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Abstract

This p aper r eports o n research that aims to quantify the therm al ri sks th at climate ch ange po ses
towards buildings, allowing a dis cussion about the acceptability of these risks. The work aims to
ultimately establis h risk threshold values, help ing the facilities management proces s. The paper
reports on two different but inte  rrelated research ac tivities: (1) work in  the field of buildi ng
performance s imulation, where com puter m odels are used to predict th e th ermal b ehaviour of
buildings under present and future conditions, and (2) a recent series of workshops/expert panels that
were organised to discuss initial findings with actors in practice as well as academia. The results show
that building sim ulation can indeed be used to predict future behaviour, but that ex treme care is
needed in preparing the detail of the future scenarios that are bein g investigated. T his co vers non-
trivial issues like uncertainties in renovation/interventio n activities, changing heat load and user
profiles, thermal com fort control assumptions, and sy stem de gradation. Without suff icient attention
for detail uncertainties over the simulation input would render the outcomes useless. The expert panel
sessions confirmed the need to involve stakeholders in the buildin g operation / facilities m anagement
process in th e climate ch ange imp act re search; with out these stak eholders it would be nearly
impossible to identify the key performance indicators that need to be investigated. Overall, the work
demonstrates th e limits of a purely c omputational a pproach to studying the risk posed by climate
change to the thermal performance of buildings, stressing: (a) the need to study specific situation in
detail through actual case studies; (b) the need to involve stakeholders in those studies; and (c) the
need for further research in the ‘soft’ factors that influence the facilities management process.
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1. Introduction

Buildings are an area where climate change poses risks. Most buildings have a long life time, which
means that buildings will be in place long enough to ex perience the slow p rocess of climate change.
Moreover, the thermal per formance of m ost buildings is strongly intertwined with the clim ate in
which the building op erates, whic his a d ominant facto rin heat flows due to transmission and
ventilation. Also note that climate conditions are a prim e factor in the applicability of som e of the
heating, ventilation and air conditioning systems applied in buildings such as summer night cooling or
natural ventilation.

Research in the adaptation of buildings to a changing climate is only recently appearing. In the UK
the seminal work in the discipline is the report by CIBSE TM36 on Climate change and the indoor
environment: impacts and adaptation (Hacker et al., 2005). Examples of more recent work in the field
include the studies by Crawley (2008), Jenkins et al., (2009) and Coley and Kershaw (2010). While
these studies provide valu able insights into how buildings w  ill cope with chan ges in clim atic
conditions, they are not yet addressing the actual m anagement of buildings subject to climate change
by building owners, occupants an d faci lities m anagers. Such m anagement will weigh risks and
investments, defining the building operation and deciding upon interventions in the building services,
fabric (infill, cladding) and structure.

In general risk can be calculated according to the following, universal formula:
RF =Pfx Cf @)

Where RF = Risk Factor, Pf = Probability of failure, and Cf = Consequence of failure. Calculation of
RF allows to set thresholds to id entify low (> x), medium (>y) and high (> z) risks, and highlight
those risks requiring further attention.

This paper d escribes research th at aims to q uantify the the rmal risks that climate ch ange poses
towards b uildings, allo wing a d iscussion abo ut the acceptability of these risks. The work aims to
ultimately establish risk threshold values, helping the facilities management process.

2. Methodology

The paper presents work in two related lines of work: building pe rformance simulation research, and
expert panel workshops.

The international building research community has been studying the thermal behaviour of buildings
since the energy crisis of the 1970s. Since then, it has develo ped a larg e nu mber o f m ethods and
software tools to analy se and op timise thermal building per formance. T hese tools are now used in
building en gineering on a regular ba sis. For go od ov erviews of the re lated f ield o fbu ilding
performance simulation see Malkawi and Augenbroe (2004) or Clarke (2001). Building simulation is
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the only available m ethodology to predict the im pact of future clim ate conditions on the therm al
behaviour o f buildings in detail, since it can cond uct a ‘virtual experim ent’ in the com puter that
combines climate predictions with physical m odels that represent how building will respond to these
future conditions.

However, wo rk that aims to stu dy th e management o f bu ildings an d b uilding systems (like for
instance building services and building fabric) also needs to take into account the operational context
of facilities m anagement. To cater for this need, a number of expert panel workshops have been
organised to discuss simulation results with colleagues from practice and acad emia. The format o f
these workshop sessions was a half ho ur presentation on the building simulation studies, followed by
45 minutes of discussion and feedback from the audience on the ongoing research.

3. Building simulation studies

Building per formance has be en b ased o n the use of recent releases (V3.0-V4.0) of EnergyPlus.
EnergyPlusisawe 1l documented an d validated simulation engine, for documentation seeth e
EnergyPlus website.

Simulations have been carried out for two buildings: a theoretical reference building, and an actual
existing building.

The theoretical reference building is based on the specific case as defined by CIBSE TM36 (Hacker et
al., 2005, pp.42-43) “0O2: Modern mixed-mode office”. This case re presents a modern medium-sized
office building with mechanical mixed-mode ventilation and low-energy active cooling. It is a three-
storey office with a floor area of 3864 m2, as depicted in Figure 1. The building is well insulated, with
overhangs to shade windows in summer, an d has ample thermal mass for heat storage. Schedules for
lighting, equipm ent and occupancy are according to the British data for an open plan office as
described in the National C alculation Method (NCM, 2009). In wint er, mechanical ventilation with
heat rec overy is u sed to provide the air for the building, with al 1 100% so urced from ou tdoors. In
summer, there are two ventilation m odes: natural and m echanical. The na tural ventilation (free-
running) mode is used when the indoor operative temperature is below the cooling set point (below
25°C using the static thermal method, below a va riable threshold when using the adaptive therm al
method). Otherwise, m echanical ventilation with an indirect evaporat ive cooler is us ed to provide
cooling for the buildin g. This ev aporative co oler is located in the return air  streams to p rovide
sensibly cooling for the building without increasing its absolute hu midity ( CIBSE, 20 05). In the
simulation, the natural and mechanical systems are in changeover operation mode, which means they
do not operate at the same time. The mechanical ventilation system is also used for night cooling in
summer. [t is noted  that this office building may ha ve ove rheating problems as the indirect
evaporative cooling has only limited cooling capacity (ASHRAE, 2008). More detailed descriptions
of this office can be found in literature, see Hacker et al. (2005) and Holmes and Hacker (2007).
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Figure 1: 3-D View of the CIBSE TM36 O2 Reference Office

The TM36 O2 Reference of fice has been studied using the UKCIP02 clim ate change sc enarios as
released in 2002. These have become the standard reference for climate change research in the UK,
accounting for four emission scenarios (low, med-low, med-high, and high). Three 30-year time slices
have been used: 2011-2040 (2020s), 2041-2070 (2050s) and 2071-2100 (2080s).

Within th e simulatio ns, a r ange of uncertainties ha s be en co vered by means of 2-D Monte Carlo
analysis. Distinction has been made between aleatory uncertainties (n atural variation in the sy stem)
and ep istemic un certainties (variation due to lack of knowledge), with the epistim ic factors being

represented on the outer loop of the Monte Carlo simulations, and the aleatory on the inner loop. In
total, 30 epis timic factors and 80 aleato ry facto rs wer e co mbined, n eeding 72 80 in dividual
EnergyPlus sim ulation ru ns. Results are p resented as C umulative Distribution Functions (CDFs);
figure 2 shows the outcomes for predicted annual cooling energy. Similar graphs have been created
for heating energy use and overheating.

Figure 2: CDFs for annual cooling energy use
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In a separate simulation study, the impact of thermal comfort modelling on the predicted behaviour
under climate change has been analyzed. This is a relevant study, as it is known that humans adapt to
the thermal conditions, whereas standard comfort control settings in m ost building simulation tools
are static. Results show that overheating risks for the 2020s obtained using a static might increase by a
factor 10; whereas overheating risks for that same time horizon obtained with an adaptive model show
an increase o f less than a fac tor 2. Further d etail of this work can b e found in de Wilde and Tian
(2010).

Another issue taken into account in the simulation study is intervention. Over the long lifetim e of the
building, it is likely that building services and building fabric will see multiple upgrades. Three types
of inte rvention sce narios have been investigated: a base-case scenario, where properties of systems
and fabric m aintain constant ov er time ( a ‘like-for-like’ replace ment); case A wh ich represents
moderate investment in the building and a relatively slow upgrading of building energy efficiency;
and case B which represents more aggressive investments in upgrading the building energy efficiency.
For cases A and B intervention times have been assum ed based on literature review; in between
interventions systems and fabric properties are again taken to be constant.

A probabilistic simulation of the TM36 O2 Reference office, taking into account a range of
uncertainties, cany ield the pr obability of occurrence of indoor air and surface tem  peratures
throughout the building. This can be mapped into the probability (Pf) in formula (1). This then can be
combined into consequences (Cf) to obtain risk, using the same formula. To this end, EnergyPlus
results have been linked to a formula that relates said tem peratures to a predicted ‘rel ative work
performance’, using work by Fisk and Seppanen (2007). Typical results are depicted in Figure 3. Note
that predicted relative work performance is adding a range of assumptions on top of the temperature
probability, and that hence the projection of relative work performance is much more coarse than the
prediction for temperatures in itself.

Figure 3: Predicted relative work performance for the TM36 O2 Office
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The results for predicted relative ~ work p erformance de monstrate th e lim its of using a theoreti cal
reference building. While overall results are intere sting, indicating a risk  of a redu ction o f wo rk
performance of about 3%, there ar e issues th at th e research team wou ld like to discuss with the
stakeholders in the build ing. For in stance, is one aggregate re lative wo rk p erformance f igure a
relevant performance metric, or would an actual facilities manager prefer a higher spatial resolution?
Note that overheating effects are more likely to occur on the top floor, and in the southwest-facing
rooms/zones of the building. Also, is relative work perform ance in itself a valuable m etric for

facilities m anagement, or would professionals prefer the original underlying datainterm s of
temperature series and overheating hours?

The actual existing building is the Roland Levins ky Building, a flag ship facility at the authors’
campus. This provides good access to the people involved in the design, engineering, construction and
FM processes (c lient, expert c onsultants, co ntractors, es tate de partment) and a wealth of re lated
documents. Fu rthermore, fu rther in formation on building details , occupancy patterns etc. canbe
obtained on-site whenever needed. The building is a multi-purposed facility for use by staff, students
and the general public, delivering a home for the Faculty of Arts along with theatres, a cafe, generic
teaching spaces and administration services areas. It has about 13,000 m” of floor space and is nine-
storey high, see Figure 4. It comprises a reinforced concrete frame with p ost-tensioned slabs, lo ng
span beams and a steel ro of structure. The copper cladding wraps from the two-storey west elevation
and forms the complex roofs and eastern facades for the eight-storey elevation. The north and south
facades are entir ely glaz ed with low SHGC (sola r h eat g ain co efficient) win dows. M echanical
ventilation has been implemented in this building because of the noise and pollution in the city centre.
Ventilation is cont rolled by variable s peed fans with a supply air temperature of 19°C. Multiple air
handling u nits a llows va rying oc cupancy schedules fo r different s pace uses, such as classrooms,
offices and theatres. The air-cooled chillers provide cooling water to coils in the air handling units and
fan coil units. Gas-fired condensing boilers supply hot water to heating coils, a perim eter trench
system and wall-mounted radiators.

Figure 4: Photo of the Roland Levinsky Building at the University of Plymouth campus

18



The co mplex geometry of the Ro land Le vinsky Building was m odelled with the OpenStudio
(Sketchup) plugin for EnergyPlus. The final building model has 105 zones. Two versions were made
regarding services in the model: one with simplified services, sized as per heating demand, and one a
detailed HVAC (heating, ventilation and air conditioning) system representing the actual sy stem lay-
out.

The simulation studies fo r the Roland L evinsky Building employ the recently rele ased UK climate
change predictions from UKCP09 (Murphy et al., 2009), whic h provides probabilistic climate change
projections by means of a w eather ge nerator. For a given time period and emission scenario, the
UKCPO09 weather g enerator will g enerate 100 time series, each of wh ich includes a 30 -year hourly
output for baseline and specified future time slice. Finkelstein—Sc hafer statistic is used to create one
typical weather file from every time series of 30 years in length. This yields 100 typical weather files
for a specified tim e slice and emission scenario. In order to ana lyse cu rrent an d fu ture the rmal
behaviour a series of tim e horizons and scenario s m ust be explored;  at present this  is still
computationally expensive and requires 1000 EnergyPlus runs. This would take about 23 days on a
regular office PC; hence use has been made ofthe local computing grid, allo wing to run the sam e
computations on dif ferent m achines in parallel and reducing th e com putation time to jus t one
weekend, see Figure 5.

Figure 5: University of Plymouth Plymgrid usage statistics.

Initial results are just becoming available. These have been com bined to plot cum ulative distribution
functions for annual heating en ergy, annual cooling energy and carbon e missions for the b aseline
period of 196 1-1990 an d f uture tim e h orizons for th e 2020s, 2050s and 2080s. See figure 6.
Simulation results show that, by the 2050s, the m ean annual cooling energy will have increased by
135% while the m ean annual he ating energy will have decreased by 40% rela tive to the current
situation. The annual greenhouse gas emission will increase by about 20%. Work is currently starting
to calibrate these initial results with data from the Building Energy Management System.
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Figure 6: Initial predicted heating energy use for the Roland Levinsky Building.

Overall, the building perform ance simulation studies (on both the TM36 O2 Reference office and the
Roland Levinsky Building) lead to the following findings:

It is possible to predict future thermal performance of buildings, taking into account a range of
uncertainties, using (probabilistic) simulation.

If so desired one can distinguish betw een aleatory uncertainty an d epistemic uncertainty.
However, in the context of actual projects the boundaries between these two become fluid.

The usefulness of simulation results depends critically on modelling assumptions. For instance,
choices made regarding thermal comfort (static or adaptive model) can have an impact of up to
a factor three on predicted energy use.

The n ew climate pr edictions of UKCPO 9 can be used in building  simulation, but are
computationally expensive. St rangly, UKCPO0 9 do es not contain predictions reg arding wind,
with the report mentioning that these would have too large an uncertainty range. This might be
relatively unimportant for som e buildings, but can be a crucial factor for naturally ventilated
buildings, or buildings where convective heat exchange is dominant (eg. U-value of glazing).
There are limits to what can be learned from studying a theoretical reference office like TM 36
02, as this does not allow the essential feedback of building s takeholders to com putational
results, and does not in clude an operational facilities management context. At the sam e time,
studying actual buildings brings inso much additional detail that selection of what is
considered to relevant and what can be simplified turns dominant.

4. Expert panel workshops

Results from the building si mulation studies have been discussed with colleagues from practice and

academia by means of a series of expert panel workshops. In these workshops the simulation research
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was presented, and fe edback solicite d from the workshop participants. T hree wo rkshops have been
held thus far:
WS1: Invited lecture at Georgia Institute of Technology, College of Architecture, in the loc al
Building Technology Seminar Series (Atlanta, USA, 30/10/2009; 20 participants)
WS2: Local workshop at Plymouth University, Environmental Building Group (Plymouth, UK,
26/11/2009; 10 participants).
WS3: IBPSA-E ngland Worskh op at th e Bartlett, University College London (L ondon, UK,
08/12/2009; 25 participants).

The workshops have yielded the important feedback on the research, which is cen tred on two areas:
refining the simulation and examining the ‘soft’ factors, with a purpose to improve future design and
FM decision practice in response to climate change.

4.1 Refining the simulation

A number of comments were obtained regarding refining the simulation. Firstly, sim ple, pre-defined
building intervention scenarios are not realistic. In real facilities m anagement, the perform ance of a
system will deteriorate, until a point is reached where the decision is made to replace that system. To
represent this in the sim  ulation, a coupling between predicted perfo rmance and interventions is
needed. Secondly, even a building is designed without any climate change concerns being included in
the client’s brief, the CIBSE Design Guide might still provide a set of background requirements that
any building in the UK will have tom  eet. Thirdly, although the study of the Roland Levinsky
Building is interesting, a careful approach is needed to validate probabilistic simulation results against
actual meter readings, for instance, from the Building Energy Management Systems (BEMS).

4.2 Examining ‘soft’ factors

Several ‘soft’ factors were also identified, which, although appearing difficult to be m odelled in the
simulation for the m oment, were considered important to design and FM decision practice in relation
to climate change. Firstly, the simulation engaged in this research was based on the use of gas-fired
boilers as the base case, whilst it should not be unusual to expect a shift in technology over the

lifetime of the building. For instance, the current gas-fired boiler might be re placed by a ground-
source heat pump system, which might actually be likely to h appen given the increasing take-up of
alternative heating and cooling technologies for buildings in the UK, e.g. ground source heat pumps
(Omer, 2008) and air source heat pumps (Jenkins et al., 2008). Also, it appears that electricity-driven
technologies will increasingly be preferred to gas options in buildings, given the trend of decreasing
carbon intensity of the grid. Ther efore, potential techno logy development and diffusion in building
seems to impose an uncertainty on the m odelling approach. Secondly, the functional adaptability of
the building, i.e. potential use changes during its life time, was not considered in the simulation. Also,
the client’s desire on and m aintenance strategy for the building were not considered. From an estates
point of vie w, b uilding management is asset m anagement, a nd is related to reser ving fu nds fo r
maintenance and interv entions. This type of research, which explores when to inter vene, seems very
informative for that ty pe of decisions. Thirdly, an extension of ‘0 perating energy’ to ‘relative work
performance’ is relevant when taking a monetary view of decisions. An apparently small reduction in
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work performance of about 3% can equal the total cost of energy use per year when translated into
investments.

4.3 Recommendations

Amalgamating the com ments/feedback on the two areas suggests a balanced strategy for managing
climate change risk for future buildings in relation to des ign and FM decision-making. On the one
hand, attempting to consider too many uncertainties on the input si de would yield simulation results
that provide less useful inform ation. On the other hand, the important ‘soft’ factors should be taken

into account, with the simulation results, for enabling more effective design and FM decision practice
(Figure 7).
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Proposing design
existing design > > & FM decision
& FM decision process for
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practice ] improvement
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‘Soft” input but examined:
e XX
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Figure 7: Model of climate change risk management for building design & FM decision

Both the sim ulation results and considerations for the ‘soft’ factors should be taken into account by
the client and their professional advisers and FM managers for managing the climate change risk of
the building. Recommendations to be made drawing on both ‘hard’ and ‘soft’ inputs would enable the
development of improved design and FM de cision pr ocesses. A pparently, a ra nge of bu ilding
stakeholders including the client, their professional advisers, FM managers, occupants and the public
would need to be engaged. The management of climate change risk of the building would also need to
involve a continuous review of the statutory, regulatory and technological context of building design
and management.
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5. Conclusions and remarks

This p aper, repo rting on a co mbination of the buildin g performance simulation s tudies and ex pert
panel workshops, has demonstrated that simulation can play an important role in managing buildings
that are subject to a changing climate. However, computational studies need to be grounded in a real-
life context to b e of use. The de velopment of relevant m odels needs to involve the s takeholders to
ensure sufficient resolution on relevant details , covering non-trivial iss ues like uncertainties in
renovation/intervention activ ities, changing heat lo ad and user profiles, thermal com fort control
assumptions, and system degradation. A general probabilistic approach will just yield that many input
uncertainties lead to an uncertain future performance. The way forward in this field of research is a
series of case studies that focus on actual buildings, which allows to consult stakeholders and to frame
the relevant facilities management decisions in their real-life context, which can include non-thermal
(‘soft’) factors.
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