/kg would have been paid, resulting in a net total of 429.000 
Euro to be paid for a new pavilion. 

Considering both the least and most advantageous relationships between the aforementioned 
values, the disassemble / reassemble option is always more profitable (for the owner), with 
prices 65 to 100% lower than the price of an all new structure. It is interesting to consider that 
if a reinforced concrete structure had been used in a new similar building, the estimated cost 
(from average prices per sqm of construction) would have been approximately 295,000 Euro, a 
value still higher than the 260.000 Euro paid by the municipality. 

7 CONCLUSION 

Although the disassembly and reassembly of the former Lisbon Expo 98 Macao Pavilion was 
affected and slowed down due to the novelty of the process, the balance was nevertheless 
positive on both economical and environmental aspects. A low 14% diversion rate from landfill 
was achieved, but the materials reused amounted to almost 40% of the total embodied energy 



present. Economically the operation was profitable on all levels, and a more efficient planning 
on disassembly would have raised the profitability of the operation even further. 

Studies (Boyle, 2005) have shown that transport and degree of waste processing 
infrastructures are the main conditioning factors to salvaged material reuse overall profitability. 
In the Macao Pavilion case, the very short distance between disassembly and reassembly sites 
reduced the negative impacts of transport, but the lack of appropriate disposal options greatly 
hindered the degree of diversion from landfill. This was made more evident since the original 
design was very favorable to deconstruction, permitting an effective reversal of the building 
sequence and allowing a high degree of material separation. 

This operation was greatly facilitated by the fact that it was promoted by a public body 
which eased bureaucratic procedures, as no project and building permits were required, while 
the “whole rebuilding” option allowed bypassing structural calculations and verifications. A 
mention must also be made to the overall architectural strategy as it allowed functional 
adaptation with little effort, benefiting from the typology of the building (an isolated building). 

This study shows that in more urbanized areas of Portugal, where building habits are more 
developed, more sophisticated building techniques are available and transport networks are 
more dense, it may prove profitable on all dimensions to design all steel structure buildings that 
allow disassembly and transfer, thus obtaining a higher construction material usage efficiency, 
and ultimately a more sustainable construction. 

In order to achieve this ultimate objective, further efforts are necessary in many areas, 
including raising awareness of stakeholders, laying down appropriate legal framework, creating 
adequate processing infrastructures and raising the consciousness of designers and builders. 
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1 INTRODUCTION 

This paper aims to specifically discuss the impacts brought up by urban planning on the 
indoor environment quality of the Music School at the Federal University of Minas Gerais – 
UFMG, according to an approach with an interface between sustainability and ergonomics. 

Sustainability is related to the present needs satisfaction without jeopardizing the future 
generations’ needs satisfaction, in an economic, social and environmental sphere. It emphasizes 
the care with the planet and with the natural resources preservation, since they will not last 
forever. Regarding architecture, sustainability can focus on the buildings’ environmental 
quality, whatever their nature is. 

By considering a school building sustainability, which is our case study, it is important to 
have a harmonious relation between the building and its surroundings. This means that a school 
project should be created considering the exterior characteristics of its context and not as an 
isolated object (Azevedo et al, 2005). Therefore, one should not deny the climate characteristics 
surrounding the building implantation and the architectonic characteristics that agree with its 
function. These should provide comfort to the user through the proper utilization of 
architectonic devices and architectonic techniques and materials (Gaudin & Bastos, 2006). 

Environmental comfort’s goal is to promote comfort in the building’s indoor environment 
and its surroundings, having the thermal, acoustic, air quality, light, visual and “ergonomic” 
aspects in mind. Ergonomics is closely related with environmental comfort. After all, its goal is 
to set men comfortable during the accomplishment of his activities, and for that, it may 
contribute in the creation of a built environment adequate to its users (Castro & Rheingantz, 
2006). 

To foresee the future activity accomplished on the environment that still isn’t conceived, it is 
not an easy task for the architect, during the project conception. Harder yet is to understand the 
way how people will act to accomplish their activities (Martin, 2000). The bigger the project 
scale is, the bigger is the difficulty to consider and represent all the needs regarding the users’ 
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activities. Thus, the architect macro vision, when accomplishing an urban planning, may define 
guidelines that instigate impacts regarding the indoor environment quality of a building, which 
is included in that same urban project, and consequently, conflicts with its users during the 
accomplishment of their activities. In order to reflect upon this theme (Vilaça, 2001), this paper 
will present the study case already mentioned. 

 
2 CHARACTERIZATION OF THE STUDIED CONTEXT 

According to Souza et al (1998), historically, the Federal University of Minas Gerais – UFMG – 
grew without a pilot organization plan and without uniformity as a university, thus having 
several units on the surroundings of the beautiful city of Belo Horizonte. 

The idea to project a university campus at the Minas Gerais state started to be discussed on 
1789, but it was only on 1945 that the actual location of the university campus was decided. The 
geographic region gathered the conditions considered as essential, such as the area largeness, 
favourable topography and tranquillity, proximity to the urban centre and transportation facility. 

The project was implanted by the University Directory. Initially, the buildings followed the 
streets guidance determined by 45º angle and by a modular network of 120m, which occupied 
the entire territory. The methodological guidelines for the campus design were based on the 
structuralism reason, according to the technique need, represented by the method itself. Thus, 
the campus design neglected the environmental conditions, topography and the needs of each 
building. Moreover it did not represent a human centrality. 

The freedom to conceive buildings and to create something different did not exist during the 
design process. What did exist was a system that determined every environment built. Thus, 
every campus building was built according to the same parameters, without considering the 
different specificities of each building. This is reflected on the inadequate situations of several 
natures, being most of them directly connected with the relation between the needs of the 
activities accomplished in the building and the indoor environment quality of the building. 

The Music School is one of the buildings included in this context and was built 16 years ago. 
At the time, the project was conceived having in mind the urban project conditions, the cost so 
that it wouldn’t transform the accomplishment inviable and flexibility. This means that should 
new needs arise, the project would foresee a flexible margin to operate some changes. Thus, a 
concrete and masonry structure was built which allowed, for instances, the classrooms’ 
expansion. 

The School building welcomes about 300 students and has approximately 5.000m2 of built 
area, distributed over three floors: ground floor, upper floor and down floor. 

The main entrance is done through the ground floor. It has a central block and two different 
areas. To the left, we find the classrooms, and to the right, the administrative sector. Between 
the two areas, at the school centre, there is the block which includes the considered as the 
noisiest environments: auditorium, percussion room and the multimedia room. Figure 1 shows a 
floor map. The teachers’ offices, the library and the IT laboratories are located at the upper 
floor. The canteen and some more classrooms are located at the down floor. The school 
implantation, according to the building longitudinal guiding east-west in order to include itself 
at the urban project, demanded the creation of triangular protuberances on the façades which 
represent the windows directions in the north-south direction, in order to reduce the thermal win 
and to make the best of natural lighting. 

School also receives zenithal lighting over both central mezzanine to the right and left areas. 
Below the translucent cover, there is a brick belt which allows the exit of hot air. The mezzanine 
existence infers the floors inter connection and, also, of the indoor environment quality 
determinant factors. 

School does not have thermal acoustic treatment overall. Only the central block, where the 
auditorium, the percussion room and the multimedia room are located, has an air conditioning 
system and some acoustic resources: the massive brick wall and the ceiling with a tilting 



movement to avoid the parallelism between the walls, the floor and the ceiling. Also, there are 
some sponge fill in to absorb noise. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Music School Ground Floor. 

 
Nevertheless, users do not considered these actions as completely satisfactory. There are 

some complaints regarding the presence or absence of  air conditioning. Where there is an air 
conditioning, the blow instruments musicians complain about the dry air and their saliva; and 
where it does not exist, musicians complain on the heat. 

Regarding acoustic, there is a discomfort caused by the noise that moves from one room to 
another, which can generate some conflicts among the users. As such, they try to keep the 
windows and doors closed. At the rooms with no air conditioning, they feel the heat while they 
play and they are told to use an auricular protection against noise. 

Users (teachers, students and employees) asked the Works Department of the Federal 
University of Minas Gerais for the improvement of the space quality. This is the main reason 
which made us choose this building among all other buildings to conduct this research. 

 
3 METHODOLOGY 

In order to assess the environment global comfort of the Music School, objective and subjective 
data was collected. The objective data refer to the measurements carried out on the building 
indoor environment concerning thermal comfort, noise and lighting; and also to the 
measurements on the outside gathered by the weather station that belongs to the university 
campus. The subjective data refer to the subjective perception of the school users. Initially, 
several open interviews (Guérin et al, 2001) were conducted, where users expressed their 
opinion regarding comfort and the building adequacy to their needs, thus helping not only to 
define the day, time and environment, but also to plan the acquisition of the objective data. 
After the measurements, a questionnaire was conducted where users should classify 
environmental comfort, taking the thermal environment, indoor air quality, noise, vibrations, 
lighting and a global discomfort level into account. 

Two different sceneries were evaluated: one located at the school’s central building 
(multimedia room), the other located outside (individual study room). The first scenario was 
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thermally and acoustically treated but the second wasn’t, just like most of the remaining parts of 
the building. Wednesday was the day chosen for the measurements, because it was considered 
to be one of the school’s busiest days and also because some of the noisiest classes took place 
on that day. The sound emission produced during the “chamber chorus” class, the “trombone 
orchestra” class, “percussion groups” class, “improvisation” and “orchestra” is the one that 
brings more discomfort among the users that aren’t participating in those same classes. One of 
these classes was chosen as a study case: the “trombone orchestra”. This class occurs from 
14:20 to 16:00 at the multimedia room. The measurements started at 14:00 and ended at 15:30.  

The following equipments were used to accomplish those measurements: 
 
a) a psycrometer “Taylor USA” and a WBGT meter Questemp 15”, to measure thermal 

environment quantities. Both devices measured dry bulb and wet bulb temperatures, allowing 
the WBGT meter also the measurement of globe temperature. Complementary measurements of 
relative humidity were performed with a “THDL-400 environment meter”.  

 
b) a digital anemometer “Minipa – MDA-II”, for air velocity measurements. Every door and 

window was closed, since the room is usually closed; 
 
c) a noise dosimeter “Q-400 Noise Dosimeter Quest Tecnologies” to measure noise 

equivalent level. Moreover, sound frequency analysis were performed with a soundmeter “Brüel 
& Kjaer type 2230”, with a frequency filter “Brüel & Kjaer 1625”, for octave bands between 
31.5 Hz and 8000 Hz 

 
d) lighting was measured by the luximeter “Paulux eletronic 2”. 
 
 
Measurements were taken at the multimedia room and at the individual study room and the 

same devices were used in both rooms. Figure 2A and 2B shows the exact measurements’ 
location, marked with a “x” and “y”, in each room. Only the lighting measurement was made by 
placing the device on each side of the score. 

 
Table 1. The main characteristics of the evaluation panel. 

Clothing Level Metabolic Rate 
 

Age 
(yy) 

Height 
(m) 

Weight 
(kg) CLO m

2
 ºC/W W/m

2
 MET 

 
Average 
 

25.2 1.8 76.8 0.38 0.069 83.06 1.44 

 
Maximum 
 

38.0 1.9 123.0 0.44 0.083 100 1.7 

 
Minimum 
 

20.0 1.6 58.0 0.23 0.035 80 1.4 

 
Std. Dev 
. 

4.1 0.1 14.9 0.09 0.017 7.10 0.10 

 

Questionnaire was filled in after the measurements were completed in each scenario. Thus, 
fifteen people (fourteen students and one teacher) answered the questionnaire regarding the 
multimedia room, two students filled the questionnaires in regarding the percussion room and 
one person answered it regarding the individual study room. The questionnaire, adapted from a 
version suggested in Gameiro Silva et al (2004), included questions that helped to characterize 
each element of the evaluation panel, regarding the anatomic elements and the clothing thermal 
isolation that they were using, and questions regarding the environment quality, through a 



continuous voting scale but with a qualitative grade of discomfort. It allows the user to express a 
value for the intensity in which he/she feels the option that they are classifying. The main 
characteristics of the evaluation panel are sum up on table I. 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

 

 

Figure 2 – A: Multimedia Room: “Trombone orchestra” class. B: Individual study room 

 
4 RESULTS 

Belo Horizonte is the capital of Minas Gerais state (Brazil), with a population of almost 3 
million people. It has an average altitude of 875m and its total area of 331 km2. Belo Horizonte's 
climate can be classified as tropical altitude, with yearly average temperature between 16.7°C 
and 27.1ºC (Assis, Ferreira & Silveira, 2006). The city north region, where the campus is 
located, is less mountainous and altitude varies between 675m and 850m, with a tendency of 
low density occupation. Tests were conducted on the 14th March 2007, between 14:00 and 
16:00. The university campus’ weather station, where the outer weather conditions were 
registered, is located 1.2 km of the analyzed building. During the testing period, the sky was 
slightly cloudy, air temperature varied between 26.3ºC and 27.3ºC and relative humidity 
between 41 and 48%, air velocity was low, about 2.9 m/s W-NW (73.8º); there was no register 
of rain and the average atmospheric pressure was of 917.4 mBar. 

On indoor environments, air temperatures on rooms without air conditioning varied between 
25 and 27ºC, while on the multimedia room, that has air conditioning, temperature was of 22ºC 
during class. The average values measured regarding globe temperatures in both rooms were 
close to the respective air temperatures; and relative humidity varied between 50% and 70%. 
Information regarding thermal environment were complemented by the wet bulb temperature 
and air velocity measurements. Using a computational application, elaborated by Gameiro Silva 
(2006), the thermal comfort levels PMV and PPD were calculated for each element of the 
evaluation panel. These levels are defined on ISO 7730 Standard (2005) and were calculated 
using the thermal environment data (air temperature, globe temperature, wet bulb temperature 
and air velocity) and the information regarding the metabolism level and the isolation of the 
clothing used by evaluation panel members. Values determined by the measurements results are 
compared with the subjective evaluation results obtained through the questionnaire, on fig. 3.  

Values obtained, either through the measurements, or through the subjective vote, are within 
the thermal comfort range (-0.5 < PMV < 0.5), thus having an agreement between both 
methods, although the average subjective vote tends more to the slightly cold than the results 
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obtained through the measurements. Different sizes of amplitudes of variation may be justified 
by the fact that, on the measurements side, they result of the difference between the clothing and 
metabolism levels of the elements on the evaluation panel; while as for the vote side, they result 
of the individual differences of the environment subjective evaluation. 
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Figure 4 - Results of Subjective Votes (reading of questionnaires in discrete scales) 

 

The indication of the discrete subjective voting presented on the following figure results of 
the seven discrete scale points grouping, which, as we can see, may lead to some differences 
regarding the average value concluded. Figure 4 presents graphics with the voting absolute 
frequency distributions of the evaluation panel elements regarding the environment on the 
multimedia room. The data was grouped in discrete scales of seven points for the thermal 
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Figure 3 - Results of Subjective Votes (reading of questionnaires in continuous scales) 



comfort and of four points for the remaining cases. Figure 5 presents the voting average values 
of the continuous scales and the respective variation range. It was verified that the most 
important contributions for the global discomfort level of 40% came from noise and vibrations. 
There is a certain dispersion of the votes from the evaluation panel, but the obtained average 
values, in the cases that it was possible to establish comparison between votes and indices 
calculated from measurements, as it happened regarding thermal comfort, conducted to coherent 
values. In the case of noise, where objective measurements were also performed, values of noise 
equivalent level, for 5 minutes periods, in the range from 80 to 90 dB(A) justify the discomfort 
level rated in votes. Regarding the individual room case, where there is no air conditioning, only 
a subjective vote of one evaluator was obtained. The main discomfort factor is the thermal 
environment, presenting a calculated PMV, regarding the environmental conditions, of 1.25 and 
a vote value in the same scale of 1.17. The PPD for this environment would be of 37.5%, which 
leads to a thermal environment significantly more discomfortable than in the case of mulmedia 
room. 
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Figure 5 - Results of Subjective Votes (reading of questionnaires in continuous scales) 

 
 

5 CONCLUSIONS 

It was noticed that, regarding the multimedia room environment, the stimuli that contributed 
more to the discomfort feeling were noise and vibrations (average discomfort level of about 
55%); while thermal environment was located very close to the thermal neutrality situation, 
which corresponds to a PPD rate value (Predicted Percentage of Dissatisfied) very close to the 
minimum value of 5%, having the remaining stimuli values that are relatively low (15% to 
20%). The voting average value of the global sensation of discomfort was of about 40%, which 
naturally results of the weighting given to the effect of the several discomfort stimuli. The good 
mark obtained, regarding the thermal environment, for the multimedia room results of the air 
conditioning work, since the air temperatures were decreased to more comfortable values. The 
need of air conditioning systems in warmer climates arises as a conclusion from this study. 

In the specific case of this school, besides the use of HVAC systems, it is possible to improve 
indoor environmental quality taking profit of the shadowing provided by vegetation in the left 
side façades, where most of the lecture rooms are located. Even if it was not specifically 
considered in the planning directives of the campus, topography, vegetation and distances 
among buildings contribute favorably to create good indoor environmental conditions in the 
School of Music. The building is located far from the main streets of the campus and, even in 



those the allowed circulation speed is low, which contributes positively to the noise 
environment. 

One of the major difficulties faced by an architect while creating a project  is by previously 
understanding the real needs of its users, which sometimes are only discovered after the 
environment is being used. The conception ergonomics may help the architect to minimize the 
gap between his ideal representation and the representations of the remaining agents involved in 
one project (users, contracting, and constructor). 

The search for the development of parameters systems that act at a cities scale, of its 
neighbourhoods and of its citizens, as they try to lead the municipal urban intervention to the 
real problems of the cities, may be in vain, for each case has its own specificity. Meanwhile, 
when trying to deal with a complex project, may be it is necessary to have some indicators to 
guide the architecture’s approach for each case he is designing. Ergonomics has methodological 
tools that are specific for that. School suggested a programme for the architectures to create the 
project according to the urban conditions of the campus. They wanted a building aesthetically 
different from the remaining buildings. The final result shows that, on an architecture design, 
the adopted aesthetic is a major factor to the environmental comfort and of the energy 
efficiency, thus it should be developed in an effectively compliance with those elements. In 
order to reach a true sustainable architecture we need to change the basic professional 
philosophy, of the aesthetic values that require a critical vision regarding technology, politics 
and economy. 
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1 INTRODUCTION 

Technological process has led to changes in how buildings are constructed. Some conventional 
building materials and systems have been replaced by industrialised materials and systems with 
the aim of attaining new levels of quality and features. Nevertheless, this transformation has 
also involved an increase in the amount of energy required for the manufacturing process. 
 
 
Table 1. Energy required to produce construction materials (INSTITUT CERDÀ, 1999). _______________________________________________________________________________________________ 
Aggregates       0.1 MJ/kg      Steel          43   MJ/kg 
Bricks         2.8 MJ/kg      Polyurethane        70   MJ/kg 
Sawn timber       3  MJ/kg      Polyethylene       75   MJ/kg 
Plaster         3.3 MJ/kg      PVC          80   MJ/kg 
Plywood        5  MJ/kg      Copper         90   MJ/kg 
Portland cement      7.2 MJ/kg      Paint (enamel)    100   MJ/kg 
Asphalt       10  MJ/kg      Expanded polystyrene  100   MJ/kg 
Chipboard      14  MJ/kg      Neoprene      120   MJ/kg 
Glass        19  MJ/kg      Aluminium     215   MJ/kg 
Plastic paint     20  MJ/kg _______________________________________________________________________________________________ 
 

As shown in Table 1, traditional materials, i.e. stone and wood, require 5 MJ for the manufac-
ture of each kilogram of material. With the industrial revolution, new materials such as cement 
and steel came into use, and the energy required to manufacture them increased to 50 MJ/kg. 
The most recent technological advances have led to the generalised use of plastics and metals, 
which require up to 215 MJ/kg. 

Reducing CO2. Are industrialised construction systems better?  

A. Pagès, O. Paris & A. Cuchí 
Architecture, energy and environment. School of Architecture. Technical University of Catalonia (UPC), 
Barcelona, Spain 

ABSTRACT: Greenhouse gas (GHG) emissions attributable to the manufacture of the materials 
used for a standard dwelling in Spain are equivalent to those for 25 years of its use. This data 
shows that a significant reduction in emissions from the domestic sectors implies not only re-
ducing the energy demand of the buildings – which is the aim of most environmental action – 
but also reducing the energy input of materials. Many of the proposals for reducing the envi-
ronmental impact of buildings use industrialised construction systems because it is believed that 
they are more energy-efficient. This study compares the emissions from the use and manufac-
ture of a conventional construction system for a dwelling with three specific industrialised con-
struction systems. The results show that the use of industrialised system does not necessarily 
bring about the overall environmental advantages that are often associated with them; indeed, 
they can even be counter-productive.  

 



The high energy cost of these industrialised materials is reduced if we consider the overall 
energy of the unit of service, since the amount of material used to cover a given need is gener-
ally less than of the amount of traditional materials that was necessary. 

Thus, we find examples of ‘bioclimatic’ or ‘ecological’ architecture designed by world-
renowned architects using industrialised systems to reduce the energy cost of buildings during 
use, without taking into account the environmental cost of their construction. 

In the case set out below, we calculate the amount of energy and CO2 emissions attributable 
to the construction and use of a particular building made with various construction systems. We 
compare the energy used for a conventional construction system with that used for three indus-
trialised construction systems. One is a lightweight industrialised system with a steel structure 
and lightweight façades, and the other two are light-heavyweight and heavyweight industrialised 
systems using prefabricated reinforced concrete. 

2 CASE STUDY 
2.1  Background 
The original aim of this study was to show that a given lightweight industrialised construction 
system was more sustainable than the conventional construction systems used in Catalonia. The 
original study was commissioned to Societat Orgànica and a team from UPC. The main results 
were published in the proceedings of the World Renewable Congress IX (PAGÈS, 2006). 

 In the study shown below, we have increased the number of construction systems analysed. 
In this case, apart from the lightweight industrialised construction system and the conventional 
construction system, a heavyweight industrialised construction system and a light-heavyweight 
industrialised construction system have been added to the comparison.  

2.2 Description of the construction systems analysed 
This study compares four different construction systems used for housing in terms of energy and 
CO2 emissions. These are as follows: 

2.2.1 Conventional construction system (3069 kg/m2) 
This is the system most commonly used for housing construction in Catalonia in recent years. 
The buildings have brick walls – which are the main structure of the building – and a concrete 
roof, with two-layer exterior walls, inverted roofing and plastered brick interior partitions. 

2.2.2 Lightweight industrialised construction system (1196 kg/m2) 
This is a lightweight system built with a steel structure. The façades are made from interior plas-
terboard panels, mineral wool, plant fibre, cement panels, a ventilated chamber and ceramic 
cladding. The roof and the floor, which is raised above natural ground level, are also light-
weight. The interior walls are made from plasterboard with mineral wool insulation. All assem-
bly is dry, including both structure and skin. 

2.2.3 Light-heavyweight industrialised construction system (1752 kg/m2) 
This is a light-heavyweight industrialised construction system built with a prefabricated rein-
forced concrete structure. The exterior walls are made from interior plasterboard panels, 8 cm of 
reinforced concrete, mineral wool and steel sheet cladding. The roof and the floor, which is 
raised above natural ground level, have a reinforced concrete structure. Thermal insulation is 
applied to the exterior. 

2.2.4 Heavyweight industrialised construction system (3602 kg/m2) 
This system has the same characteristics as the light-heavyweight industrialised construction 
system. The only two relevant differences are that the floor is not raised above natural ground 
level and that insulation (expanded polystyrene) is not applied to the exterior but rather between 
two layers of reinforced concrete. 



2.3 Analysed building 
To compare the four construction systems, we considered a detached single-family building 
with a floor area of 84 m2. The shape of the building and the position and surface area of the 
windows were the same in all cases.  

The study was based on a Mediterranean climate, specifically that of Barcelona, and on the 
building regulations and conventional construction systems in use there. The thermal regulations 
currently in force in Barcelona are the Catalan Autonomous Government’s Eco-efficiency De-
cree and the Spanish Technical Building Code. In order to make an equal comparison, the 
minimum insulation required to meet these thermal regulations was used for all four systems.  

To calculate the energy consumption and the CO2 emissions associated with the use of the 
building, we assumed constant occupancy and applied the performance of air conditioning sys-
tems to the demand values. Gas-fired radiators (80% efficiency) were used for heating and heat 
pumps (200% efficiency) for cooling. 

Another comparison was then made with a variation in the insulation. Five centimetres of in-
sulation were added to the exterior walls, roof and floor in order to improve the performance of 
the building during its use. 

2.4 Tools 
To quantify the energy demand and CO2 associated with the use and construction of each sys-
tem, the following computer programs were used: 

2.4.1 TCQ 2000 by ITeC 
TCQ 2000 has an Environmental Management Module with UPC-validated data that can calcu-
late the CO2 emissions and energy used in the construction of a specific building on the basis of 
its component materials, as quantified in ITeC’s price database for 2006, and provides environ-
mental particulars (energy and emissions) for the building. 

2.4.2 Lider, version 1.0 (27 March 2007) 
Lider (limitation of energy demand) is a program associated with the Spanish Technical Build-
ing Code approved in March 2006. The program simulates the demand, taking into account all 
areas of the building. The environmental datum obtained in this way is the yearly energy de-
mand for the particular building. 

3 RESULTS 

There are two sets of results. Section 3.1 compares the results of the four construction systems 
with the minimum insulation required to meet the thermal regulations. Section 3.2 compares the 
results of the same four construction systems with five extra centimetres of thermal insulation in 
the exterior walls, roof and floor of the building. 

3.1 Comparison of construction systems with minimum insulation 
3.1.1 Construction comparison 
Figure 1 shows the construction impact measured as CO2 (kg of CO2 emissions/built-up m2) for 
the four buildings studied. 

 The most efficient construction system is the conventional one, with 703 kg CO2/m2 (or 1925 
kwh/m2 in terms of energy). The light-heavyweight system has 10% more CO2 emissions than 
the conventional system whereas the heavyweight system has 21% more. This difference be-
tween the two reinforced concrete construction systems is due to the larger quantity of rein-
forced material in the heavyweight system, since the walls are double. 
 
 



Figure 1. CO2 emissions due to the construction process. 
 
Although the lightweight industrialised building is 2.5 times lighter than the conventional 

building, it involves 60% more CO2 emissions. This impact is caused mainly by the steel struc-
ture, which accounts for 60% of the total impact of the building but only 15% of the total 
weight. 

In order to reduce the impact caused by the steel in the lightweight building, we can use recy-
cled materials that have less environmental impact. In this case, the steel could be replaced by 
the same material with a recycled content of 100%. The 35 MJ of energy required to produce 
one kilogram of new steel can thus be reduced to 25 MJ. By recycling all the steel used in this 
building, we reduce the construction impact by 20%. This is a significant reduction, but it is not 
sufficient to reach the values of the other construction systems. 

The environmental advantage of this lightweight industrialised construction system is the 
ease of assembly and demolition. That is, once a building’s useful life is finished, its compo-
nents can be put to other uses. Although this is an important advantage, we must admit that it is 
based on a hypothesis of future use rather than on impact reduction from the outset. 

In the comparisons, we therefore did not consider that the materials of the lightweight indus-
trial construction system could be recycled or reused at the end of their useful life.  

3.1.2 Use comparison 
Figure 2 shows the CO2 emission impact during use. There are no significant differences be-
tween the emissions of the four buildings. The largest difference, of 14%, is between the light-
weight industrialised construction system, which is the least efficient, and the heavyweight in-
dustrialised system, which is the most efficient.  
 
 

Figure 2. CO2 emissions due to building use. 
 

The systems have similar energy performances because they meet the minimum requirements 
of the thermal regulations. However, they do not have exactly the same energy demand because 
the thermal transmission coefficient (shown in Table 2) and mass of each construction system 
are different.  
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Table 2. Thermal transmission coefficients (W/m2K). _________________________________________________________________________________ 
Construction system        Wall    Roof    Floor _________________________________________________________________________________ 
Lightweight industrialised      0.34    0.37    0.51 
Heavyweight industrialised      0.68    0.52    0.59 
Light-heavyweight industrialised    0.42    0.47    0.56 
Conventional           0.70    0.48    0.59 _________________________________________________________________________________ 
 

With respect to the total, the summer emissions are lower in the heavyweight and conven-
tional buildings than in the light-heavyweight and lightweight buildings. The summer use of the 
heavyweight building accounts for just 3.6% of its overall use-related emissions, whereas in the 
lightweight building it accounts for 11.7%. These two buildings show the greatest difference in 
emissions in the summer: the heavyweight system is 3.6 times more efficient than the light-
weight construction system. This is due to the mass of the heavyweight buildings, which pro-
vides thermal inertia and allows a phase lag between indoor and outdoor temperatures. 

3.1.3 Overall comparison 
Taking into account both construction and use (considering a useful life of 60 years), we can 
make several comparisons. Figure 3 shows the proportion of use-related to construction-related 
CO2 emissions. Construction accounts for between 38 and 44% of the building’s total emis-
sions. 
 
 

Figure 3. Proportion of emission sources. 
 
 

Figure 4. Evolution of the quantity of emissions. 
 
Figure 4 shows the aggregate impact over 60 years for the four cases studied. The lightweight 

industrialised construction system, which is the most inefficient during use and construction, 
shows a great difference from the other three systems in terms of CO2. The other three systems 
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have similar emissions at the end of their useful life, but the most efficient is the conventional 
construction system. The difference between the worst (lightweight) and the best (conventional) 
is over 28% with respect to the last one. 

3.2 Comparison of construction systems with an extra 5 cm of insulation 
3.2.1 Construction comparison 
Adding 5 cm of insulation to the walls, roof and floor involves increasing the emissions and en-
ergy required to build the house. For the various construction systems, the increase in CO2 emis-
sions ranges from 1 to 11% in comparison with the minimum insulation case. The actual in-
crease depends on the kind of insulation that each construction system uses; for example, the 
lightweight industrialised system uses mineral wool, which has a much lower impact than the 
expanded polystyrene used in the heavyweight industrialised system. 

Although CO2 emissions increase differently with each system, the comparison of the various 
systems remains nearly unchanged, as shown in Figure 5. 

 
 

Figure 5. CO2 emissions due to the construction process. 

3.2.2 Use comparison 
With an extra 5 cm of insulation, use-related CO2 emissions decrease considerably for all four 
construction systems. The lightweight industrialised system improves its performance by 15%, 
the heavyweight and light-heavyweight industrialised systems by 23%, and the conventional 
system, which shows the greatest improvement, by 25%. 

 
 

Figure 6. CO2 emissions due to building use. 
 
Figure 6 shows that the lightweight industrialised building has the highest CO2 impact during 

use. It is 25% more inefficient than the heavyweight industrialised system, which is the most ef-
ficient. This difference was only 14% without the extra insulation, as explained in Section 3.1.2. 
This is because the performance of the industrialised construction improved much less than the 
performance of the other systems.  

In Section 3.1.2 above, the industrialised system has the lowest thermal transmission coeffi-
cient with the minimum amount of insulation allowed by law. Table 3 shows that it also has the 
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lowest coefficient in this comparison, but all of the analysed systems have similar values be-
cause it is more difficult to improve a low thermal transmission coefficient than a high one. 

 
 

Table 3. Thermal transmission coefficients (W/m2K) _________________________________________________________________________________ 
Construction system        Wall    Roof    Floor _________________________________________________________________________________ 
Lightweight industrialised      0.20    0.22    0.28 
Heavyweight industrialised      0.36    0.31    0.33 
Light-heavyweight industrialised    0.25    0.28    0.31 
Conventional           0.33    0.28    0.23 _________________________________________________________________________________  

3.2.3 Overall comparison 
 

 

Figure 7. Proportion of emission sources. 
 

Figure 7 shows that construction-related emissions account for between 45 and 52% of the 
building’s total emissions, taking into account both construction and use. This percentage is 
higher than in the previous comparison (Section 3.1.3) because the emissions during use de-
crease considerably. 
 
 

Figure 8. Evolution of the quantity of emissions 
 
Figure 8 shows aggregate impact over 60 years. As in the comparison with the minimum in-

sulation (3.1.3), the conventional building is the most efficient. The light-heavyweight building 
produces 8% more emissions, the heavyweight building 12% more and the lightweight building 
37% more. 
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4 CONCLUSIONS 

In the region studied, of the total CO2 emissions produced by a building during its useful life (60 
years), between 38 and 52% is attributable to its construction. Therefore, we cannot expect to 
reduce the overall environmental impact of a building by applying only demand-reduction 
strategies without taking into account the increased impact of such strategies on the construction 
process. 

The case study shows a priori that an industrialised construction system is no better than the 
conventional construction system in terms of energy savings and the reduction of CO2 emis-
sions. However, we must distinguish between the lightweight and heavyweight industrialised 
construction systems.  

The impact of manufacturing the materials for a building with a lightweight industrialised 
system is always greater than the impact of manufacturing conventional or heavyweight materi-
als for the same building, even if the main industrialised materials are recycled. On the other 
hand, the use-related energy required for a building built with the lightweight industrialised con-
struction system is always greater than that required for the other systems. Even if we improve 
the performance of the building built with a lightweight industrialised system by adding 5 cm of 
insulation without optimising the other systems, by the end of its useful life, the industrialised 
system produces more emissions than the others. 

The light-heavyweight and heavyweight industrialised systems and the conventional system 
have very similar impacts during the use of the building. However, considering construction-
related emissions, the two industrialised systems produce a much greater amount of emissions 
than the conventional system. This implies that the conventional building is the most efficient. 

This study demonstrates that the conventional building is still the best, taking into account the 
emissions associated with both construction and use. It is the best when the building meets the 
minimum legal requirements. It is also the best when the building’s performance is improved by 
adding an extra layer of insulation. In absolute terms, it is the system that can save the most en-
ergy and CO2 by adding insulation. 

The overall performance of a building might not be improved by changing to an industrial-
ised construction system. The sustainability of a building will be improved, however, by adapt-
ing its design to the climate. In a Mediterranean climate, this involves adding insulation and 
mass. 
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ABSTRACT: The University of Aveiro, in association with a group of interested companies, 
created an association called AveiroDOMUS, the main purpose of which is to design and build 
a "House of the Future". This house is developed under sustainable construction principles re-
sorting to state-of-the-art and environmentally friendly technologies. 
One of the major goals of the project is the optimization of the hydrologic cycle in the House, 
under sustainability principles such as water recycling, the use of rainwater, the incorporation of 
low flow fixtures and the use salt water, which is abundant in the area where the house is to be 
built – the Aveiro Salt Lagoon. This paper discusses the scheme of the water cycle and de-
scribes the solutions proposed for the several sanitary installations of this “House of the Future” 
in detail, pointing out, in each one of the steps, the measures that have been adopted towards the 
sustainability principles. 

1 INTRODUCTION 

The Portuguese city of Aveiro is 250 km from Lisbon, the capital, and 10 km from the Atlantic 
coast. It is surrounded by a saltwater lagoon system that occupies 110 km2 of the River Vouga 
estuary (figure 1 and figure 2). The region of Aveiro is on the northern part of Portugal’s coast 
and is regarded as a highly dynamic economic zone. A considerable number of industrial sectors 
are base there, involving all kinds of business activity, especially in the construction sector. 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 1. Location of Aveiro 
 
 
The University of Aveiro was founded in 1973 and is now considered one of the most innova-
tive and dynamic in Portugal. It is a university of international repute known for its academic 
excellence, research, innovation, state-of-the-art technology and cultural input. It is the only 



Portuguese university that is a member of the ECICU – European Consortium of Innovative 
Universities, an organisation which has, over the years, been involved in countless activities in 
the spheres of Education, Research, Land use planning and Institutional development. 

The House of the Future (figure 3) project is an interdisciplinary project involving 12 compa-
nies from the Aveiro region and various university departments. The House of the Future coop-
eration network that is known as AveiroDOMUS was created in 1999, with the University of 
Aveiro as its chief backer. 
 
 

 
 
 
 
 
 
 

 
 
 
Figure 2. Aveiro Ria – Lagoon Área 
 
 

2 AVEIRO’S HOUSE OF THE FUTURE PROJECT 

The strategic goals of the House of the Future project are to develop new conceptions in the 
sphere of housing and to create conditions to build a potential futuristic house in the short term. 
 
 

 

Figure 3. AveiroDOMUS House of the Future 

 
 
The house must obviously be of an advanced design, but the main objective is to build it in ac-
cordance with sustainable building standards, ensuring proper interaction with local ecosystems 
and a good interior environment (air quality, absence of noise, comfortable temperature and 
humidity, light, etc.). Another pertinent aim is to reduce consumption of essential resources 
through the appropriate choice of materials and use of renewable energies and by optimising the 
water cycle. 

The AveiroDOMUS House of the Future will be a permanent research and development labo-
ratory, open to both industry and the public. In fact, one part of the house will be open to visi-
tors, another part will be inhabited and a third part will be under study and evolving. These ar-
eas will be rotated from time to time. 
 



3 THE WATER CYCLE IN THE HOUSE OF THE FUTURE PROJECT 

The efficient use of water is an environmental priority today, and this is the main goal in terms 
of optimising the water cycle in the House of the Future. 

It is general knowledge that water use in the home has different quality requirements, and this 
creates the chance to make use of different sources of supply, depending on the quality needed 
for the specific use. Rainwater can be used for flushing toilets, in washing machines, for clean-
ing the floor, washing cars, watering the garden, provided that it has been adequately pre-
treated. A rainwater collection system can save 50% of treated water (from the mains system), 
with no loss of comfort or hygiene, within the consumption profile. 

A system that includes the partial recycling of domestic wastewater has been planned for the 
House of the Future, with the aim of cutting the use of mains water to a minimum. At the same 
time, low-consumption devices will be used, linked to the use of alternative sources (rainwater). 
The House of the Future also has contemplated the use of saltwater and groundwater, and, since 
the land occupied by the House is very close to the area of influence of the Aveiro Ria’s town 
canals, the groundwater is quite likely to have some salinity (figure 4). 
 
 

Figure 4. Water use scheme 
 
 

The establishment of a non-desalinated saltwater supply line is one solution that could be a 
useful alternative when drinking water is in short supply, in coastal regions (like Aveiro), for 
purposes that do not need high quality water (toilet cisterns, for instance). The use of saltwater, 
though it may give rise to problems in terms of treatment, is currently used in many parts of the 
world, including Hong Kong etc. It can help to solve many drinking water shortage problems in 
those coastal regions and in Madeira and the Azores. 

In terms of cutting consumption, the following were among solutions considered for the 
House of the Future: use of small volume cisterns; low-flow fixtures; timers and other automatic 
control devices; air emulsifiers; waterless (i.e. chemical) urinals, and low-consumption washing 



machines. Within this consumption-cutting goal, special attention will be given to cisterns, 
which can be waste a considerable amount of water (over 30% of total consumption in the resi-
dential sector, according to some authors). In the case of urinals, the use of chemical ones (with 
a liquid sealant) that do not consume any water is envisaged. 

In terms of wastewater, several treatment systems will be looked at in this project, bearing in 
mind the proposed water cycle. The ultimate aim for non-reused water will be to achieve a qual-
ity that will allow the effluent resulting from the treatment process to used on the garden or to 
ensure a level of quality so that it can be discharged into the receiving environment. 

There will be several steps in the treatment system, each with a specific purpose, including 
the removal of solids and other insoluble matter, the removal of biodegradable matter and the 
removal of chemical and microbiological contaminants. The reuse of solid material (sludge) 
produced in the treatment process will also be examined. 
 

4 AVEIRODOMUS HOUSE OF THE FUTURE: SUB-PROJECTS RELATED TO THE 
WATER CYCLE 

The water cycle in the House of the Future (figure 5) project will be studied under two Sub-
projects: Indoor Water and Specific Rooms. The Specific Rooms Water Cycle sub-project starts 
at the point of entry of water into the bathrooms and ends at the discharge point of the wastewa-
ter produced there, and is a transit point in the water cycle of this futuristic house, which is also 
linked to architecture. 
 
 

 

Figure 5. AveiroDOMUS House of the Future 
 
 
This work lays particular emphasis on the use of water from alternative sources and the possi-
bilities of reusing it, along with fixtures, treatment plants, sanitary equipment, use devices and 
accessories that help to cut water consumption, while maintaining comfort and satisfaction for 
the house’s occupants. 
 

5 TYPES OF BATHROOM 

The characteristics envisaged for the House of the Future’s bathrooms will chime with the basic 
concepts of this futuristic house, which aim to endow the AveiroDOMUS’s House of the Future 
(figure 6) with mobility, adaptability and ability to change. 

Different features will typify the bathrooms for the House of the Future, and these are related 
to the applicability of new products in different solutions under development within the Sub-
projects. 

In one case, the bathroom’s cistern will be supplied by a salt or brackish water line, and will 
have system that separates and collects solid and liquid waste matter. Both types of waste will 



be treated, and the possibility of the end products yielded by the composting of the solid phase 
being reused on the garden is being studied. 

A single-unit bathroom that can be moved around inside the house is also planned. It will 
have runners so that the sanitary fixtures and fittings can be easily rearranged inside it. This 
bathroom will have independent water storage and wastewater collection systems.  
 
 

 
Figure 6. AveiroDOMUS House of the Future 

 
 
In relation to the choice of sanitary fixtures, there is a vast range of options from a panoply of 
solutions with every kind of aesthetic theme. The criterion for choice should be based on mini-
mising water consumption (even though it should still be possible to regulate consumption and 
pressure requirements of the fixtures by fitting accessories). 

Besides meeting the aesthetic requirements of bathrooms, aspects related to comfort and hy-
giene have not been ignored, and it was imperative to fit accessories with devices that meant 
they could not be touched, especially in bathrooms used by the general public. It is intended that 
in these bathrooms, from the time the visitor enters until they leave, it will be impossible to 
touch any kind of object (door, soap dispenser, taps, automatic rubbish bins, etc.). 

6 CONCLUSIONS 

Besides developing various solutions for the future that are linked to the concept of increasing 
ease and flexibility of use, the Indoor Water and Specific Rooms Sub-projects of the Aveiro-
Domus House of the Future’s Water Cycle will provide an opportunity to study the possibility 
of optimising the water cycle in homes. It will also help to gear all the technical requirements to 
the needs of the occupants of the futuristic house, improving the comfort and adaptability of 
bathrooms. 

Studies currently underway are showing the usefulness and feasibility of incorporating de-
vices to cut consumption, adopting measures for reusing water and making use of other sources 
of water (rainwater, non-desalinated saltwater, groundwater, etc.). 
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1 INTRODUCTION 

Portugal is a country with many protected natural areas and tourism. Almost 20% of the country 
area is under protection and nature tourism is growing at a rate of 7% per year. These protected 
areas are very attractive for both national and international tourists, which can have a strong im-
pact on its conservation. A national strategy based on sustainable tourism is required in order to 
preserve these areas. Since tourism depends on the construction industry, the environmental as-
sessment of construction in these areas could prevent significant impacts. Like in other coun-
tries, the building certification has been a way of encouraging the construction industry to be-
come more environmental friendly and several systems are now widely accepted in the UK 
(BREEAM), USA (LEED), Canada (GB Tool) and Japan (CASBEE). 

2 THE EXISTING CERTIFICATION METHODS IN PORTUGAL 

The energy certification of buildings is recently available in Portugal thru the approval of the 
Decree of Law 78/2006 on April 4th 2007. Furthermore the environmental and voluntary certi-
fication of buildings will be possible during 2007 thru the LiderA method developed in IST 
(Manuel Pinheiro, 2006). This method consists of an adaptation of several methods developed 
in other countries and by different teams to the Portuguese construction and environmental sce-
nario. 

The present paper uses this method to verify the possible certification of a restored house in 
Minho. Although there are some new buildings under certification in Portugal, this one is a par-
ticular case that consists of not only retrofitting a building but also doing it in a protected natural 
area. 

Certifying a sustainable reconstruction of vernacular architecture 
in Peneda-Gerês National Park 

M. I. Cabral 
Faculty of Architecture, Universidade Técnica de Lisboa, Lisbon, Portugal 

ABSTRACT: In this paper we apply an environmental certification method to the rehabilitation 
of buildings in environmental sensitive areas, namely in the only National Park located in Por-
tugal. A case study will be presented as a means of verifying the method. The certification of 
green buildings is one of many ways of reducing the environmental impact of buildings. In sev-
eral countries there is already one or more of these methods available. In Portugal a method 
called LiderA has just been made public. Our aim is to apply this method and test it as a tool for 
architects to environmentally assess the reconstruction of the vernacular architecture located in 
the National Park of Peneda Gerês (PNPG), and ultimately to certify those retrofitted buildings. 
The house in Serra da Peneda, will be turned into an ecology field station (ECP) whose certifi-
cation evaluation will help us establish the feasibility and adequacy of some requirements 



3 THE PENEDA GERÊS PARK AND ITS CERTIFICATION BY EUROPARC 

The Peneda-Gerês natural park is the only national park in Portugal and has around 9000 inhabi-
tants and five counties. The park is visited by thousands of people each year and the protection 
of species and landscape, as well as the environmental education, are priorities for its authori-
ties. The Park aims to provide a special tourism, eventually certified in all its aspects: certified 
landscape, environmental education and certified buildings: 

- The landscape is presently certified by the international Europarc Federation (European 
charter for sustainable tourism in protected areas) together with its adjacent Galician park 
partner, the Baixa de Limia -Serra do Xurés Natural Park. This mark is valid for 5 years 
and it aims to promote tourism in areas that are both nature and landscape friendly, meet 
the visitors and the local population and contribute to the economic development of the 
region. 

- The education is to be provided in 5 new thematic buildings to be built in each Park 
county border. So far the Park built two of those buildings called «Portas» like  in S. João 
do Campo and Lamas de Mouro, and three more «Portas» are being designed (Paradela, 
Lindoso and Mezio) .  

- The certified lodging can be the next step thru the retrofitting of more than 50 granite 
houses, fifteen of them for renting (shelters, rustic houses), since it is not required by the 
«Europarc» seal. These buildings can contribute for an environmental education as well. 

4 CERTIFYING BUILDINGS IN A PROTECTED NATURAL AREA 

The Park of Gerês is a mountainous area with several clusters of old and small granite houses. 
In the past shepherds used to move their cattle from the upper lands to the lowlands during the 
snowy Winters and built houses in those places called Inverneiras (winter villages). During the 
Summer the cattle would move up in order to find better grasslands in the so called Brandas 
(summer villages). Most winter villages are now abandoned, and some houses are in ruins or for 
sale. Retrofitting can be a solution since most tourists look for historic lodging and for nature 
proximity. In the summer campgrounds suit groups of children but during other seasons, schools 
tend to rent houses that still cannot comply with thermal requirements especially during winter-
time. The houses made of granite work fine in the summer due to the thermal inertia.  

Retrofitting more houses could prevent new construction and could contribute for restoring 
the transhumance villages that consist of a unique historic patrimony that will soon disappear. A 
reconstruction based on little environmental impact could help preserve the local nature and 
certification could be a good marketing tool to attract nature oriented tourists. The certification 
could either be the energy certification or the broader environmental certification by LiderA. 

The application of the LiderA national method to the case study will tell us if the method 
should be adapted to a more regional and specific case like the retrofitting of vernacular archi-
tecture in the Park. 

5 THE CASE STUDY 
5.1 The existing house 
The house being presented is a granite house built in the 30`s which is detached although it is 
part of a cluster of 3 more houses located in an Inverneira called Podre. It is facing the east side 
of Castro valley and the lot spreads over 1000m2 down the slope. Its location provides a privi-
leged view over the valley and the plateau of Castro Laboreiro. The latitude is 42ºN and the 
longitude is 8ºW. Its climate is rigorous in the winter, with mild summer temperatures. The pre-
cipitation is high and in the summer the forest fires are frequent. The house is close to an oak 
forest and its west side is shaded most of the day. It used to have 2 stories, the upper floor for 
housing, and the lower floor for animals. These animals provided a heat source for the living 
upper space. The construction materials used were blocks of granite from a rock nearby, oak 
wood harvested from the forest nearby and roof tile still in good condition. 



 
 

Figure 1. The existing house. 
 

5.2 The project 
The house was converted into an Ecology field station, called ECP (Estação de Campo da 
Peneda) for ecologists to do field work, experiments, and attend seminars. In order to adapt the 
space from a housing space to a mix school-lab-living space, the building was raised 1meter. 
The new roof provides a south orientation for solar collectors and photovoltaic panels. The new 
building has a two-storey-high working space with a mezzanine for 6 beds, a small lab, two 
bathrooms, two bedrooms, a living room and a small kitchen. There is also a shed for the heat-
ing equipment.  
The insulation of the shell was critical to avoid damp and increase thermal comfort. The glazing 
area increased over 75% and the building increased its exposed thermal mass in 17% (27m2). 
The upper floors have now a floor vs. glazing area ratio of 23% and the lower floor of 10%. The 
cross ventilation was provided in almost every space. The heating system is based on solar col-
lectors and biomass. The house construction was finished in August 2007. The landspacing is 
still ongoing. 

The construction materials were chosen according to their volume and environmental impact. 
The majority was recycled, a significant percentage are local materials (produced in the district 
of Braga), and the certified materials are both national and international. 

 
 

 
 
Figure 2. ECP (Peneda Field Station): the project (left) and the finished building (right). 

 

5.3 The LiderA certification  
The LiderA system is a voluntary system for recognition of sustainable buildings. It is based on 
6 parameters with different weights: Local and integration (18%); Resources (35%), environ-
mental Loads (15%); Indoor Environment (20%); Durability and Accessibility (5%); Environ-
mental Management and Innovation (9%). 



These parameters are divided in sub-parameters and criteria illustrated in Table 1. 
 

Table 1. The LiderA criteria and weights (Pinheiro, 2006)  
Parameters Sub-parameters Wi R criteria C# 

Site and valorization C1 
Occupied area C2 

Soil  
7 

S 

Ecological functions of soil C3 
Natural areas C4 Natural  

ecosystems 
5 S 

Ecological valorization C5 
Landscape 1 S Local integration C6 
Amenities 1  Local amenities valorization C7 

 Low impact mobility C8 

 
Site and  
integration 

Mobility 4 
 Public transport access C9 

Passive energy performance C10 
Total electricity consumption C11 
Renewable resources based energy C12 
Consumption of other energy sources  C13 
Consumption of other renewable sources  C14 

Energy 18 S 

Equipment efficiency C15 
Consumption of potable water (indoors) C16 
Consumption of water in common spaces and 
outdoors 

C17 

Control of consumption and loses C18 
Use of rainwater C19 

Water 10 S 

Management of local water C20 
Material consumption C21 
local materials C22 
Recycled and renewable materials C23 

 
Resources 

Materials 5 S 

Environmental certified materials/ low impact 
materials 

C24 

Sewage flow C25 
Sewage treatment type C26 

Sewage 3 S 

Reused sewage flow C27 
Substances with global warming potential CO2 
emissions)  

C28 

Particles and/or substances with acid rain poten-
tial (other pollutants emissions, SO2 and NOx) 

C29 

Atmospheric 
emissions 

5 S 

Ozone layer damaging potential substances C30 
Waste production C31 
Dangerous waste management  C32 

Waste 5 S 

Waste recycling C33 
Exterior noise 1 S Sources of exterior noise pollution C34 

 
Environmental  
loads 

Thermal pollution 1  Thermal effect (heat island effect) C35 
natural ventilation C36 
VOC`s emissions C37 

Indoor air quality 7 S 

micro-contamination C38 
Thermal comfort 6  Thermal comfort C39 

Illumination levels C40 Illumination 3 S 
Daylighting C41 

Acoustics 3 S Acoustic insulation / noise levels C42 

Indoor  
environment 

Controllability 1  Controllability C43 
Adaptability C44 Durability 3  
Durability C45 
Accessibility of handicapped people C46 

Durability and 
accessibility 

Accessibility 2 S 
Accessibility and interaction with the commu-
nity 

C47 

Environmental information C48 Environmental 
management 

5  
Environmental management system C49 

Environmental 
management 
and innovation Innovation 4  Innovative solutions, applicability & integration C50 



 

5.4 The application of the LiderA certification method 
The LiderA was directly applied to the case study and once the criteria seemed non-adjusted, it 
was registered. 

5.4.1 Site and Integration 
Both, soil, natural ecosystems and landscape criteria were only partially complied because: 

- The infiltration rate may be reduced due to the fact that a natural sewage treatment plan is 
more adequate to this remote place than any other form of treatment.  

- It may be difficult to control the construction noise and possible disturbance of animal 
life due to proximity of the oak forest to the field station. In this case and attending to the 
law that permits the forest cleaning of an area enclosed in a 50m diameter, the noise 
should have been monitored beyond the 50meters limit which didn’t happen.  

- Light pollution will be prevented in the ECP but can not be avoided in the public space 
due to an existing light post. 

Furthermore both the amenities and mobility criteria don’t apply to a natural area like the 
Peneda Mountain. The proximity to public transports, shops or heath care is scarce and not fi-
nancially viable. The closest village, Castro Laboreiro is 4 Km away from Podre and the nearest 
city is 40Km away (Melgaço). People developed their own medicine, grow their own food, raise 
cattle, and own a car, (sometimes rent a taxi). Amenities and mobility lack in the Park and are 
part of a major discontentment that may change with a tourism increase. Nevertheless there is a 
tourist facility which will soon provide bicycles, horses and canoes for tourism. This will be a 
major surplus for the area. 

 
    

   
 
Figure 3. ECP: East view of the old (left) and new building (right) 

 
 

5.4.2 Resources 
5.4.2.1 Energy 
The compliance with these criteria was complex and wasn’t fully achieved, for example: 
• The use of external insulation is not compatible with the typical exposed granite, forcing 

the designer to a less energy efficient indoor insulation solution. 
• Achieving the glazing area for solar gain often requires addition of new walls that allow 

south oriented windows 
• Ventilation requires mechanical systems 
• Strategies used: 
• The inevitable interior insulation of the stone walls was compensated by the addition of 

thermal mass in the concrete (water heating) radiant floor. In the field station the glazing 
area increased 75% and the ratio between window and floor area is over 10%. 



• The windows have wood frames, double glazing with exterior laminated glass, and Bio-
clean glass (self-cleaning glass); and shutters. 

• There are operable windows in all opposite walls and doors have thick air chambers in 
order to provide air tightness.  

• Ventilation is possible even in small bedrooms due to openings on the partitions. 
• Daylighting is not enough in the bedrooms but all light bulbs are compact fluorescent. 
• Solar panels provide hot water for fixtures, space heating and appliances and a photo-

voltaic panel will provide at least 5% of the consumed energy. 
• A salamander of pellets/wood will provide backup heating in the winter since biomass is 

quite available in the region. 
• Thermal bridges are avoided in most windows. 
 
 

   
 
Figure 4. ECP: The north façade showing glazing area increase.  
 

5.4.2.2 Water 
Potable water is available in the area from a local spring. Nevertheless its consumption will be 
measured. The rain water is collected in 2 tanks for irrigation and fire fight.  
 

 
   

 
 
Figure 5. The existing house: ground floor (left) and first floor (right) 
 
    



 
Figure 6. ECP: The new floor plans: ground floor (left), first floor (middle) and mezzanine (right) 
 

5.4.2.3 Materials 
The used materials were either, reduced, recycled, local or certified: 
• The use of materials was minimized whenever possible by using materials that didn’t re-

quire finishes.  
• Most materials are recycled from the demolition site,  
• Many came from the region,  
• Some (mostly certified) are imported. 

5.4.3 Environmental Loads 
5.4.3.1 Sewage 
Sewage was reduced by installing double flux toilets, water reduction tap systems and thermo-
static bath taps. A natural sewage treatment plant will be built in the lot. There is no recycled 
grey water in this facility. Monitoring will be done and some education will be provided to the 
users. 

5.4.3.2 Emissions 
The CO2 emissions of the ECP are not yet calculated but it will depend on the amount of wood 
(pellets) necessary to backup the solar system installed for heating waters and heating space thru 
radiant floor. All appliances will be A+ rated (e.g. induction electric cook top, and washing ma-
chines that run with solar water). Monitoring will provide accurate figures. 

Organic compost will be produced from the forest cleaning waste (50m around the house) 
mixed with organic trash and ashes from the 2 wood furnaces which will be highly efficient. 
This compost will be used as garden fertilizer. 

 Smoking will be forbidden indoors, while outdoors it already is during summer months 
(from June till September the Park uses this measure for fire prevention). 

Materials with no CFC emissions were used in the building. 
There will be a manual and a specific place for all harmful substances like lab toxic sub-

stances, batteries, lamps and cartridges. Biodegradable cleaning products will be provided to 
prevent the biological sewage treatment plan from malfunction. 

There will be recycling bins for paper, plastic and glass to be taken to the village recycling 
center. 

The noise will be prevented, due to the expanded cork material used both inside the walls and 
in the roof insulation. Cork flooring will be installed in the mezzanine as well. 

Heat island effect will be prevented since pine trunk waste was used for the garden pavement 
and it is a permeable material. 
 

5.4.4 Indoor Environment 
The indoor air quality is assured by windows that provide cross ventilation in all rooms. Hopper 
windows prevent burglar intrusion and are equipped with mosquito nets. In the smallest bed-
rooms, trickle vents were used in order to achieve proper air renovation rates. Paints were cho-
sen according to their VOC`s emissions e.g. beeswax, linseed oil and water based paints. High 
radon concentration was detected in the lab therefore epoxy paint was used in the ground floor-
pavement as a soil sealant. 



Thermal comfort was achieved due to high insulation, water infiltration control, and wind 
protection from new trees strategic location. 

Illumination levels were achieved in all working areas for visual critical tasks. 
Daylighting is available in all rooms. 
The acoustic insulation is provided from the cork floor and the gypsum and paper panels. 
Most windows are operable, with the exception of the upper north windows. 

5.4.5 Durability and Accessibility 
The new interior walls are flexible with the exception of the bathroom walls. 
Inside the gypsum wall, the piping is easily accessible since seams and screws are visible. 

Durability was ensured by using preservatives in the wood. Self-cleaning glass («SGS-
Bioclean») was used for the non-accessible windows. 

Accessibility wasn’t complied due to lack of space. 
The ECP won’t be fenced since it is located in a National Park. 

5.4.6 Environmental management and Innovation 
A manual will be provided to the users with some technical info on the ECP sustainable features 
and a description of its proper use.  

The ECP will be monitored during a year, and then will be results will be submitted to an en-
ergy and environmental audit and certification. 

Some innovative features are the use of light panels made of gypsum and recycled paper and 
the crashed tiles for the bathrooms. 

6 CONCLUSIONS 

The certification by LiderA helps designers reaching a more environmental solution although 
the criteria need adaptation when applied to buildings retrofit which are located within a pro-
tected area.  

Parameters like site and integration, water, materials and accessibility need to be re-assessed.  
The field station allowed to perceive that site and integration should have less weight since 

location is not an option or choice while retrofitting buildings.  
Recycling water in the park is not as important as in the south where it is critical.  
On the other hand energy self-sufficiency is critical in a building very distant from the grid. A 

small biological sewage treatment plant is crucial to avoid underwater pollution in a protected 
area while space use is not as critical. Other advantages of the biological solution include the 
fact that it doesn’t require electrical energy or technical maintenance.  

Recycling materials is more critical in a retrofit especially if it occurs in vernacular architec-
ture on a remote area. Certified materials are still few in the Portuguese market and importing 
them has a down-side since it increases the material embodied energy. Accessibility is a very 
big challenge when area constraints are critical like in vernacular architecture. Nevertheless the 
field station has strong possibilities to be certified and its cost was significantly moderate. The 
research will soon be completed with more data. 
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1 INTRODUCTION 

Sustainability is one of the greatest challenges of the modern world. A very well known defini-
tion of this concept was given by World Commission on Environmental and Development in 
1987: “Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs.” Sustainability includes 
environmental, economic and social aspects which contribute to a durable development of the 
society. 

Construction sector play an important role to sustainable development of the world and na-
tional economies. Sustainable construction has different approaches and different priorities in 
various countries. Some of them identify economic, social and cultural aspects as part of their 
sustainable construction, but it is raised as a major issue only in a few countries. 

Sustainable construction can be regarded as a subset of sustainable development and contain 
a wide range of issue, i.e.: re-use of existing built assets, design for minimum waste, minimizing 
resource and energy use and reducing pollution. 

Steel as material for construction play an important role as component of buildings and engi-
neering structures, and it is used in a wide range of applications. On the other hand, steel is the 
most recycled material and from the total production in the world, almost half is obtained from 
waste material. 

The steel construction sector has a great deal to offer sustainable development. Like other in-
dustrial activities, steel construction work for continuously improvement in terms of sustainabil-
ity. The following guiding principles for sustainable constructions can be emphasized (Plank & 
Dowling 2003): 

• Understand what sustainable development means for you, you clients and customers; 
• Use whole-life thinking, best value considerations and high quality information to in-

form your decision making; 
• Design for flexibility to extend building lifetimes and, where possible, further extend 

the life of buildings by renovation and refurbishment; 
• Design and construct with maximum speed and minimum disruption around the site; 
• Design to minimize operational impacts (e.g. energy use); 

Sustainable building structures for housing 

D. Dubina, V. Ungureanu & M. Mutiu 
Department of Steel Structures and Structural Mechanics, Civil Engineering Faculty, “Politehnica” 
University of Timisoara, Timisoara, Romania 

ABSTRACT: Four examples of sustainable mixed building technology, which combine steel 
and timber in the framing and different materials for cladding, roofing and flooring, in order to 
obtain highly performance thermo-energetic properties are presented. Some innovative design 
solutions have been used in these projects. Three examples present single family houses and one 
block of flats, all of them built in Romania. All the buildings are located in medium and high 
seismic regions. The paper presents aspects related to design and detailing, as well as solutions 
for cladding and roofing, including structural features, thermo-energetic performance and cost 
efficiency analysis. 



• Design for demountability, to encourage future re-use and recycling of products and 
materials; 

• Engage organizations within your supply chain about sustainability development; 
• Select responsible contractors who have embraced sustainable development principles. 

The present paper focuses on the use of light gauge steel framing in housing, considering that 
sustainable construction technology is used. Steel-framed houses are usually built of light gauge 
steel framing having different solutions for interior and exterior cladding. This technology is 
popular and accounts for an important and increasing market share in the US, Japan, Australia 
and Europe. 

Burstrand (2001) presents the reason why to choose light gauge steel framing from an envi-
ronmental point of view: 

• Light gauge steel framing is a dry construction system without organic materials. Dry 
construction significantly reduces the risk of moisture problems and sick building syn-
drome; 

• Steel, gypsum and mineral wool are closed cycle materials; 
• Every material used in light gauge steel framing (steel, gypsum and mineral wool) can 

be recycled to 100%; 
• It is possible to disassemble the building components for re-use; 
• Light gauge steel framing means less energy consumption during production than 

equivalent housing with a framework of concrete poured on-site; 
• Light gauge steel framing only uses about a fourth of the amount of raw materials 

used for equivalent homes in concrete; 
• Less waste means a cleaner work site and a low dead weight of building components 

ensures a good working environment; 
• Low dead weight leads to reduced transport needs. 

2 SOME REPRESENTATIVE ROMANIAN EXAMPLES OF SUSTAINABLE MIXED 
BUILDING TECHNOLOGY APPLICATIONS 

In recent years, steel framed houses have become a choice for house construction in many 
European countries, including Romania. Compared with traditional solutions, the properties of 
the steel skeleton can be exploited to take both technical and economical advantages from light-
ness of structures, ease of prefabrication, speed of erection and enhanced quality. 

On the following, four examples of sustainable mixed building technology, which combine 
steel and timber in the framing and different materials for cladding, roofing and flooring, in or-
der to obtain highly performance thermo-energetic properties are presented. The first three ex-
amples present single family houses and one block of flats, all of them built in Romania. All the 
buildings are located in medium and high seismic regions. Traditionally, light gauge steel struc-
tures were considered non-effective for buildings in severe seismic zones. The examples pre-
sented here provide the evidence for the contrary − light gauge steel framed residential buildings 
really are very effective in seismic regions. 

2.1 Bulzesc’s family house 
The structure is a private single-family house built in 1999 in Timisoara, Romania (Dubina et al. 
1999, 2000). The built area of the house is 117.5m2, while the total area is 198.2 m2. The struc-
ture combines steel shear “wall stud” made of C shaped cold-formed profiles placed at 600mm 
intervals with corresponding floor and a timber roof framing as Figure 1 shows. 

The fastening technique is based on self-drilling self-tapping screws of 5.5mm diameter for 
most of the connections, but in a few special cases classic bolts are also used. 

The thickness of the structural walls is 150mm. In order to provide load bearing capacity 
against horizontal loads bracing straps were used on both sides of the wall panels. The thickness 
of the straps had to be small in order to have a flat surface for the finishing. 

Floors have been realized as dry floating-floors. The main joists were C profiles and the cor-
responding layers of the floor being: hard-wood parquet (2.2cm), phonic insulation (2.5cm), 
supporting wood decking (5cm) and gypsum board ceiling (1.25cm). 



From the architectural point of view, there is great advantage due to light partition walls and 
high strength of the joists, leading to freedom in subdividing the internal space following func-
tionality rather than structural requirements and allowing large free spans. 

 
Figure 1. The main load bearing elements of the structure 
 

Adequate thermal and sound insulation was achieved by using high performance materials 
and by paying attention to the finishing details to ensure air tightness both to the exterior and 
between rooms. Against impact noise the floating floor solution adopted was found to be very 
effective. The following layers have been used for roofing and cladding (see Figure 2): 
Cladding (in/out): gypsum board (12.5mm); vapor barrier (0.5mm); Lindab C150/1.5 joists; 
mineral wool (150mm); Heratecta wood particles and cement (50mm); plastering (20mm); 
Roofing (out/in): asphaltic tiles, asphaltic bitumen membrane (3mm); OSB board (20mm); ven-
tilation layer (50mm); SOLFLEX aluminum layer; basaltic mineral wool (200mm); timber raf-
ter (250x50mm/600mm); vapor barrier (0.5mm); gypsum board (12.5mm). 

    
Figure 2. Layers used for roofing and cladding 
 

For the external finishing there can be options for vernacular or modern appearances. In this 
case the owner’s option was for a traditional look which was obtained using traditional exterior 
and interior finishing materials (Figure 3). 
 

    
Figure 3. Skeleton of the structure and completed house 



Following a cost analysis, the steel structure is identified to represent around 20% of the total 
cost, the main costs being spent on finishing (see Figure 4). 
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Figure 4. Cost distribution for the house 

2.2 Constantin’s family house 
The structure for this private single-family house was built in 2003 in Ploiesti, Romania (Access 
Steel 2006). The two main characteristics of this two-storey building are the use of light steel 
framing for a private home, and an architectural solution shaped by a constrained site. 

From the architectural point of view, the main challenge of the project was to fit this private 
home on an irregularly shaped lot of only 168m2. The resulting cube-like building measured in 
the end 84m2 of built area on each of the two floors (see Figure 5), going up to the maximum al-
lowed by city regulations. Given the proximity of the buildings on the adjacent properties, the 
next difficulty consisted in finding the balance between the right amounts of views, natural light 
and privacy. Two skylights located above the stairwell and the hallway, were placed to provide 
a light shaft, in order to enhance the centre. 

 

   
Lower floor plan: 1. dining room; 2. kitchen; 3. family room; 4. den; 5. laundry; 
Upper floor plan: 6. master bedroom; 7. library; 8. bedroom; 9. dressing; 10. bathroom; 11. logia 
Figure 5. Lower and upper floor plan of Constantin’s house 
 

The structure, presented in Figure 6, is a two-storey single family house. Because the build-
ing seats on the property limit, it was impossible to provide window openings on that side. This 
was also one of the reasons for the roof being made with a single slope, the high of the building 
going from 9m to 10.5m. Each floor has approximately 2.75m in high and the slope of the roof 
was 30°. 



The structural skeleton is made of light-gauge C shaped profiles (C150/1.5) at 600mm inter-
vals, with a thickness of 1.5mm, fixed with 4.8mm diameter self drilling screws. The height of 
the profiles is 150mm, which governed the thickness of the walls. In order to withstand horizon-
tal actions and to provide stiffens and strength the walls were stiffened using 10 mm thick OSB 
plates provided on both sides of the structural walls (Figure 6b). 

The load bearing beams in the slab are C200/1.5 profiles at 600mm intervals, resulting from 
the condition to control the vibrations of the floor rather than from strength conditions. Roof 
purlins are Z150/1.5 profiles at 1200mm intervals. The floor diaphragms were originally de-
signed to be based on the same principle of covering with OSB, this solution being changed into 
sheathing with trapezoidal steel sheaths both at the level of the slab and at the roof. No concrete 
topping was used on the slab. 

 

   
 
Figure 6. a) Steel skeleton of the structure; b) Skeleton with structural OSB sheeting 

 
The following layers have been used for roofing and cladding (see Figure 7): 

Cladding (in/out): gypsum board (12.5mm); vapor barrier (0.5mm); OSB board (15mm); Lin-
dab C150/1.5 joists; terwoolin mineral wool (150mm); OSB board (15mm); basaltic mineral 
wool (40mm); mineral plastering BAUMIT (8mm); 
Roofing (out/in): waterproofing membrane reinforced with mineral aggregates (3mm); water-
proofing membrane (3mm); OSB board (20mm); basaltic mineral wool (150mm); Lindab cor-
rugated sheet (LTP 45); Lindab C200/1.5 profiles; vapor barrier 0.5mm; gypsum board 
(12.5mm). 
 

    
Figure 7. Layers used for roofing and cladding 

 
Figure 8 presents exterior and interior views of the completed house. 
 
 



   
(a) General view             (b) Interior view – staircase 
Figure 8. Constantin’s family house 

2.3 Carmen’s family house 
The structure is for a private single-family house built in 2006 in Timisoara, Romania. The main 
structure is made of steel profiles, while the floor and roof is made of timber elements. The 
building combines modern and traditional materials and techniques, in order to obtain a typical 
Transylvanian village house (see Figure 9). 
 

    
(a) the main steel skeleton          (b) the steel skeleton with timber floor 
 

   
(c) General view                (d) Roof detail 
Figure 9. Carmen’s family house 

 
The following layers have been used for roofing and cladding (see Figure 10): 

Cladding (in/out): gypsum board (12.5mm); vapor barrier (0.5mm); mineral wool (50mm); va-
por barrier (0.5mm); ventilation layer (100mm); mineral wool (100mm); timber joists 
(50x200mm/500mm); OSB board (20mm); Heratecta wood board (75mm); plastering (20mm) 
Roofing (out/in): tiles of wood, battens (50x50mm); boarding (20mm); SOLFLEX weather re-
sistive barrier; OSB board (20mm); ventilation layer (100mm); vapor barrier (0.5mm); basaltic 



mineral wool (200mm); timber rafter (300x50mm/600mm); vapor barrier (0.5mm); gypsum 
board (12.5mm) 
 

    
Figure 10. Layers used for roofing and cladding 

2.4 Block of flats 
The structure is a block of flats built in 2006 in Timisoara, Romania. Architectural views are 
presented in Figure 11. The keys for this kind of structure are built-in flexibility and energetic 
efficiency. The main structure is made of steel profiles with light floors. Column-free, uninter-
rupted floor plates are the optimum answer to allowing users to optimally reconfigure internal 
areas and this generally means long-span solutions (see Figure 12). 
 

    
Figure 11. 3D architectural views 
 

    
Figure 12. Structure during erection 



The following layers have been used for roofing and cladding (see Figure 13): 
Cladding (in/out): gypsum board (12.5mm); vapor barrier (0.5mm); basaltic mineral wool 
(80mm); gypsum board (10mm); ventilation layer (80mm); OSB board (15mm); basaltic min-
eral wool (100mm); C150/1.5…600mm joists; Al profiles; MEG plastic boards (8mm); 
Roofing (out/in): gravel (50mm); rigid mineral wool (100mm); light concrete (50mm); corru-
gated sheet (45mm). 

    
Figure 13. Layers used for roofing and cladding 

3 CONCLUSIONS 

The four examples presented in the present paper represent a complete sustainable technology 
of high performance thermo-energetic materials for cladding and finishing and use productive 
and qualitative technology both for fabrication and erection. It enables to obtain flexible parti-
tions and allows for further up-grade, easy modifications and/or development. 

All the buildings are located in medium and high seismic regions. Compared with traditional 
housing technologies, steel frame houses are, besides their technical advantages and enhanced 
quality of both structure and finishing, really cost effective, too. 
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1 GENERAL INTRODUCTION 

1.1 Van Abbemuseum 
The Van Abbemuseum is one of the popular museums to lead for modern and contemporary art 
in Europe. It was opened in 1936. And since that date, there has been many acclaimed exhibi-
tions and built an extensive, internationally renowned collection of more than 2700 works of 
art. The reputation of the collections is depending on the quality of the individual works of art, 
among which are masterpieces by Picasso, Chagall, El Lissitzky, Beuys, Weiner, Gordon and 
McCarthy. 
 The Van Abbemuseum officially reopened in 2003, after the completion of the renovation of 
the old building with the addition of the expansive new wing. In the old building, temporary 
exhibitions, about general politics and special concern alongside focused presentations of indi-
vidual artists are exhibited. In the new building, Plug In, a radical new approach, has been de-
veloped to exhibit the famous collection. Also in the new building, Living Archive, which in-
cludes a series of documentary exhibitions based on the museum archive, is located. 
 The two contrasting aims of radicalism and hospitality, experimenting with the subjects and 
forms of exhibitions and museum projects, are the aim of the Van Abbemuseum over the com-
ing years to work with. 
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ABSTRACT: Eindhoven is a city of the Netherlands. Van Abbemuseum is a newly renovated 
museum in 2003. The historical museum building, dating from 1936, is designed by architect 
Kropholler, and architect Abel Cahen designed the integration into the spectacular new wing. 
Also the old part of the museum is welcoming to the visitors from the main street, while the 
small pink aluminium cladded entrance house is an entrance to the new wing. 
 In this case study, the sustainability topic will be discussed how they could manage to hold 
the old building still standing for the entrance part of the whole museum complex, old and new.    
During the observations, the advantages of the new construction system will be underlined to 
show how  a new wing can be successful in the sustainability of old constructions from the use 
of new materials as iron and steel in both structural solutions and also in constructional details.  
 



1.2 The spaces in the  plan of Van Abbemuseum 
The new building and old building are having lots of different spaces due to functions. Tower-
ing part is a great chance to see the overall view of the new entrance from the back side of the 
building, linked to the city center, from the inside of a pink colored hub, having an aluminium 
structure.  River Dommel widened to create a charming entrance towards museum via café. The 
library is an opportunity to search inside of a digital archive about art and everything. The audi-
torium gives a nice chance to watch the movies, sitting over the red comfortable chairs. Book-
shop serves you in every manner, by selling books about art, building itself, cities and by sell-
ing specially designed objects as souvenirs. The entrance of the bookshop is covered with the 
stairs up and there are nice cartoons over the surrounded walls. The shelves of the objects can 
be  moved to open and to close the bookshop everyday 

 

Photograph 1. New entrance to Van Abbemuseum through café in the new building (photo by 
Y.K.Aktuglu, 12/2006) .  
 

1.3 The newly designed spaces 
 
The newly designed spaces, including the administration section, the library, and the cafeteria 
are playing a very important role to support the life of the museum for today. The design prin-
ciples for making a museum sustainable in today’s conditions require the logical use of materi-
als and also the contrast of the materials as togetherness of stone cladding and glass, or steel 
supporters and glass. 
But esp. the use of structural steel is making the value increase in the name of functionality of a 
museum building, coming from past and still living today. 
 

2 STRUCTURAL STEEL USE IN THE SPACES 
 
Water welcomes the visitors, both to the new entrance from the inside of the pink hub, with an 
aluminum structure and also with a bridge over the water, from the front of the library towards 
the main entrance in front of the old building. For the strength of the structural steel is very 
high, then the new structural system in first and second manner as main structural system and 
secondary structural elements, has effect on the spaces, created newly and also it makes them 
be more enriched.   



2.1 Café 
The steel stairs, inside the café for up, is made of the lightest material in a very economical and 
very logical construction technique. The glass holders of the stairs are connected to the steel 
plate with double screws, and it ends with another steel plate at the top of the glass to hold 
them. 

The glass facade is being carried by the steel connection elements, passing the loads to the 
columns behind the glasses, supported by the steel mullions. In this way, a transparency is 
gained for getting more daylight inside the café. 

The first floor of the café is going out from the façade to create a balcony outside. 
 

2.2 The openings 
From exhibition halls toward outside, there are some openings as doors with glass and addi-
tionally a glass attachment with structural steel framing, having also a steel decking over the 
river. This adds a value to the new building with its brilliant effect from outside, and with a 
smiling light toward inside.  
 The connection level between old building and new building is constructed with structural 
steel material, with  nice details, creating a flying floor again over the river. 
 The opening towards the back side street is covered with glass having lots of writings on it 
as a security of the visitors not to crack the transparent surface. 
 

2.3 Library 
The opening, from the library basement level toward outside above the river, is constructed 
with circular hollow section columns or let’s say it as mullions to carry the loads of glass clad-
ding with additional detailing, creates an attractive space to call the readers to that place to read 
their books inside of the nature. 
 There is a very light booking section with steel shelves to carry the books, with glass and 
structural steel cantilevered corridors in front of the shelves, and there is a very light stairs con-
necting the basement and ground level of the library with light steel detailing. The advantage of 
steel shelving is giving you an nice working space with the very thin shelf thickness. All of 
these are enough to represent an information area in a very shinning position also by getting the 
full daylight from the top roof. 

2.4 Steel bridge 
Steel bridge is connecting you to the main entrance in the old building by making you fly over 
the river. 

2.5 Glass façade 
The courtyard named “above beyond below” is covered with glass and steel mullions, to create 
a semi-closed space without a roof cover to make people be available to attend to a concert in 
this courtyard. 
 The whole façade of the new building is constructed with glass and steel mullions to have a 
flowing mirror surface to make the new addition more brilliant around the water composition as  
a link with the river. 
 

2.6 Entrance from the  back side to the new building 
At the back side of the museum, there is a very charming and attractive small aluminium hub in 
pink, calling you to come inside by passing the wooden covered, in floor, garden terrace of the 
café such as floating over the river. The going out upper floor of the café through the glass fa-



cades gives you another exciting moment in the manner of a clue to be a sustainable building in 
future. 
 The flat metal lines over together with the stone cladding of the new building give an im-
pression as being ready to fly. 

2.7 Vertical circulation spaces covered with glass and steel trusses  
There is a main and dense vertical circulation space full with daylight coming inside through 
the glasses, carried by hanged structural steel trusses, in white color, composed with nice de-
tails as vertical wall participants and also nearly horizontal roof claddings. 
 In the next space for stairs, also at the top there is an opening with steel and glass to get day-
light inside. 
 From the top part of the mid- vertical circulation space, it is nice to have an idea about to-
ward the café and the other entrance door in pink near the river, by looking out inside the glass 
cladding, carried by circular hollow sections, replaced in horizontal position. 

 

Photograph 2. An overview to Café decking over River Dommel(photo by Y.K.Aktuglu, 12/2006) . 

2.8 The book shop 
The book shop is not only a very attractive selling place for the very carefully prepared souve-
nirs, but also the whole door pieces in the form of shelves to exhibit the goods are calling you 
to visit it. These door pieces are turning in their axis to be open during the day, and later to be 
closed in the evening. 

2.9 Auditorium 
There is a small steel spiral stairs to go up part of the auditorium, creating an attractive magnet 
inside a closed and dark space. 

2.10 Additional features 
There is not any addition to the old building as new. The normal height of the old building is 
accepted as they are since the first day. And the walls are brick, and they are being melted be-
tween the other urban texture. 
 At the other part of the complex, the new feature is being bold with totally new wings. It can 
be only seen the top of the clock tower of the old building. 
 Even though it can be a dark afternoon, the metal flat lines in vertical placement are enough 
effective to present the existence of the new building with the help of the water of the river 
Dommel. 
 



Photograph 3. The back side view of Van Abbemuseum through new wings (photo by Y.K.Aktuglu, 
12/2006) . 

 

Photograph 4. Main entrance to Van Abbemuseum from old building(photo by Y.K.Aktuglu, 12/2006) . 

3 CONCLUSION 
3.1 The building itself 
The properties of the buildings, both old and new are enough capable to be sustainable in the 
future. They are in contact with nature, when it is available to get an opening to out by the use 
of structural steel and glass. 

The functions of the spaces seem to be in service for all days of the future times, including 
museum’s potential of digital archives. 

The café, over the River Dommel widened, is totally a unique atmosphere to live in a prepa-
ration section before the real art.  

The library, full with documents, is a great resource for researches. 
The auditorium is another magnificent space to be linked with the movable artificial life, on 

the screen. 
The bookshop is a miniature of the global museum life. 



With all these parts, Van Abbemuseum is a successful candidate in the list of the museums, 
from the point of sustainability. 

3.2 The value added to the city in the meaning of sustainability of the Van Abbemuseum 
The activities of Van Abbemuseum is attracting the people living in Eindhoven, and the stu-
dents studying in TUeindhoven, nearer to art titles with exhibitions, workshops, musical per-
formances, etc. with free entrance. This kind of occasions are making the city life more enjoy-
able and more cultural, in a daily life scenario. For the presence of the old building of Van 
Abbemuseum, it is aimed to make its function as museum to stay in a sustainable manner for 
other generations by enlarging its capacity. 

The Van Abbemuseum is a very successful sustainable museum complex, supported and 
riched with the use of the structural steel to make its spaces be in contact with nature at maxi-
mum. 

3.3 References 
several visits, on different times, to Van Abbemuseum on 12-15.11.2006 
several guide books about Eindhoven 
http://www.vanabbemuseum.nl/engels/gebouw/gebouw.htm 



1 GENERAL INSTRUCTIONS 

Not only the construction systems, materials and details, and also the importance of acoustical 
property of the buildings and the outside areas and the use of daylight inside and outside of the 
building made the products have more statual manner. The use of masonary, brick and stone to-
gether with iron bars are the construction materials for the envelope. 

The amounts and the size of the windows for daylight are the main elements for a more sa-
cred athmosphere while using the space for meeting with God. The LCA and the LCC situation 
of a such building complex as Suleyman’s Mosque and education complex in the meaning of 
sustainability has a great importance in today’s construction world. 
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ABSTRACT: In the Turkish Architectural History, Mimar Sinan has the most important place 
to define the landmarks. The Mosques, the bridges, the kulliyes(with a mosque in the heart of 
the kulliye as an extensive assembly of religious schools and buildings housing social func-
tions), etc. of Mimar Sinan are coming today along a more than 400years period. The composi-
ton of the full dome and semi domes is very important for the rich space value under. The addi-
tional structural elements for controlling the praying sound to God prepare a fully solved 
situation in the meaning of acoustical control. In the paper, after the definition of the complex 
in the meaning of history and in the meaning of space compositions, its structural system in the 
context of building materials and constructional details, the reasons of its acoustical perform-
ance and the degree of the efficiency of the daylight use will be explained.   



For these reasons we are aimed to make investigations about Mimar Sinan’s Suleymaniye 
Cami in Istanbul, Turkey. 
1.1 Mimar Sinan(Great Architect Sinan) 
The date of birth of Mimar Sinan remains uncertain, but is generally accepted to be 1490(Egli, 
1992). He is coming from the village of Agırnas near Kayseri in Turkey.  He says that he saw 
the monuments, the great ancient remains, from every ruin he learned, from every building he 
observed something. The maturation of Sinan can be followed in the miraculous deployment of        
Suleyman’s great mosque and kulliye(can be accepted as university city). Most of Sinan’s leg-
acy survives(some250 out of 450 buildings). This gives us a great chance to follow the great ar-
chitect’s development and artistic ascertion. The works, he did in his life, give him the title 
“The Great Architect Sinan (Koca Mimar Sinan)”.  

1.2 Suleyman the Lawgiver, 1520-1566 
Suleyman(Kanuni) who was the tenth Sultan of the Ottoman Empire, succeeds eminent rulers 
who, by their political savvy and strategic brilliance, secured a vast empire. When he was the 
Sultan, the Ottoman realm reaches great extension. 

1.3 Suleyman’s Mosque, Kulliye, Istanbul,  
Suleyman’s Mosque, Kulliye, Istanbul has an overwhelming impression. It is not only the cal-
culated setting of the mosque on the precious site, but also the very well planned kulliye, cre-
ated a splendid stage that assures its magnificences.  

 

Photo 1. The view of Suleymaniye Camii from Galata Köprüsü over Haliç/Golden Dolphin, (photo is 
taken by Yesim Kamile Aktuglu, on 28th of April 2007) 



2 SULEYMAN’S MOSQUE, 1550-1557 
2.1 The history and the description of its plan 
During the classical period mosque plans changed to include inner and outer courtyards. The 
inner courtyard and the mosque were inseparable. The master architect of the classical period 
was Architect Sinan, and he started a new era in world architecture, creating 334 buildings in 
various cities. Mimar Sinan's first important work was the Sehzade Mosque completed in 1548. 
His second significant work was the Suleymaniye Mosque and the surrounding complex, built 
for Suleyman the Magnificent.  (The Selimiye Mosque in Edirne was built during the years 
1568-74, when Sinan was in his prime as an architect.) 
During the mid-16th century, the Turkish sultan known as Suleyman the Magnificent added 
much territory to the Ottoman Empire through conquest. Due to the wealth he gained, he or-
dered a mosque appropriate to his title.  The Suleymaniye Mosque was built on the order of sul-
tan Suleyman and was constructed by the great Ottoman architect, “Architect Sinan”. The con-
struction work began in 1550 and the mosque was finished in 1557. 
Suleymaniye Mosque is considered to be a kind of architectural answer to the Byzantine Hagia 
Sophia, commissioned by the Emperor Justinian. Sinan's Suleymaniye is a more symmetrical, 
rationalized and light-filled interpretation of earlier Ottoman precedents, and assimilates so 
many aspects of Renaissance architecture (Goodwin, 1971). 
The mosque itself was situated in the middle of a kulliye which was constituted of a a caravan-
serai, a public kitchen (imaret) which served food to the poor, a hospital (darüşşifa), four 
Qur’an schools (medrese), a specialized school for the learning of hadith, a bath-house 
(hamam), Mosque Precint, Latirns, and coffee houses, apart from the main mosque with the 
praying hall, and the arched courtyard. It was situated at the top of the third hill of the city 
above the Horn, and dominated this area with its significant dome, and added a terrific silhou-
ette among the city.  
The mosque complex had two main parts, firstly the courtyard area, and secondly the main 
praying hall. The courtyard is the preparation area for the religious rituals (Namaz). The court-
yard was surrounded by porticos, and the porticos were supported by minor domes and arches. 
An Ablution fountain was placed in the center of the courtyard. One can enter to the courtyard 
from the outside with three defined gates- portals. After entering to the praying hall, one can 
feel an approximately square space surmounted by a central dome. To the north and south the 
dome is supported by two semi domes, to the east and west it was supported by arches with 
tympana filled with windows. The dome-arches rise from four great irregularly shaped pillars. 
Up to this point the plan scheme follows that of Hagia Sophia, but beyond this all is different.  
To the east and west directions, there are 10 minor domes supporting the main domes and 
arches. Two galley spaces reached from the inside of the mosque is situated under these minor 
domes, adding a third dimension to the interior.  Inside there are also the mihrab (prayer niche 
showing the direction to Mecca-kıble) and the mimber (pulpit) made of finely carved white 
marble. 

 
In his work of establishing the four Minarets defining the four corners of the Courtyard, he had 
achieved a classical symmetry, the minaret elements were beautifully proportioned with the two 
taller at the junction of the arched courtyard and the other shorter two on the front façade of the 
courtyard rising with ten balconies, representing Suleyman’s being the 10th Emperor of the Ot-
toman Empire. This contrast manner emphasize the axial movement of the monument from 
south to north direction, formed a grandly strong silhouette on the hill above the Horn.  

2.2 The Structure  
Suleymaniye is constructed on the third hill of the seven hill city, Istanbul. The construction for 
mosque had started in 1549 and completed by 1557. The main dome has constructed on four 
arcs over huge four columns. The white marbles was brought from Marmara Island and the 
green ones were taken from Saudi Arabia. The mosque has 138 windows which have marvelous 
handwork. 

The plan dimensions of the Suleymaniye Camii is 58 meters in width and 59 meters in 
length. The main dome, which has diameter of 27.25 meters and 53 meters hight, is supported 



with four columns. These columns are symbolized in the name of four Muslim Caliphs. The 
two of the columns are taken from Byzantium Palace, the third one is from Kıztaşı and the last 
one is from Jupiter Temple in Baalbek. The heights of the columns are 9.02 m with the diame-
ter of the 1.4 m. The approximate weight of the each column is 30 t and carrying about 8000 t 
total loads. 

The weight of the main dome is about 1000 t. The mosque was built at the glorious time of 
the Ottoman Empire. However, the diameter of the dome was not greater than the diameter of  
Hagia Sophia  dome. The complex has four minarets. Two of the minarets has 3 balconies with 
76 m. height and other two minarets have 2 balconies with 56 m. height.  

The minarets have a total of 10 galleries which is also represents that Magnificient Suleyman 
was the 10th Ottoman Sultan. The mosque complex not only consists of the praying hall(cami) 
and courtyard (avlu), but also includes a caravanserai or seraglio (sarayı; han), a public kitchen 
(imaret) where food is given to the poor people, a hospital(darüşşifa), four Qur'an schools 
(medrese), a specialized school for the learning of hadith, and a bath-house (hamam). The 
tombs of Magnificent Suleyman I, his wife Roxelana(Haseki Hürrem), his daughter Mihrimah, 
his mother Dilaşub Saliha and his sister Asiye are located behind the main mosque in the gar-
den. The great architect Sinan’s tomb is outside the northward of the mosque walls. 

Outside of the mosque there is a courtyard with 24 columns. The six of the columns are 
granit, six of them are dark granite, and the other 6 of them are Marmara granit. Their approxi-
mate weights are 10.6, 4.1, 3.8 for per column respectively. The last six columns are short and 
have gained a pyramid form to the structure.  

The mosque is designed so detailed that air circulation of the mosque is high enough to clean 
the candle smoke and have sufficient air flow. Even the candle smoke is collected and con-
verted to be used in ink production.  

2.3 The stabilizing structural element, iron baring 
Nearly all of the arches, inside and outside of the mosque, above the columns to collect the 
loads coming from domes, and semi-domes, are having iron bars for tension loads to keep the 
whole structure in a steady situation, coming from the mid of the main dome to the bottom of 
the columns. These iron bars, can be double in main places of the inner and outer spaces. 
In the capital of a column, there are many structural features. The bronze collar is used both at 
the base and in transition from shaft to capital, which is a serviceable instrument. The fixing of 
the capital to its place is done with an iron pin and no mortar is used. The insertion of an iron 
pin and a lead plate is a normal intersection point to provide a flexible connection, which is vi-
tal to prevent transmission of earthquake shock waves (Egli, 1992). 

2.4 Daylight 
The mosque is important in Islam religion and the use of light is very important in the mosques. 
Architect Sinan had used the light as a design element in his mosque designs. His mosques are 
lightened with the daylight with many windows on the walls. These windows are placed in dif-
ferent levels as lines from the bottom of the dome to the ground level and they have different 
sizes, shapes and light transmittances. 
There are 249 windows in the mosque which are placed in 7 levels.(Kuran, 1986) The high 
number of windows also show the importance of the mosque and the power and wealth of both 
the Ottoman Empire and Kanuni Sultan Suleyman due to the fact that the production of such 
big window glasses at those times (around 1550) was very difficult and expensive. Glass tech-
nology was accepted as a prestige technology that palaces and governments supported. (Ku-
cukerman, 1998) There are many windows in the mosque. 
There are notebooks which were written during the construction of the mosque. The details of 
the construction were written in them. According to these notes, 1417 people worked in the 
construction of the windows and glasses. 540 of them took 12 kurus (money unit of that time), 
70 of them took 10 kurus. The payments are grouped into 5. The highest paid group took 12 and 
10 kurus, and these were the most talented workers group. They were 610 workers.  This shows 
that these workers were the most talented craftsmen, and their number was more than their 



helpers. (Kucukerman, 1998) The other groups and their payments are shown in the table be-
low:  

 
Table 1. The worker groups of Suleymaniye Mosque construction and their payments* _____________________________________________________________________________ 
Number of workers   Amount of payment _____________________________________________________________________________ 
540            12 kurus 
70         10 kurus _____________________________________________________________________________ 
15         9 kurus 
25         8 kurus _____________________________________________________________________________ 
124        7 kurus 
153        6 kurus _____________________________________________________________________________ 
387        4 kurus 
97         3 kurus _____________________________________________________________________________ 
6 2 kurus _____________________________________________________________________________ 
* (Kucukerman, 1998) 

 
This shows that many talented workers were used to finish the construction in a very short 

time and that the architect wanted the mosque to be of high quality. Therefore this made the 
mosque live and sustain for hundreds of years with the same quality. 

The windows on the bottom of the dome lighten and emphasize the dome. These are arched 
windows. 

The 3 levels of windows on the rear tympana walls that are under the great arches provide in-
tensive daylight to the interior. It is seen that Architect Sinan tried to open as many windows as 
possible due to the different shapes which help to open more windows. There are 4 circular 
small windows in the rear parts of the wall where he could not open the regular arched win-
dows. And there are 19 regular arched windows on each of these two walls together with these 
4 circular small windows. 

The semi-dome supporting the main dome on the chancel (Mihrap) side also has a line of 
arched windows. There are also arched windows on this semi-dome. The two little supporting 
semi-domes also have arched windows. 

The chancel (Mihrap) wall is divided by windows on 3 levels but these windows’ glasses are 
decorated and colored (called as vitray) to prevent the daylight entering the building and dis-
turbing the praying peoples’ eyes. These windows are also in different shapes and different 
sizes in order to open as many windows as possible and to break the monotony of the plain 
wall. 

The level of the sitting people who are praying is lightened with the use of big rectangular 
windows. All the windows except these are protected with honeycomb shaped curtains which 
help to diffuse the daylight entering the building through the windows. This helps to reduce the 
excess illumination and the discomfort of the eyes. And also help to provide a mystique atmos-
phere inside. 

There are less windows on the entrance side. There are two reasons of this. One of the rea-
sons is that this is the northern side and it is the coldest side. Therefore Sinan had designed less 
windows on this side in order to keep the interior warmer in the winter, because this is a very 
huge building with many cubicmeters of space and it is very difficult to heat up the interior. 
The other reason is spiritual: people are facing south when they are praying, that is due to the 
fact that Mecce is in this direction. Therefore there mustn’t be much prevention between the 
praying people and the Mecce. Because of this, there is not much need to open many windows 
on the northern side, and Sinan opened just enough windows. 

Windows are used generally to lighten the mosque interior. But there is the fact that many 
people use this building. Not only the people’s breathing, but also the soot of the burning can-
dles and lamps at nights and dark winter days would have polluted the interior air. So this 
brings the ventilation and air-cleaning problem. But Architect Sinan had solved this problem 
with a very good and efficient solution. He had made a room at the top of the entrance door 
which takes and gives the polluted inside air out. The soot is collected at the ceiling of this 
room and it is used to produce ink. It is said to be the best quality ink. (Kuban, 1997)  



2.5 Acoustical Performance 
One of the most important design criteria for such a huge volume is acoustics in terms of ob-

taining both silence for praying and indoor acoustic quality. In Mosques, music practice is usu-
ally not used while praying. It is more important to be concentrated as much as possible during 
the pray. But, on religious days, a special session named as ‘mevlid’ is held and in this session 
musical function is more emphasized. Another activity is speech, which is made by muezzin 
(religious officer) in the mosque. These different types of activities need different acoustical 
properties. 

If we think of the interior noise level, it was probably not a big problem to obtain the low 
levels of noise in 16th century, since there was not a noise problem that we have today. So, it 
could be ignored at those times. But even today, the thick stonewalls and limited openings pre-
vent unwanted sound coming to inside. 

On the other hand, if we think about the indoor acoustical quality, having approximately 
88000 m3 volume, and having a dome shaped roof above, Suleymaniye Mosque is expected to 
have some acoustical problems. But, it can be said that Sinan was obviously aware of the im-
portance of the acoustics, while designing Suleymaniye Mosque. He realizes such a complex’s 
problems and tries to solve them.  

He tries to prevent echoes, which are caused by dome, by using some ceramic containers 
(Helmholtz/ Cavity Resonators) in the forms of pots (Topaktas 2003, Kayili 2005). The dome 
form is one of the most difficult forms in acoustics. Because of the concave forms of the domes, 
the incident sound energy does not go out without reflecting several times in the dome. Because 
of this, the reflected sound energy from the dome reaches back to the room with a time delay. 
So the result is echoes or noise in the room and reduction on the percentage of intelligibility. 
Cavity resonators, placed in a dome, prevent the reflection of sound energy and reradiate it 
throughout the room (Kayili, 2005).  Today’s measurements show that Suleymaniye Mosque 
has approximately 6-7 seconds Reverberation Time at middle frequencies (Topaktas 2003, 
Fausti et.al. 2003). This value can be long for rooms for speech, but it is considered quite rea-
sonable for Suleymaniye. But, this value could be measured lower than today when the time 
Mosque built. During the restoration studies over the years, sealing the openings of ceramic 
containers and changing the original material have resulted different acoustical conditions from 
the original one. 

Besides this, selection of surface materials has also a very important effect on acoustics of 
the room. And it is believed that Sinan also made his decisions with this knowledge. Suley-
maniye Mosque has mainly plaster and stone interior surfaces. And floor is completely covered 
with highly sound absorbent material, thick carpet.  

Also, while enlarging the volume of Suleymeniye, Sinan tries to increase sound power by a 
number of sources. For this purpose, he placed the muezzin’s mahfil (a gallery for the call to 
prayer) next to the southwest pillar and in addition, he added small mahfils (balconies) to the 
two north pillars (Kayili, 2005). Addition of mahfils also show that the awareness of the need 
for extra sound power during the design process.  

2.6 The effect of sustainability 
Sustainability is becoming a central concern. It is a concern that has grown out of wider rec-

ognition that rising populations and economic development are threatening a progressive deg-
radation of the earth's resources. 

As being architects and engineers we have to think about the construction industry.  The in-
dustry operates globally, and on a much larger scale than other industrial sectors. It consumes 
more materials than any other industry, and is a large direct and indirect consumer of energy.  

The industry is a very large consumer of materials, and it operates on a growing scale. 
At the same time, concerns about the effects on the Earth’s environment have been emerging.   
Buildings are the greatest producers of harmful gases such as CO2. 
For example concrete is one of the most widely used construction materials in the world. 

However, the production of portland cement, an essential constituent of concrete, leads to the 
release of significant amount of CO2, a greenhouse gas; one ton of portland cement clinker 



production is said to creates approximately one ton of CO2 and other greenhouse gases 
(GHGs). 

Was it always like this? We are living on this planet for million years. But we rarely men-
tioned about sustainablity. Why?  Because up to now we have used different construction types 
which were much more natural than the materials we use today. Our masters were much more 
respectful to environment. 

According to the World Commission on Environment and Development: sustainability 
means “Meeting the needs of the present without compromising the ability of the future genera-
tions to meet their own needs.” 

Which means being respectful for the future generation needs. Suleymaniye Mosque as a 
sustainable structure did minimum damage to environment. During its construction CO2 gas 
was not produced. And Architect Sinan achieved not giving any harm to the nature 400 years 
ago. After 400 years we are arguing how to resume the damage we make to the environment.  

Designing for sustainability means accounting in the design the full short-term and long-term 
consequences of the societal impact. Therefore, durability is the key issue.  

After 400 years we can say that the consequence of the societal impact of Suleymaniye 
Mosque is really impressive. 

Durability is the ability to endure. And if we think about 400 years we can understand that 
this master piece still gives fresh ideas to us about sustainibility.  

Sustainability requires that engineers and architect consider a building’s “lifecycle” cost ex-
tended over the useful lifetime. For Suleymaniye Mosque how can we decide about the useful 
lifetime? We can only say that it deserves the biggest time period which a building can get.  

Light colored concrete walls reduce interior lighting requirements. This helps us to use less 
energy for the interior areas. And Architect Sinan also got this idea years ago. 

The windows for the natural lighting has a great role for sustainability because of reducing 
the energy. An we also find right  answers to this problem at this mosque.  

Sustainability is briefly  being smart.  
And for getting hints of smart thoughts  we have to search about the great architect’s and 

engineer’s way of thinking. Architect Sinan is one the greatest architects world wide. We can 
learn lot about his way of using natural light, his way of using wall colors for greater interior 
effects and minimising energy, his respectful design policy and his way of using natural 
materials for getting a natural structure.   

We are talking about sustainability just for 20 years (after Brutland Report  in  1987 ) but 
Architect Sinan was building sustainable constructions 400 years ago. This shows that human 
kind acts in different ways. We  give harm to ozene layer and we also give great respect to 
nature and built marvelous structures with  marvelous effect on human soul. 

This effect not only gives a great feeling that man kind can solve the problems which he 
causes and also teaches the techniques of designing natural structures.  

3 CONCLUSION 
 
Mimar Sinan’s buildings and structures are the foundation of a sustainable future of Turkish 
Architecture. Here it is aimed to introduce a global view over the Suleyman’s Mosque (Suley-
maniye Mosque), of Sinan’s second perfect product. Suleymaniye Mosque:  one of the founda-
tions of a sustainable future following a positive response to the research with this case study, 
we do share with you the Turkish Architecture’s Progress toward sustainable development by 
providing an overview of the financial, environmental and social preferences of Sinan’s second 
perfect product about mosques. 

This paper provides a measurement of the Turkish Architecture of Mimar Sinan’s economic, 
environmental and social preference. It also illustrates the importance of a perfectly constructed 
buildings and structures in providing sustainable solutions in the construction sector. 

As an architecture, we recognize that strong financial performance must continue over the 
long term in order to maintain a sustainable industry delivering value added products to society. 
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Case Study: LEED™ by Design in the School of the Future  
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ABSTRACT: The School District of Philadelphia (SDP) and Microsoft partnered to create a 
unique High School in the urban setting of Philadelphia. This 162,000sf, 800 student high 
school, which also serves as a community center, opened in September 2006, on time, within an 
established budget. The learning environment is a bookless, wireless, teaching without walls 
result. Integrated with this innovative curriculum delivery method is a LEED™ Gold designed 
building that provides the healthiest space possible to learn and work in. Using the integrated 
design process and LEED™ green building rating system as our guide, the Owner and design 
team were able to incorporate the principles of sustainable design into the building within the 
established budget and schedule. 

1 INTRODUCTION 

The technologies and strategies employed here are readily applicable to any building type at NO 
or little additional first cost, assuming a proper budget to start with, and have a tremendous 
return on investment socially, economically, and environmentally. My role in this project was as 
the LEED™ manager and responsible for integration of sustainable design throughout the 
project design process and seeing it through construction. 
 
While sustainable design was a requirement of this project for Microsoft and SDP, it was not the 
prime driver. Delivering the curriculum in an unconventional methodology and the challenges 
and opportunities that created, which the building had to accommodate and respond to, was the 
driver, along with the budget and schedule. LEED™ was an integral part of the process, not an 
afterthought or add on.  
 

The integrated design process was essential to successfully incorporating 
sustainable design on time and within the established budget. While this is 
not an entirely new process, it is one often less practiced given the nature 
of fast paced deadlines and entrenched design processes.   
Integrated design is as more about a process than the actual selection and 
design of building components and systems. Getting all the stakeholders to 
the table early in the process, establishing the goals for the project, and 
carrying those goals through the entire design and construction process 
with a method to track and measure the successful incorporation of those 
goals is the essence of integrated design. Stakeholders include the project 
design team, owner, and manufacturers to name a few. The adjacent  

Figure 1.  diagram, Figure 1, illustrates the integrated design team and a circular 
process of communication with open lines between all the players and the 
typical project concerns that all conversations are weighed against .  

 

http://www.spiezlegroup.com/


2 INTEGRATED DESIGN 
The design team must look at a building and its systems holistically to get the full benefits from 
how they interact to minimize waste and maximize efficiency. This ensures the most cost 
effective design and lowest operating and maintenance costs. The process by which this happens 
can vary greatly depending on the type of project, project team, Owner goals, budget, and 
schedule. The process must, therefore, always be tailored to these project-shaping points. 
However, as a universal standard of care the LEED™ Green Building Rating System, and 
similar systems such as BREEAM and Green Globes, provides an excellent framework and 
checklist for exploring all aspects of a building and the interrelation of the various components. 
With categories in Sustainable Site Design, Water Conservation, Materials and Resource 
Conservation, Energy and Atmosphere Conservation, and Indoor Environmental Quality, all 
major aspects of building design and components are accounted for. The LEED™ checklist is a 
highly functional tool when used from the programming and goal setting stage through all 
phases of design and construction. Even if a project is not seeking certification through the US 
Green Building Council, active use of the checklist and guidelines during design can result in a 
significantly better performing building with little or no additional first cost by encouraging the 
right conversations early in the process.  

 
Usually the questions of first cost and payback are always drivers on major decisions affecting 
the building aesthetics, operation, and maintenance. The School of the Future project was no 
different. The idea of cost is both a short term and long term question. First cost and 
maintenance costs must be balanced, yet in the life cycle cost of a building, maintenance 
accounts for over 50% while construction accounts for only 11% as  

demonstrated in the lifecycle 
cost chart below done by 
Johnson Controls. When you 
look at the first cost of a 
building compared to the 
operation cost of a building, 
as demonstrated in the 40 
year life cycle analysis, it 
becomes apparent that 
decisions made in the area 
with the smallest financial 
impact, Construction, result 
in the most significant 
consequences in the area 
with the largest financial 
impact, Operation. All of 
these decisions are made in 
an amount of time that is  

Construction
11%Operation 

14%

Alterations
25%

Financing

50% 

 

 

Figure 2. 40 year building life cycle table prepared by Johnson 
Controls 
 
even too small to show on the pie chart, in Design. Design accounts for only 6 to 8% of the 11% 
initial Construction Cost. In short, all of the decisions that affect the entire Life Cycle Cost of a 
building are made up front – in the smallest cost percentage of the building. That is why it is so 
critical to plan for high performance design up front.  
 
In the case of the School of the Future, LEED™ was the design guide of choice and the 
certification level set as a goal was Silver. Using the integrated design process and LEED™ 
green building rating system as our guide, the Owner and design team were able to integrate the 
following sustainable design features into the building within their set budget and schedule: 
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3. LEED™ INTEGRATED SUSTAINABLE DESIGN STRATEGIES 
Sustainable Site Design (7 LEED™ credits):  

1. Orientation of the building for North/South exposure for optimal daylighting 
2. Significantly reduced new parking by working with the adjacent Philadelphia Zoo 

to use part of their overflow parking instead 
3. Energy Star roofing and non-roof surfaces to reduce the heat island effect. 
4. Storm water management onsight with an 11,000 sf green roof on auditorium 

funded by local grant from the Philadelphia Water Department. 
5. Pedestrian friendly access via bicycle, light rail, and bus within ¼ mile. 
6. Light pollution sensitive exterior and interior building lighting 

 
         

Figure 3. Site Analysis prepared by the Prisco Group
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Figure 5. Diagram of building on-site prepared by the 
Prisco Group 

Figure 4. Actual Photo of Completed Building

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Water Conservation (5 LEED™ credits) Why do we flush drinking water? Because we always 
have? Buildings in US use 12% of all potable water. 

1. No irrigation system installed for grounds 
2. Rain water catchment system installed to flush ALL toilets (56% water savings in 

the building overall). Partial grant received from local water department for cost of 
rain water system 

 

 
 
         

Total Uses by all Occupants 10,188
Total Daily Volume (gal.) 7,664

Annual Work Days 280
Annual Volume (gal) 2,145,850

Rainwater Catchment Use 
offset(gal.) 

1,069,068

Total Annual Volume Used(gal.) 1,076,782
Total Percentage Reduction 56.07%

 
 
 

Energy Conservation (9 LEED™ credits) HVAC & Lighting typically account for 75% of all 
building electricity consumption. Buildings, in the USA, account for 65% of all energy used. 

1. High efficiency mechanical system including thermal storage (see Fig.8), 
evaporative cooling, extensive heat recovery, dual duct delivery system, CO2 
monitoring for 49% savings in energy use below ASHRAE 90.1-1999 levels (see 
Fig. 12). 

2. Indirect lighting for reduced footcandle levels 
3. Daylighting designed into all public areas (see Fig. 9) classrooms (see Fig. 10), 

most offices, and gym for reduced artificial lighting requirements 
4. Building integrated photovoltaic curtain wall in main atrium (see Fig. 11) 
5. Fully Commissioned HVAC, lighting, and building controls 
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Figure 7. Water Use Reduction Summary Table 

Figure 6. Underground Rainwater Catchment Diagram prepared by The Prisco Group 



 
 
 
 
 
 
 
 
 

 

Figure 10. Classroom Daylighting Diagram Figure 11. Photo of photovoltaic glass 
designed into atrium curtain wall 

Figure 8. Calmac Thermal Storage Tanks Figure 9. Kalwall transulecent panel 
skylight at entry 

Figure 12. DOE 2 Energy Model of Base Case & Propo p

Materials and Resouce Conservation (5 LEED™ cred
1. High recycled content, local materials speci
2. FSC wood used for 54% of wood products i
3. 69% construction waste recycling achieved.
sed Building prepared by The Seven Grou
its) 
fied for 20% of all products (see fig. 13) 
n building (see fig. 14) 
 (see fig. 15) 



 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

Figure 13. Typical High Recycled Content, Local, Rapidly  
renewable, sustainably harvested products readily available 

Figure 14. FSC Certified Product Calculation Chart, prepared by DJ 
 

Recycled glass wallpaper
 
Cotton fiber insulation 
 
Homasote recycled paper 
wall, roof, and floor panels 
 
FSC certified laminate and
flooring 
 
Recycled content, PVC free
carpet 
 
 
 
 
Rapidly renewable cork/
linoleum floring/tiles 
Keating Construction 
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Figure 15. Construction waste recycling chart prepared by Daniel J. Keating Construction

 
Indoor Environmental Quality (9 LEED™ credits) 

1. Photo/motion sensors integrated with lighting, daylight, and HVAC system 
2. Increased ventilation: up to 80% fresh air provided. 
3. Individual room temperature controls provided with operable windows 
4. Daylighting for 75% of all spaces and views for 90% of occupied areas in the 

building 
5. Non-toxic finishes (reduced or eliminated VOC’s, formaldehyde, and chlorine) 

specified. 
6. Indoor air quality management plan during construction and pre-occupancy 

implemented. 
 

Innovative Design (4 LEED™ credits) 
1. Rainwater Harvesting for 50% additional reduction over requirement. 
2. Building Integrated Photovoltaics in curtain wall. Innovative application of 

technology. 
3. Green Cleaning Policy: District wide plan developed and implemented. (see fig. 16) 
4. Building as a teaching tool with sustainable design integrated into curriculum. 

Comprehensive plan developed and implemented by District. (see fig 17) 
 
Total LEED Credits Attempted: 40 
 

 CONCLUSION: What is outlined in this report is a summary. There are far more credits with 
levant environmental impact not detailed in this report. The full credit summary and more 
formation on LEED™ and the US Green Building Council is available online at 
ww.usgbc.org web site. Additional information on the School of the Future is available at 
ww.microsoft.com/education/sof which addresses the educational and technology integration 
d innovative curriculum delivery not discussed in this case study, but worthy of investigation 

self. Having designed over 6 major projects to the LEED™ Silver standards in the last 5 years, 

http://www.usgbc.org/
http://www.microsoft.com/education/sof


it has been my experience that LEED™ certified or Silver, or equivalent, projects are readily 
achievable within a conventional budget and schedule. The most important way to accomplish 
this is to integrate sustainable design into the conversation and thought process from the outset 
of any project. As the concern over green house gases continues to rise and local, state, and 
national entities begin to tackle the issue of carbon neutrality in earnest in the coming century, 
innovative, cost effective, environmentally responsible design, construction, and operations will 
become the norm rather than the exception.  

 
 
 
 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 16. Green cleaning plan table of contents, developed by Philadelphia School Improvement Team 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 17. Building as a teaching tool summary developed by School District of Philadelphia 
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1 INTRODUCTION 

During a building life cycle several kinds of material wastes are generated, from the production 
of the materials to the demolition of the structure. Focussing on the end-of-life of the structure, 
the material waste resulting from the demolition of the structure can have two major destinies: 
either the resulting materials can be recycled or reused or the resulting materials are no longer 
useful and so they are sent to landfill or to incineration. In terms of a life-cycle analysis the first 
case presents an additional problem to be solved – what to do with the resulting products? 
Where are they allocated? Current LCA standards do not identify the allocation method to be 
used and this is usually chosen by the practitioner. However, the choice of the allocation proce-
dure should be carefully made as it can have significant effect on the results of the assessment. 

Another question to be solved with the allocation problem of the waste materials concerns the 
time they are generated. Buildings are usually designed for life spans of 50 to 100 years. This 
means that the possible benefits gained from the reuse or the recycling of waste materials in the 
end-of-life of a structure may have a negligible affect on the environmental impacts of concern 
today. 

Therefore it is the purpose of the present paper to illustrate and discuss the questions raised in 
the previous paragraphs. A life cycle analysis is carried out on a one-family residential dwelling 
built in a light weight steel frame. In the first part the results of the construction stage are pre-
sented. Then various scenarios are considered for the several outcomes of the end-of-life stage. 
The life cycle analysis is performed with the software for life cycle analysis SimaPro v7.0. 

2 DESCRIPTION OF THE CASE STUDY 
 
The analysis is focussed on a one-family dwelling built in Aveiro, Portugal. The house has 2 main 
floors, with an area of 165 m2 each, and a smaller top floor with an area of 115 m2.  

Influence of end-of-life scenarios on the environmental 
performance of a low-rise residential dwelling 

H. Gervásio 
GIPAC, Lda., Coimbra, Portugal 

L. Simões da Silva 
Department of Civil Engineering, University of Coimbra, Coimbra, Portugal 

ABSTRACT: In a life cycle analysis the end-of-life stage is probably the phase more difficult to 
quantify and therefore subjected to a high level of uncertainties. This is particularly important 
when the system under analysis has a long life span, which is the case of a building. Due to the 
high level of uncertainties in the end-of-life stage of a building, usually scenarios are adopted to 
quantify the inventory data and impacts of the different construction waste materials. In the case 
of recyclable materials the allocation procedure should be carefully chosen as it can signifi-
cantly affect the results of the assessment analysis. In this paper a life cycle analysis of a light 
weight steel dwelling is performed. For the end-of-life stage several scenarios are defined in or-
der to assess the influence of the different options in the overall result of the analysis.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Light-weight steel frame  
 
 The house is framed with lightweight cold formed steel sections. The external walls consist 

of an outside layer of Oriented Strand Board (OSB) panels, 11 mm thick, and an inside layer of 
gypsum boards with a thickness of 15 mm. The gap between the two panels is filled with rock 
wool 14 mm thick. The internal walls are made of gypsum boards with a thickness of 15 mm 
and a layer of rock wool with a thickness of 70 mm. The slabs are made of composite panels 
with a top layer of OSB panels (15 mm), an intermediate layer of rock wool with 70 mm, and a 
bottom layer of gypsum boards with 13 mm. The rock wool insulation panels completely clad 
the steel frame ensuring that the house achieves high thermal and acoustic behaviour according 
to regulatory requirements.  

The quantities of the main materials used for the construction of the house are indicated in 
Table 1.  
 
Table 1. Bill of materials for the light-weight steel house. ________________________________________________________ 
Material       Quantities     Unit  ________________________________________________________ 
Concrete       70680      kg 
Steel cold formed    19494      kg 
Rock wool       12335      kg 
Gypsum plaster board   13208      kg 
Oriented strand board   7016       kg 
Reinforcement steel    1307       kg ________________________________________________________ 

 
The total cost for the construction of the frame of the house (not including labour work) was 

about 130.000€. The cost of lightweight steel frame represents approximately 28% of the total 
cost, 36.000€.  

3 LIFE CYCLE ANALYSIS 
 

3.1 Goal of the study 
The goal of this study is to perform a life cycle analysis of a lightweight steel dwelling, de-
signed for a service life of 50 years, and to determine to what extent a particular choice for the 
end-of-life stage affects the overall results of the analysis. 
3.2 Functional Unit and system boundary 

The functional unit is a lightweight steel dwelling designed for a service life of 50 years. The 
boundaries of the system includes all the processes from raw material extraction and material 
production to the demolition of the structure and final deposition of the construction waste –
cradle to grave analysis – Figure 2. 



 
Production of 

materials 
Transport Construction Operation 

Demolition Transport End scenario 

  
Figure 2. System boundary of the lightweight steel house  

 
Lightweight steel frames need very little maintenance during the service life of the building, 

and in the operation stage the main impacts came from the use of energy for normal operation of 
the building (electricity, requirements for heating and cooling, etc). Since the aim of this study 
is to assess the influence of the end-of-life stage in the overall analysis, the operation stage of 
the building was not considered in the analysis. 
3.3 Impact assessment method 

The impact assessment method used in this work was the Eco-indicator 99 (Goedkoop et al. 
1998). Eco-indicator 99 is a damage oriented method for life cycle assessment. In this method 
the inventory flows are linked to three damage categories  (i) human health, (ii) ecosystem qual-
ity and (iii) resources. The end of the environmental analysis leads to the calculation of the total 
score (endpoint) for the three damage categories. This last step involves the weighting and nor-
malization procedures. The weights are set for three culture perspectives (hierarchist, individu-
alist, egalitarian) based on a panel survey (PRé Consultants, 2001). In this study the egalitarian 
perspective was used as it is the one that takes a longer time perspective.  

3.4 Production of materials and construction stages 

3.4.1 Inventory data 
 
All the inventory data needed for the analysis was supplied by the software SimaPro as this tool 
includes the full Ecoinvent dataset (2006). The Ecoinvent dataset updated and integrated other 
databases such as ETH-ESU 96 and BUWAL250 and others. In this work all the material data, 
apart from cold-formed steel, was obtained from Ecoinvent. Data contained in each dataset in-
cludes material and energy requirements and process emissions for the production of 1 kg of the 
product. Cold-formed steel data was obtained from a north-American database, Franklin 98. In 
this case, the functional unit was the production of 1000 pounds (= 453.59 kg) of cold-formed 
steel sheet using electric arc furnace.  
 The type of road transportation was assumed to be the same for all materials “Road transport 
by diesel-truck (16 ton); by ton/km; average load 100%”. 

3.4.2 Results 
 
The construction stage takes into account all the processes to produce the materials and the con-
struction of the house. In Figure 3 the flowchart for this stage is presented. The values presented 
in each box quantify the contribution of each process to the construction of the house. It can be 
seen from this picture that the most important process is steel production, with a share of more 
than 50%. 
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Figure 3. Flowchart for the construction stage  

 
At the endpoint level the result of the analysis, represented in Figure 4, is 5.48 kPt. Steel pro-

duction, as already seen, is the process with the highest score, 2.88 kPt.  
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Figure 4. Damage assessment for the construction stage  

3.5 End-of-life stage 

3.5.1 Definition of the scenarios 
 
In SimaPro there are three main disposal options for building materials: direct recycling, partial 
recycling after sorting and direct disposal (land filling or incineration). According to the ecoin-
vent 2000 methodology no bonus or burden compensation is given for recycled material. The 
system boundary cuts off the recycling process itself, therefore in the first option (Figure 5a), 
the material is assumed to be separated from the original construction and transported to recy-
cling. In this case, the system boundary only includes the burdens from dismantling energy con-
sumption and relative Particulate Matter (PM) emissions. The second option (Figure 5b), can be 
applied to construction materials that cannot be separated at the building site. Thus they are 
transported to a sorting plant where they are split into fractions and the resulting materials are 
either sent to recycling or disposal in a landfill or incinerator. Again, the recycled fraction is not 
included in the system boundary. The inventory data regards dismantling burdens and transport 
to a sorting plant. 



 
  (a)               (b)            (c) 

Figure 5. System boundaries of the three types of disposal options (a) direct recycling; (b) partial recy-
cling; (c) disposal without recycling (adapted from Doka (2003)) 

 
In the last option (Figure 5c) the material is separated from the original construction and directly 
transported to final disposal. The inventory contains dismantling burdens, transport to the final 
site and final disposal in landfill or incinerator. 

 These three options for disposal are not directly comparable because the benefits of the recy-
clable outputs are not taken into account in a standard life cycle analysis. To address this issue, 
ISO 14041 (1998) states that allocation should be avoided by one of two processes (i) dividing 
the unit process to be allocated into two or more sub processes and collecting the input and out-
put data related to these sub processes; or (ii) expanding the product system to include the addi-
tional functions related to the co-products. A particular solution to the 2nd process is to subtract 
the additional functions from the product system. This approach is known as “substitution 
method” or “avoided burden method”. This methodology will be applied in the following. 
 To simplify the problem and to illustrate these issues, given that steel represents over 50% of 
the environmental burdens, in the following comparisons all end-of-life scenarios will relate ex-
clusively to this material. Concerning steel only, the following three extreme scenarios will be 
considered: (i) 0% recycling; (ii) 100% recycling; (iii) 100% reuse. 
 Steel is a material with a very high potential for recycling (up to 100%) and can be recycled 
over and over again without loosing its characteristics. The output of a recycling process is thus 
an useful product which can be allocated in the primary material by means of system boundary 
expansion. In the case of steel, this constitutes the usual default process for steel production 
(Electric Arc Furnace (EAF) route, that assumes 100% scrap coming from recycling). The bene-
fits of recycling is thus neutral, since this is the default procedure. 
 Steel is also one of the most durable materials available, which means that very often steel 
members can be reused following the disassembly of the structure. This completely avoids the 
production of a new product (steel), all endpoints associated with the EAF production process 
being deducted from the analysis. 
 Finally, although a theoretical scenario, sending steel to a landfill would mean that the pro-
duction of new steel would have to follow a Blast Oxygen Furnace (BOF) production process 
(obtaining iron ore from mining). This environmental burden thus corresponds to additional 
endpoints (given by BOF – EAF). Table 2 summarizes the various scenarios. 
  
Table 2. End-of-life scenarios. _______________________________________________________________________________________________________ 
Material       Scenario 1       Scenario 2      Scenario 3  _______________________________________________________________________________________________________ 
Concrete          Sorting+Landfill       Sorting+Landfill    Sorting+Landfill 
Cold formed steel    Landfill       Recycling          Reused 
Rock wool       Landfill       Landfill       Landfill 
Gypsum plaster board   Landfill       Landfill       Landfill 
Oriented strand board   Landfill       Landfill       Landfill 
Reinforcement steel    Landfill       Landfill       Landfill  _______________________________________________________________________________________________________ 



3.5.2 1st Scenario: Landfill 
 
In the first scenario all the materials are assumed to be sent to landfill. Figure 6 illustrates the 
flowchart of the life cycle for this scenario. 

 
Figure 6. Flowchart of life cycle analysis with end-of-life scenario no. 1 

 
Building material waste is usually inorganic and is treated as an inert material sent to a land-

fill. Therefore the procedure has little or no emissions and only land use, infrastructure and cat-
erpillar on site are included.  

As already seen in paragraph 3.4.2, the construction of the house has an endpoint of 5.48 kPt. 
The introduction of the end-of-life stage increased the endpoint to 5.81 kPt, corresponding to an 
additional 6%. The contribution of the latter stage, in this case, is only 330 Pt to the overall re-
sult.  

For the sake of comparisons between scenarios, considering the theoretical scenario of new 
production of steel by BOF route, the additional endpoints given by the difference between the 
BOF route and the EAF route is 1.04 kPt. Therefore, the final result of scenario 1 would be 6.85 
kPt. 

3.5.3 2nd Scenario: Recycling 
 
In this scenario all the previous disposal options were kept for all the materials except cold-
formed steel. The latter was assumed to be sent for recycling. Figure 7 illustrates the flowchart 
of the life cycle for this scenario. 
 

 
Figure 7. Flowchart of life cycle analysis with end-of-life scenario no. 2 
 

In this scenario the benefits gained from the processing of steel recycling where already taken 
into consideration in the production of steel through the EAF route. Thus in end-of-life scenario, 



scrap has simply no burdens. The introduction of the end-of-life stage, in this case, increased the 
endpoint to 5.79 kPt (an increase of approximately 5.7% due to demolition and transport). The 
contribution of the last stage is, in this case, of 315 Pt. 

3.5.4 3rd Scenario: Reuse 
 
The last scenario is similar to the previous one, apart from the assumed waste option for cold-
formed steel. In this scenario the steel structure is dismountable and 100% of steel is assumed to 
be reused. Figure 8 illustrates the flowchart of the life cycle for this scenario. 
 

 
Figure 8. Flowchart of life cycle analysis with end-of-life scenario no. 3 
 

SimaPro allows to define a loop between the steel that is necessary for the initial construction 
and steel that is going to be reused in a future construction. Therefore, the endpoint for this 
analysis is 2.92 kPt and the contribution from the end-of-life stage is -2.56 kPt.  

3.5.5 Comparison of scenarios 
 
The following figures present the results for the life cycle analysis for the various scenarios. 

Figure 9 presents the same results in terms of damage categories and Figure 10 presents the 
results in a single value (endpoint).  
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Figure 9. Damage assessment 
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Figure 10. Damage assessment – Total endpoints 

 
The same conclusion can be taken from both figures, end-of-life scenario 3 gives more bene-

fit to the overall analysis than scenarios 1 and 2, and end-of-life scenario 2 is more beneficial 
than scenario 1. 

4 CONCLUDING REMARKS 

In this paper a life cycle analysis of a lightweight steel dwelling was performed. For the end-of-
life stage three scenarios were chosen showing the influence of the choice in the overall analy-
sis.  

Recycling has a detrimental effect of 5.7%. Naturally, compared with the value for recycling, 
reuse has a beneficial impact of about 49.6%. However, the second question remain open, con-
cerning crediting today the benefits of recycling or reuse of a process that is going to take place 
in 50 years. In long time periods the level of uncertainties is very high and it is very difficult to 
predict which are the major environmental impacts in the future as it is difficult to say that the 
benefits of recycling in the future are benefit to the environmental impacts of today. Neverthe-
less the use of recyclable materials and design for deconstruction should be promoted thus the 
integration of time in life cycle analysis is an issue that deserves more research. 
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ABSTRACT: This paper presents the results of the in-situ measurements of the natural 
illumination availability in the Ponte da Pedra apartments block. These measurements were 
carried out in order to meet the SHE (Sustainable Housing in Europe) project requirements. This 
paper also presents a comparative analysis of the natural illumination environmental conditions 
of one of the apartments in this building, by using two simulation tools to predict natural 
illumination availability: “Ecotect” and “Desktop Radiance”. The results obtained with these 
tools were also compared with the “in situ” measurements, in order to show that simple and 
user-friendly software tools can be a good basis to evaluate the real natural illumination 
conditions in the practise of a building project. 

 
1 INTRODUCTION 

Daylight is playing a significant role in achieving quality of life and comfort in buildings. There 
are ample evidence that access to windows affect mood motivation and productivity at work, 
through reduced fatigue and stress (Tabet & Shelley, 2003). Daylight can also provide economic 
benefits by dimming down or switching off electric lights. Recognized such importance, an 
urbanization located in Ponte da Pedra, Porto, implemented some strategies regarding the 
improvement of natural illumination conditions. 
Some measurements were carried out in order to characterize the “in situ” daylight availability. 

This characterization was based on a quantitative evaluation of the natural illumination 
conditions, through the assessment of the Daylight Factor (DF), calculated considering the 
simultaneously measured values of the interior and exterior illuminance levels. 

2 METHODOLOGY 

For this study, some “in situ” measurements were taken in order to evaluate the daylight 
availability of the apartments block under study. The measurements were carried out on winter 
days, in different apartments at different heights and for three types of rooms (kitchens, bedrooms 
and living rooms) with different geometries and window-openings, under conditions similar to an 
overcast sky (Batsford, 1992). The “in situ” values were also compared with those obtained with 
two simulation tools in order to assess which of them lead to better results. 
The parameter considered for this study was the Daylight Factor calculated through an 

alternative method (Santos, 2001) by the following expression (1):  
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Where Eint = internal horizontal illuminance; Evext = External Horizontal illuminance. 
 
This expression is used when the exterior sensor illuminance is placed in a vertical line. For the 
calculation of the Daylight Factor, there were needed two illuminance sensors, as it can be seen in 
Figure 1, one placed inside the room and the other placed on the centre of the window glass. On the 
outside of the window, an obstruction element was placed at the bottom of the window (see Figure 
1) in order to avoid that the reflected light by the ground hit the sensor. 
 
 

 

Reference Plan 
80 cm 

Element to obstruct the light 

reflected by the ground 

 
Figure 1 – Method of measurement of the illuminance levels 

 

The illuminance levels in the rooms were measured, around 12:00 h (solar time), in a horizontal 
level, 80 cm above the floor, on a square grid with points equally spaced of 50 cm. 

3 DESCRIPTION OF THE CASE STUDY 

The measurements campaign, in order to evaluate the daylight availability inside the building, 
was carried out in several apartments, in lot number 8 (see Figure 2 below), at different levels. 
This building is an apartment block located in Ponte da Pedra (latitude 41.17 and longitude 
-8.37). The building is located in an area without significant obstructions. 
 
 

 
Figure 2 – Localization of the analyzed building  

 
According to the methodology defined by the SHE project, the measurements were carried out 
in three different rooms (bedrooms, living rooms and kitchens) for various types of windows. 
The analyzed compartments are identified and shown in Figure 3. 
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Figure 3 – Identification of the selected rooms used for the daylight availability assessment 

 
Tables 1 and 2 show a list of the characteristics of the different indoor surfaces and windows.   

 

Table 1 – Reflectance properties of the indoor surfaces (Santos, 2001) 

Interior Surface Colour Texture Condition Reflectance (%) 

Wall (bedroom) Clear - yellow wall plaster smooth clean 76 

Wall (living room) Clear - yellow wall plaster smooth clean 76 

Wall (kitchen) White glazed clean 60 

Ceilings  (bedroom) White wall plaster smooth clean 86 

Ceilings  (living room) White wall plaster smooth clean 86 

Ceilings  (kitchen) White wall plaster smooth clean 86 

Floor (bedroom) Clear - brown Wood polished clean 30 

Floor (living room) Clear - brown Wood polished clean 30 

Floor (kitchens) Dark - grey Wood polished clean 10 

Furniture and door 
(bedrooms) 

Clear - brown Wood polished clean 48 

Furniture (living room) Yellowish-brown Wood polished clean 48 

Furniture (kitchen) Dark - Blue Vinyl smooth clean 15 
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K0 – Kitchen on the ground floor, 

south-west oriented 
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K1 

B1 
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K1 – Kitchen on the 1st floor, south-west 

oriented 

B1 – Bedroom on the 1st floor, south-east 

oriented 

LR1w – Living Room with two windows, 

on the 1st floor, south-west oriented 

LR2w – Living Room with one Window, on 

the 1st floor, south-west oriented 

  

N  

 

 

B3  –  Bedroom on the 3rd floor,  

north-east oriented 

B1 



Table 2 - Properties of the Windows Openings (Saint Gobain, 2000) 

Interior Surface Colour Texture Condition Transmittance (%) Sc * 

Double Glass (bedroom) transparent smooth clean 81 0.87 

Double Glass (living room) transparent smooth clean 81 0.87 

Double Glass (kitchen) transparent smooth clean 81 0.87 

Simple Glass  (kitchen) transparent smooth clean 90 0.98 

*Sc- Shading Coefficient  

4 REFERENCE VALUES 

Table 3 shows a list of the recommended values of the Daylight Factor, for the three types of 
rooms studied (kitchens, bedrooms and living rooms). 
 
Table 3- Recommended values of the Daylight Factor 

Rooms DF (%)* 

Bedrooms ≥  0.5 % at 3/4 of the compartment length 

kitchens ≥  2 % at 1/2 of the compartment length 

Living rooms ≥  1 % at 1/2 of the compartment length 

*Values recommend by the Commission of the European Communities 

5 SIMULATION TOOLS 

For the comparative analysis, two of the most well-known simulation tools of natural 
illumination availability were selected: “Ecotect” and “Desktop Radiance”. The real conditions 
were recreated in these programmes and simulated results were produced in order to be 
compared with the real ones.  

5.1 “Ecotect” 

The original “Ecotect” software was written and presented in a PhD thesis by Dr. Andrew Marsh 
at the School of Architecture and Fine Arts at The University of Western Australia. Since then, 
the software has undergone some major changes. Version 2.5 was the first commercial release in 
1997. Version 5.2 builds significantly on the functionality of previous versions introducing a 
range of new analysis functions and sketch visualization. 
The “Ecotect” tool offers a range of lighting analysis options. Its main focus is on natural 

lighting analysis. However, it can also analyse rudimentary artificial lighting design. “Ecotect” 
implements the Building Research Establishments (BRE) split flux method for determining the 
natural light levels at points within a model. This is based on the Daylight Factor concept. The 
Daylight Factor is a ratio of the illuminance at a particular point within an enclosure to the 
simultaneous unobstructed outdoor illuminance. 
The basic analysis of natural illumination uses two types of corresponding definite skies as 

darkened and uniform to the models normalized for the Commission International of l'Eclairage 
(CIE). The geometric data of the place to analyse must be filled in. They are indicated by the 
coordinates of latitude and longitude as well as the orientation of the building. The results can 
be presented numerically (tables) and graphically as distinct formats: curves iso-lux. 

5.2 “Desktop Radiance” 

This program was developed by the department of technologies of buildings of the National 

Laboratory Lawrence Berkeley, California, United States. 

 

 



Desktop radiance is a design tool that facilitates the design and analysis of buildings to optimize 
the efficiency of day lighting systems and lighting technologies. Desktop Radiance is a plug-in 
module that works with other popular computer aided design tools (CAD) to provide the user 
interaction and 3D modelling capabilities. Once created the 3D model, it can be detailed by 
using the Desktop Radiance library of materials, glazing, luminaries and furniture. As soon as 
the model is complete, the analysis parameters such as camera views or reference point 
calculations, building orientation and zone of interest has to be defined. 
For the illumination analysis, the program uses a database with the geometric coordinates, 

timetable zones and some atmospheric data for some locations. The user is able to improve this 
database. 
The “desktop radiance” tool allows presenting the data in tables and graphics through the 

analysis of images with the following options: levels of illumination directly on the image, 
iso-lux curves and FLD and levels of colours associated to the values of illuminance and 
luminances. Moreover, the program uses an interesting characteristic to filter the processed 
images and takes into account the sensitivity of the human eye. 

6 RESULTS  

In both programs, the properties of the materials used are described in Tables 2 and 3. 
The obtained results for the overcast sky conditions, both by simulations and by “in situ” 

measurements, are shown in tables 4 to 10. 
Table 4 shows the values of the exterior illuminances obtained “in situ” and with the two 

simulation programs.  
 
Table 4 – Mean external horizontal illuminance  

External Horizontal Illuminance (Eext)  
Room 

“In situ” “Ecotect” “Desktop Radiance” 

B1 – Bedroom on the 1st floor 13 555 7703 13599 
B3 – Bedroom on the 3rd floor 13 704 7703 13555 

LR2w – Living room on the 1st floor 13 207 7703 13205 
LR1w – Living room on the 1st floor 13 710 7703 12506 
K0 – Kitchen on the ground floor 12 385 7703 12605 
K1 – Kitchen on the 1st floor 13 716 7703 12385 

 

 

      

Figure 4 – Measurement grid and DF values for the bedroom on the 1
st
 floor 
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Figure 5 – Measurement grid and DF values for the bedroom on the 3
rd
 floor  

 
 

 

Figure 6 – Measurement grid and DF values for the Living room with one window 

 

 

 

Figure 7 – Measurement grid and DF values for the bedroom on the 1st floor 
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Figure 8 – Measurement grid and DF values for ground floor kitchen 

 
 

 

Figure 9 – Measurement grid and DF values for the kitchen on the 1
st
 floor 

 
Table 4 shows that the measured outside values of illuminance are similar to the ones obtained 
with “Desktop Radiance” but different from those obtained with “Ecotect”. In any case, both 
simulated values follow the outside illuminance values: 
 

E measured-outside / E measured-outside “Ecotect” = 1.7 
E measured-outside / E measured-outside “Desktop Radiance” = 1 
 

Table 5 presents the evaluation of the Daylight Factor in the studied rooms. 
 
Table 5 – Evaluation of the Daylight Factor in the studied rooms 

Room 
DF (%) 
Recommended 

DF (%) 
“in Situ” 

DF (%) 
“Ecotect” 

DF (%) 
“Desktop 
Radiance” 

B1 – Bedroom on the 1st floor  ≥ 0.5 % at 3/4 length 3.70 3.60 0.80 
B3 – Bedroom on the 3rd floor ≥ 0.5 % at 3/4 length 1.70 2.30 0.50 
LR2w – Living room on the 1st floor ≥ 1 % at 1/2 length 8.30 10.10 3.10 
LR1w – Living room on the 1st floor ≥ 1 % at 1/2 length 3.10 4.60 1.90 
K0 – Kitchen on the ground floor  ≥ 2 % at 1/2 length 0.49 0.93 0.36 
K1 – Kitchen on the 1st floor  ≥ 2 % at 1/2 length 0.54 0.64 0.42 

 
It is possible to observe that the daylight availability is good, satisfying the recommended 
values, in all living rooms and bedrooms. However, the kitchens do not meet the requirements. 
The main reasons for this fact are the dark colours of the pavements and furniture as well as the 
not favourable geometry of the windows and of these rooms. 
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It is also possible to see that, considering similar conditions, the “in situ” measurements show 
differences when compared with the values obtained by simulation for the illuminance values 
registered inside the rooms. It was observed the following ratio: 
 

E measured-inside / E measured- inside “Ecotect” = 0.92 
E measured- inside / E measured- inside “Desktop Radiance” = 1.68 
 

The values listed in table 5 show that “Ecotect” usually lead to higher values of DF while 
“Desktop Radiance” lead to lower levels of this factor. In general, the real values are situated 
between the simulated values obtained with the two tools, as can be seen in figures 4 to 8. It is 
also possible to see that as the distance to the window increases, the deviation of the “Ecotect” 
values from the real values also increases. 

7 CONCLUSIONS 

Trough the “in situ” evaluation, as well as through the simulation tools, it is possible to 
conclude that only the kitchens do not accomplish the recommended values of DF.  
In Portugal, statistic values for outside illuminances, by locality, do not exist, but they do not 

constitute a real difficulty on DF calculation with “Ecotect”. The same is not true on the 
calculation of inside illuminance. This way, using “Ecotect” is necessary to introduce the 
adequate outside illuminance value for each region in order to not make evaluation mistakes of 
inside illuminance. 
Although the outside illuminance values obtained with “Ecotect” are very different from the 

real ones, it should be kept in mind that this value depends on the place latitude and do not 
affect the inside DF value obtained in the room evaluation.  
From the comparison of the real values with the simulated ones, it is possible to conclude that 

“Ecotect” tool lead to better results than “Radiance Desktop” tool. However, the use of these 
tools can be a priceless assistance on the choice of solutions that benefit the project in terms of 
luminic comfort, contributing in this way to the building sustainability.  
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