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Abstroct
Building performances play an important role in choices betr,veen alternative building
designs. \\'hen expressed in suitable indicators, they provide the decision-maker r,vith a

quantitative measure ol the extent to which a building alternative satisfies the design

requirements and objectives. Predictions ol building perfbrmances in the design stage

imply uncertainty. Quantitative appraisal of this uncertaintl can contribute to more
rational design decisions.
In current design practice though, the uncertainties in the majority of the performance
predictions are not explicitly quantified. This certainly hoids for peribrmances related to
the heat regulation ol a building, such as thermal comfort perlbrmance or annual
energv consumption. In the literature on the simulation of these performance aspects,

uncertainties have received some attention, but several questions har''e been left open.

Firstly, it has been acknorvledged that many of the uncertainties cannot be estimated by
straightfor-ward statistical analysis of available data. This raises the question by which
method these uncertainties could be assessed and whether such a method would be
applicable in design practice. Secondly, although intuitive arguments have been put
forrvard to emphasize the reler.'ance ol quantitative uncertainfy information for design

decisions, no attempts have been made to show how a decision maker could use this
inlbrmation to improve his decision.
The research underl,ving this thesis aims to provide an answer to these trvo questions.

The questions arc addressed in the context of' a specific case, r'vhich concerns the
perlbrmance of a lour story) naturally ventilated oflice building rvith respect to the

thermal comlort ol its occupants. To quantily this perlormancc aspect, trvo indicators
are selected, r'vhich are commonly used in Dutch design practice. Prediction of these

indicators involves computer simulations on the basis of a thermal building model.
First, a crude asscssment is made of the uncertainty that should bc attriblrtcd to
predictions ol' the comlbrt indicators in the case at hand. In this analysis, the

uncertainties in all of'the building model parameters are estimated b,v the author on the

basis ol the literature. A sensitivity analysis is carricd out to identif,v the parameters,
which contribute most to the prediction uncertainty.
Subsequently, nvo sets of parameters of which the uncertainties cannot be derived by
straightfonvard statistics, are selected Ibr further analysis lrom the top 5 important
parameters. For both parameter sets, structured expert judgment is used to assess the
uncertainties involved. The parameters in the first set concern physically obsen'able
quantities and the expefts are asked to state their uncertainties over these parameters
directly. Their assessments are combined by weighted averaging. The experts' weights
are derived from a statistical comparison of their assessments with me asured data. The
uncertainties in the second set of parameters are calculated in a similar \,vay, but an
extra step is involved. As these parameters are abstract and highlv model-specific, the
experts' assessments are elicited over a set of related variables, r.vhich are physically
observable. The uncertainties in the parameters of intercst are obtained by probabilistic
inversion o1' the model relating the parameters to the elicitation variables. In botl.r

analyses, the performance of the applied method and its practical applicability are
evaluated.
Finally, the uncertainty in the prediction o1'the two perlbrmance indicators is assessed.

A dcmonstration is given how this uncertainty can constructivell, be used in design

dccisions through a Bayesian decision analysis.
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I lnlrod uction

A crucial element in building design and construction is decision-making. From the

initial exploration of objectives and requirements to the final brush ol paint, a

tremendous number of choices have to be made. These choices touch on a variety of
disciplines and involve a spectrum ol specialists and consultants to advise the decision

maker(s) involved. Dependent on the context, a consultant's advice may serve in e.g.

further clarifying the decision-maker's objectives and requirements, proposing new or

adapted design alternatives, surveying the possible consequences of certain design

decisions and / or quantifling these consequences.

In this thesis we locus on a particular t)?e of consultant and on a particular aspect of
advice. The consultant, or rather the domain the consultant represents, is building

physics. The advice aspect is the quantification of the consequences of one or more

design choices, which are considered by the responsible decision-maker.

The domain ol expertise o1' the building physics consultant traditionally covers

phenomena related to heat, moisture, ventilation/wind, lighting and acoustics in the

built environment. This expertise gives him a part in a diversity of problem areas, such

as indoor climate in buildings, acoustics of concert halls, wind discomfort in built-up

areas, or lighting conditions in o{Iice spaces.

In quantifying the consequences of design actions, the first stcp is to identify in which

terms this should be done. A decision-maker, lor instance the client or the luture user of
the building, will generally have rather abstract (functional) requirements or objectives

in view. An evaluation of the consequences of a design action should enable him to score

to which degree the action contributes to these objectives. Hence, belbre a quantitative

evaluation of consequences can be made, one or more quantities must be defined, on

which the decision-maker can measure the level of achievement on his objectives'

These quantities, which form the link between the qualitative requirements on the one

hand and the technical implications of a design decision on the other hand, are in the

building industry commonly referred to as performances or performance indicators.

An example of a performance indicator is one that measures the ventilation systemsl

capacity to maintain a building space near optimum indoor air quaiity. It translates the

requiremenr to maintain healthy conditions in a given building zone into a quantitative

indicator, which can be calculated from air flow rates and resulting spatial contaminant

distributions obtained in standardized experiments.

Assessment of building physics related performance indicators in a design context has

two main characteristics. First, it commonlv requires insight in the response o1' the

building to 'external' conditions such as the outdoor temperature, the wind velocity, and

the occupants. As the building is stili under design, commonly of a unique nature, and in
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many respects a complex system, it is not surprising that computer simulation is often
deployed.
Second, there is always lack of information. This is inherent in the design context.
Indeed, only as the design process advances, more and more inlormation becomes
available about the building as it lvili be delivered. But even a fina1 design plan does not
completely determine the building, due to imprecision in the construction process and
natural variability in the properties of building components and materials. Moreover, in
addition to the lack of knowledge about the building itself, several external factors,
which aflect the building performance, are not preciselv knon.n during the design
process. Finaily, the complexity of the building makes it necessary to introduce
simplifications in the computer simulation models. Together rvith the lack ol'
information about the building and the external factors it '"vill be exposed to, these
simplifications lead to uncertainty in the assessment of the building performance. This
uncertainry is the central issue in this thesis.

It is, horvever, a far from central issue in current building physics consuitancy. Explicit
appraisal of uncertainty is the exception rather than the rule and most decisions are
based on single valued estimates for performance indicators.

From a conceptual point of view, this lack of concern lor uncertainty is surprising. If we
consider advice as an exchange of information, which aims to contribute to a decision-
makers understanding and overview of the decision problem, it seems natural that
unce rtainties in building performances are assessed and communicated.
Moreover, quantitative information about the uncertainties can be used in the
development of the building model. Specific attention can be given to those parts of the
model, which give a disproportionate contribution to the performance uncertainq,. If a
model part causes too much uncertainty, measures can be considered such as more
refined modeling or collection of additional information by ..g. an experiment. On the
other hand, model components that prove to be overly sophisticated may be simplified
to reduce the time and e{Iort involved in generating model input and running the
computer simulations.

From a practical perspecti\re, though, the lack offocus on uncertainty is quite natural. In
current practice, building performance is commonly assessed with commercially
available building simuiation tools. Such tools facilitates the modeiing and simulation ol
complex building systems within the limitations on time and money that appl1, in
practical design situations. However, the tools provide virtually no handles to explore
and quantify uncertainty in peformance assessments.

First, no information is supplied about the magnitudes of the various uncertainties that
come into p1ay. Libraries with data on e.g. material properties and model parametersr
which are included in almost al1 simulation tools, specily default or 'best' values, but lack
information on the spread in these values. Second, with the exception of one or trvo,
none of these tools offer methods to carry out a systematic sensitivity analysis or to
proPagate uncertainty. Finally, the possibilities to selectively refine or simplify model
aspects are limited in most simulation enr.ironments.
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The above reflection on the deterministic approach in current practice specifically holds

lor thermal building simulation. Thermal building simulation is used to quantify

perlormance aspects, r,vhich are related to the heat regulation of a building, such as the

maximum temperature in a building space over a gil'en period, the thermal comfort in

the building, the annual energ'y consumption, the required peak porver of a heating

plant, etc. In the rest of this thesis we will focus entirely on these building Performance
aspects and the simulation tools that can be used to assess the associated performance

indicators.

In the research field from which these building simulation tools have emereed, several

studies have been cledicated to uncertainry in the output of building simulations and the

building performance derived from these outputs. Report of the research that is most

relevant to the study in this thesis can be found in Lomas and Bowman (1988), Clarke et

al. (1990), Pinney et al. (1991), Lomas and Eppel (1992), Lomas (1993), Martin (1993),

Fiirbringer (1994),Jensen (1994), \\'ijsman (1994), Rahni et al. (1997), De \\'it (1997c),

\rlacDonald et al. (1999). As these studies wiil be cited at various points throughout this

thesis, a fuli discussion is omitted here. Instead we will gir.'e a concise oveniew of the

state-of-the-art:
o Overall, the clata and knowledge on the various uncertainties that may contribute to

the uncertainty in building per{ormance is limited. Uncertainties related to natural

variability, which can sensibly be quantihed on the basis of statistical analysis such as

spread in e.g. material properties and building dimensions, are relativelv well-

covered. Modeling uncertainties, though, and other uncertainties rvhich cannot be

comprehensi'u'ely derived from obsened relative frequencies, received restricted

attention. If they were assessed, it was on an ad-hoc basis.

o Several of the studies locus on a comparison of techniques for model sensitivity

analysis and propagation ol uncertainty. When we combine the results of these

studies with the more general literature in this fieid, an oveniew of methods results,

l,hich pror,ides su{ficient possibilities for direct application. However, as mentioned

before, these techniques have hardly pervaded commercially available tools for

buiiding simulation.
r All analyses restrict their focus to a given model structure, often suggested by a

particular simulation tool. Thc issue of how explicit information about uncertainty

can be used to selectivelv simplify or refine @art of) the model is not addressed.

. Virtually no attention is given to the question how quantitative uncertainty can be

dealt with in decision analysis, in such a way that it contributes to further insight into

the decision problem at hand, rather than to a grorvinq vagueness. Some o1' the

studies attempt to deal with uncertainty within the paradigm of current practice:

'best' estimates ol performance as a basis for decisions. However, the value of the

inforrnation in this approach is judged by the consultant, who, from his Perspective,

has only a partial view of the total decision problem. The person who can value the

information properly is the decision maker. Clearly, this requires not only the proper

atritude of the decision-maker, but also the knowledge and skill to deal with

uncertainty in decision making.
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o The majority of the uncertainty analyses lbcus on energ'y consumprion and plant
por,ver in u'inter situations. Although it is dillicult to compare the uncertainties
resulting from the various studies due to di{rerences in approach (e.g. a comparison
of the outputs lrom diflerent simulation toois versus a systematic uncertainty
analysis), assumptions (which uncertainties are taken into account and which are
not) and context (e.g. building design r.ersus model validation), it seems that
predictions ofthese performances have associated uncertainties in the order of 10

500/o. Instantaneous, time-averaged, and peak temperatures ha'e also been
considered, especially in studies with a model validarion context. only \\'ijsman
(1994) explicitly addresses thermal comfort performance in a design context. In an
experiment, where diflerent analysts were given the same case and the same
simulation tool, dillerences in building performance of up to I00% were obserwed.
When the analysts' 'errors' were removed, this range rvas decreased well below 40olo.

This oveniew has triggered the questions, which are the focus of the research
underlying this thesis:
o The uncertainty in thermal comfort performance in summer is potentially much

larger than in performance indicators like annual energ'y use lor heating in winter.
However, no systematic uncertainty analyses have been reported in literature. Is the
uncertainty in this aspect of building performance indeed significant in a design
context?

. Many of the reievant uncertainties cannot be derived from straightlorward statistical
analysis of available data. By which method could these uncertainties be assessed? Is
such a technique applicable in consultancy practice?

o How can quantitative information on the uncertainties be used to selectively refine
or simplify the building model?

r What is the relevance of the explicit and quantitative appraisal of uncertainty for
buiiding physics advice in a decision context?

These questions have been addressed in a case study, which focuses on a specific
perlormance aspect, i.e. thermal comlort in summer. The building in the case study is a
naturally ventilated Iow-rise office building.
An office buiiding has been selected as thermal comfort is an imporlant issue in this type
of building. The choice for thermal comfort was, apart from the relative lack of
attention this performance aspect has received in uncertainty analyses in the literature,
motivated by two considerations.
First, a demand regarding indoor climate perforrnance is usually included in the design
requirements lor (office) buildings. This concern for the indoor climate is not surprisine
as the majority ol complaints about working conditions in Dutch office buildings are
temperature-related fy'oskamp, I 995).
Second, practically all buildings in The Netherlands are equipped with heating plant,
whereas cooling plant is much less common. In the absence ol a cooling system,
uncomfortably high temperatures in summer have to be avoided by measures such as

solar shading, reduced glazing areas, additional thermal mass, and (natural) ventilation.
obviously, most of these measures mav have side e{rects on other perlormance
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characteristics. Conversely, many design alterations, although not @rimarily) targeted at

the indoor climate, may weli aflect performance with respect to this climate. Hence, to

be able to properly consider the eflect ofdesign choices, an evaluation ofperformance is

required at every step ofthe design evolution.

The outline of the thesis is as follows. First, Chapter 2 describes the oflice building, the

approach towards thermal modeling and simulation of the building performance, and

the definition of and background to, the thermal comfort indicators that have been

considered. Chapter 3 discusses a crude uncertainty analysis. The uncertainties from

different sources are identified, quantified and propagated through the model.

Sensitiviry analysis points out which model parameters (parameter sets) contribute most

to the uncertainty in the building performance indicators. Two of these important

parameter sets are selected for further analysis. These analyses, one on wind pressure

coefficients and another on the temperature distribution in the indoor air, are reported

in Chapters 4 and 5 respectively. The focus of these chapters is on a proper assessment

of the uncertainties, both methodologically and regarding content. Moreover, Chapter 5

illustrates the issue of model development in tandem with the appraisal of uncertainty.

Chapter 6 starts with the propagation of the uncertainties, including those that have

been (re-)assessed in Chapters 4 and 5. Subsequently, on the basis of the results a

method by which quantitative information on uncertainty can be used in design

decisions is illustrated. Chapter 7 completes the thesis with conclusions and

recommendations.



2 Performo nce ossessment

2.1 lntroduclion

The locus ol this thesis is on building physics advice, elicited in the design phase of a

building to support design decisions. As explained in Chapter I, a specific aspect of
advice is considered, i.e. the quantification of the consequences of (design) actions.

These consequences are quantified in terms of performance indicators. A performance

indicator rates the degree to which the result of a design action satisfies the decision

maker's objectives or demands. A more elaborate discussion on the role of peformance
indicators in the decision process is deferred to Chapter 6.

Chapter 1 also indicates that a specific case is addressed in this study. The case considers

a naturally ventilated office building, which is evaluated with respect to its performance

on indoor climate. This performance is assessed by simulation.

The current chapter describes the selected case, discusses the definition of relevant

per'lbrmance indicator(s) and explains the simulation process. These issues are addressed

separately in the follorving sections. However, before going into the details, we give a
brief outline o1'simulation based performance assessment.

thermal building simulation

Figure 2.1 Schemafor building perfomance eualuation uith respect to thermal comfort,



Performance assessment

Loosely stated, the indictors that are used in The Netherlands to rate buildings u,ith
respect to indoor climate are based on the fraction of time that occupants are
(di$satisfied with the climatic conditions in the building. To quantify this fraction of
time in a design context, when measurements are infeasible for obrious reasons,

(computer) simulation is a Irequently used technique. Graphically, the process of
performance simulation can be rendered as shown in Figure 2.1.

First, the indoor climate is simulated dynamically with a thermal building model. This
model is developed on the basis of the design specifications of the building. The inputs
to the model, collectively referred to as the scenario, specify the 'external' conditions as

a function of time. These conditions include among other things a time series of the

outdoor climatic conditions, heat gains from people, lighting and equipment in the
building and the control of sunblinds and windows. This component of the performance
simulation process is referred to as thermal building simulation.

Subsequentiy, the building pefor-rnance is assessed. This process is divisible into two
parts. First, the occupants' comfort ratings in response to the calculated climatic
conditions are estimated with a comfort model. Then, in the post-processing these

ratings are combined into the performance indicator.

The simulation approach, as outlined in the previous three paragraphs, has been

followed in the study underlving this thesis. In the implementation, however, two
important choices have been made. First, in accordance with mainstream building
simulation, the scope of the building models has been restricted to temperatures only.
Other aspects olthe indoor climate such as humidity and air velocity have not been part
of the simulations. Details about the development of the building model, the

compilation of the scenario, and the simulation are discussed in Section 2.3.

Second, only global models for thermal comfort have been considered. These models

describe occupant ratings in terms of the global (or average) ambient climatic
conditions. Local e{Iects of e.g. cold floors, asymmetric radiant fields or draught at head

level are not accounted for by the models. The performance assessment process is

discussed more elaborately in Section 2.4.

Before addressing the issues of modeling and simulation, though, u,e first describe the

subject ofthese efforts, i.e. the case ofinterest.

2.2 Cose description

As mentioned earlier, this study focuses on a specific building. More adequately put, it
focuses on a specific modelof this building. Section 2.3 aims to describe the principles of
this model. That section rvill often refer to specific characteristics of the building, which
require or allow a certain modeling approach. It is the goal of the cunent section to
pror,-ide the necessary information on these characteristics.



Case description

The case concerns the advanced design stage of a (hlpothetical) four-story ollice

building in a sub-urban/urban environmcnt in The Netherlands. Figure 2.2 shows a

lront vielr, of the office building with its main dimensions.

L4 m 
---71

r:r!II'1 lxF'rr;a

f:ltll liTnl]

lrrr rr:1
r-:T:l r.'-Ir"l

56m

Figure 2.2 Schematic aiew of the ffice building ruith its main dimensions.
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l] I motorwav
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i r--- -'- il-l -'\ i
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Figure 2.3 Schemalic Layut of the building in its enttironment.
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In Figure 2.3 the layout of the building environment is outlined within a radius ol 300
m. Thc upper half of the area shor,r's a tlpical urban setting, which was modeled after a

part of the Dutch tor,vn Delli. The lower half is leli void, with exception of the
embankment of the roadway. This mimics a large open space in an otherwise urban
enr..ironment.

o,,
l____i

Figure 2.4 Plan of the topJloor. A coridor separates the two routs of olfirt spaces at the kng.fagadu.
The crosses at both ends of the buildingindicate the stairutells, which are separatedj'om the conidors b-y

aittghtire doors. The oientaion of the buildingis indicated. The ffice.tpace under.studl is grayd.
The dashed reclangle enclo.re.s the part of the building that nill be modeled in detail (.ree Section 2.3.2).

The building relies on natural ventilation. \Vithout cooling plant in the building it will
be especially di{ficult to maintain acceptable climatic conditions in the spaces on the top
floor, especially those oriented to the east (see e.g. Wapenaar, 1992). Hence, as a first
step in the assessment of the performance of the building with respect to indoor climate,
the therma-1 conditions in one of these office spaces will be studied in detail. Figure 2.5
shows an impression olthe selected spacc with its main dimensions.

0.30 m

0.20 m
0.25 m

0.85 m
2.7 m

1.10 m

5.4 m

Figure2.5Thefficespaceunderstudyaithdimensions(lxuxh) 5.1mx3.6mx2.7m.Cross-
aentilafion oJthe space takes place through a cantileuer utindout in thefagade and a rectansuLar tenl in
the oppoite waLL Thefumishing to accommodatu tuo people is not shown.

X X
I

I



Ther-rnal buildine simulation ll

The outline of the desig;n specifications is:

. Concrete floor with unspecified floor-covering
o Concrete roof slab, I 20 mm insulation outside, lalse ceiiing

. Hea\ry interior walis (sand-lime brick)
o Double-glazing, standard glass, 12 mm cal'ity
o Parapet with 240 mm insulation
r External sunblinds
o A single ventilation opening in the separation wall with the corridor, just below the

ceiling.
o An openable cantilever window in the fagadc, just below the ceiling.

o Air-tightness of the faqade in accordance with the Dutch building code.

Throughout this study variations on a scenario with the lbllowing outline have been

used:
o O{Iicc hours are lrom 8.00 18.00, 7 days a r,r'eek.

o The total internal heat production from people, lighting and equipment amounts to

20 \V,/m2 during ofllce hoursl.
r The (hourly) outdoor climate conditions are as specified in the Test Relerence Ycar

for De Bilt, The Netherlands (sce Section 2.3.1).

o The internal office doors are assumed to be closed at all times2.

o The (fire-)doors to the staircases at both sides of the corridor are closed at all times.

o No cooling plant is installed.
o A]1 offices are operated identically.

Further details can be found in Appendix A.

2.3 Thermol building simulotion

2.3.1 lntroduction

The term themal building simulation covers a wide range of simulation and modeling

activitics related to buildings. In the context of this thesis wc reducc the scope to the

calculation ol the temperature field in a building in responsc to given timc-variant

external conditions. Assessment of this temperature field, starting lrom building (design)

specifications involves the lollowing steps:

1. demarcation olthe system to be modeled

2. specification of the required model output
3. modeling of the system

4. specification of the external conditions, i.e. the model inputs

5. simulation
We rvill briefly discuss these steps in the following paragraphs.

I Specified a heat load per m2 floor area in the sltace.
2 This originates from the idea that the operation of internal doors should uot be driven by thermal

comfort. In other words, it should be possible to maintain an acceptable indoor climate in the offtces even

with closed internal doors.
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System demorcolion
Although the term 'building' simulation sussests that thc systcm to be modeled is the
building itselI, the scopc of the model may vary lrom case to case . Dependent on the
application the system mav bc smaller and represent only a part of the building, or
larger and encompass elements o1'thc br-rildins cnvironment. In this case we will extend
the system somewhat beyond the buildine boundaries to account lor the influence of the
direct enr,.ironment.

Model oulput
Obviously, the requircd model output is determined by the purpose of the simulation. In
this case we necd a dynamic assessment of the indoor climate in a single spacc. On the
basis of this information the occupants' comfort ratings can be estimated. All comfort
models that can be used for this pur?ose require temperature information, i.e. air
tempcrature and r'vall surlhce temperatures. Some models take also humidity and air
velocity as input. In this study we confine ourselves to the simulation of temperatures;
humidity and air velocity are not calculated.

Sysiem modeling
In the modeling olthe s1'stem the follorving procedure may be [bllowed:
o subdivision of the system into subsystems or components
o modcling of each component
. connection and assembly olthe component models
This modular approach toward building modeling is advantageous in various respects.

One of the most important benefits is that it paves the way for the deployment of
building modeling tools. We will come back to that larer.

After subdivision of the system into components,
involves the following aspects:
. conceptual modeling
o physical modeling
o numerical modeling

thc modeling of each componenl

r quantification of model parameters
In the conceptual modeling stagc, the model inputs and outputs are defincd. Moreover,
the requircd eranularity of the model is chosen, i.e. the resolution of inputs, outputs, and
internal states. The physical modeling stage covers the formulation ol the actual
expressions, r,vhich constitute the relationship between the inputs and the outputs. Thesc
exprcssions are subsequently implemented as numerical models. This modelins stage

often involves discretization of the model.
These three steps fix the structure of the model. The component model is compieted by
the quantification of the parameters, which often have case-specific values.

In most practical situations, system models arc developed in a building modeling and
simulation environment. In such an environment, component modeis can be developed
or picked lrom a library of standard models and asscmbled into a building model. The
functionality and architecture of these modeling environments varies significantly (see
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e.g. Sahlin, 1996). Howcvcr, thc cottccptual and phvsical models for most of the

components that are of intercst in this study are vcry similar among modeling platforms.

Hence, Section 2.3.2 through 2.3.5 address the mainstream physical modeling ol'these

components and the physical basis lbr their asscmbly into a building model.

Specificotions of the exlernol conditions (inpurs)
The external conditions can be subdivided into two catesoric-s:

1. outdoor climate

2. r.rperation of the building (including occupant bchavior)

An outlinc o1'the scenario has been presented in Section 2.2. Morc detailed information
c:rn bc lbund in Appendix A.

In comlbrt perftrrmance evaluations in the design stage of'a building, historical time

series ol (l'rourly) climate data, measured at a nearby mcteorolosical station zrre used in

current practice in'I'he Netherlands (see e.g. ISSO, 1994). Commonly thesc data are

either taken from 1964,/19653 or from a Test Reference Year (Lund, l9B5). As a result

of this dc lacto standardization o1'the climate componcnt in the scenario a broad Iiame

of reference has been developcd to which simulation results lor ncrv buildings can bc

compared.
In this thesis we will consider thc measured climatc data liom the TRY for De Bilt.
Related quantities such as the sky radiant temperature or the sky radiance distribution,
which can be cstimated on the basis ol these data u,ithout knorvledge of the building
under study or its direct envirrinmcnt, rvill also bc considered as pertaining to the

sccnario (see also Section 2.3.6).

The part of the scenario concerning the operation ol'the building spccifies issues such as

internal heat gains from people, equipment and lighting in thc spaces as a function of
time, and the control of e.g. solar shadings, windorvs and intcrnal doors. It is one of the

main tasks in the preparation of the simulation to tune the specilication ol this part ol
the scenario to thc intended use ol the building (in close consultation with the client).

For standard buildings such as offices, guidciines can be lound in e.g. ISSO (1994).

Anothcr cllbrt to assist the selection of appropriate scenario clcmcnts by mcans o{'

PAM's (Performancc Assessment Nfethod) can be found in lVijsman (1994).

Simulotion
Most cnvironments Ibr building modeling also ofler simulation functionality. \\'c rvill not

discuss the specifics ol'this process. For an cxpos6 on this matter see e.g. Sahlin (1996).

In the lollowing sections thc physical models of the relevant subsvstems are addressed.

First the subsystem 'building space' is covered, followed by the subsystem 'cxternal

sunblind'. Subsequently, Section 2.3.4 is dedicated to the modeling of ventilation flows

through the office spaces. In Scction 2.3.5 physical considerations are given for the

assembly of the subsystems into a building model. Then, Section 2.3.6 discusses the

JThe actual period is 27 April 1964 27 April l96ir
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quantification of model parameters and Section 2.3.7 concludes with a brief discussion

on the simulation tools that have been used to build and implement the models for this
study.

2.3.2 Building spoce

Figure 2.6 shows a schematic view of the office space under study
external sunblind below the cantilever window is clearlv marked.

The position of the

'd-
/T'

ov,Tin

Figure 2.6 Schematic uiew of the office space with seueraL of the aariabLes acting in the model.

The subsystem 'building space' itsell can further be subdivided into rwo (rypes

components, i.e. the wallsa and the volume they enclose. These subsystems r,vill

discussed in the next subsections.

Volume enclosed by the wolls
To assess the temperature in the enclosed volume, we assume that the air in the space is

perfectiy mixed. Under that assumption the uniform air temperature 7,,i, can be assessed

from the heat balance equation for the subsystem, which is given by (2.1).

= pov , o @,, -7,,,)-r

of)

be

c !r,,,,
dt

*io
+Q*,r., * Q,,,".,

(2.1)

1 The term wallinthis thesis refers to any part ofthe enclosure ofthe space includingfloor and ceiling.
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where

C total heat capacity ofthe air and (a part of) the furniture
Tu,. indoor air temperature

P, ct, density and specific heat of air
Qv air volume flow rate through the space

T;, temperature of the incoming air
d,*,..j convective heat transler coefficient at the internal surface of wall componentT

f,,,r../ internal surlace temperature of wall component/

Ai area ol'wall componentJ

J the number of wall components in the enclosure

8.,,,, convective Parl of solar gain

Q,",,, convective part of internal heat production by people lighting and equipment

The term on the left-hand side is the heat accumulation in the subsvstem. As it is

generally much smaller than the individual terms at the right hand side, it is often

omitted in rvhich case (2.1) becomes a stationary heat balance .

The first term on the right hand side (rhs) models the heat flor,v into the system by a

single input single output flow scheme as in the current case. The total heat flow into the

space by convective heat exchange with the space enclosure is represented by the second

term. This enclosure is considered as consisting of "I( wall components, each with a
unilorm temperature field in the plane of the component. Term 3 in (2.1) is the heat,

which is gained from absorption of solar radiation (by furniture) in the space, while the

rhs closes with the (convectively emitted) sensible heat from internal sources, such as

people, lighting and equipment.

Woll components
As mentioned in the previous subsection, the temperature field in each of the .I{ rvall

components is assumed to be uniform in the plane of the component. In the direction
nornal to this piane the field L is described by the I -dimensional Fourier-equation:

l5

a

-p,,.,,2,dt
=-a[^ ?L)

axl"axJ
(, ,\

where p*, c* ?nd l,*, the density, specific heat and conductivity of the wall component

respectively, are commonly a function ol x. If the wall component contains an air Iayer

(e.g. in a cavity wall or a multiple glazed window) the heat transport at either side of the

layer is in principle modeled by (2.2), while the air layer itself is simply modeled as a

heat resistance:

qoi, = dtut LT

where
gui, heat flux through the air layer

LT temperature di{Ierence over the layer

a,utr total heat transfer coeflicient of the layer

(2.3)
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Equations (2.1) through (2.3) lorm the basis of the therrnal model for the space. Solution
of these equations lor I(x) in each of the wall components and 7,,;, (r.e. the state

variables) requires additional specification of the boundary conditions lor (2.2) and
initial conditions for both (2.1) and (2.2).

For common buildings the effect of the initial conditions vanishes after a simulation
period of one to two u,,eeks. Hence, arbitrary initial conditions can be used if the
simulated time span starts at ieast two u.eeks ahead of the period of interest.

The boundary conditions lor (2.2) may diller from surface to surface. At the internal
surface of a wall component 7, i.e. the surface facing the space under study, the
boundary condition lbr (2.2) is formulated as:

(2.4)

where
z outward surface normal

Qun;,j solar heat flux, absorbed at internai surface of wall componentT

Qsrce.r.j radiant heat fluxes from heat sources absorbed at int. surlace of componentT

Q,,jk net radiant heat flux lrom surlace of component ,( irradiating this surfaceT

The lirst term on the rhs is the convective heat llux from the wall component to the air,
which aiso occurs in (2.1). The absorption of solar radiation cntering the space,

absorption of radiant heat fluxes from internal sources and radiant heat exchange
between wall components are accounted lor in the second, third and fourth term
respectively.

At the external surface of a wall component two possibilities are considered. The
surlace is either a part of the building envelope or it borders another space in the
building.

In the first case, the boundary condition for the heat conduction in wall compone nt7 is

modeled analogously5 to (2.4) as:

- 
^, 
+l = a,.,.,V,, - r,,,,,,,,)* e*,t,,.i * Q,,,".,.j * );r,.,^" 0n ,,, 

t'h''t \ att *d't / t \tt't'J 1\t'c't t 
k.at i

AT
-?\ *'

"An = or,,,,,?t - T *.,,. i)* n ",r.,., 
* Q 

"n,.,.,
r,il

where

&,,,..j convective heat transler coefficient at the external surfaceT
7,, outdoor air temperature

Q.*t.r.j solar heat flux absorbed at external surfbce of wall componentT

7enr.r.j radiant heat exchange of surfaceT with the external enr,ironmcnt.

:' Note that despite the similarity in their notation. the second terms in the rhs of (2.4) md (2.5) do not
relate to the same quantities.
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In the second case, the boundary condition connects the sub-model ofthe space to the

model of the rest of the buildine. Hence thc choice lor this boundarv condition depends

on the way the rest of the building is modelcd.

2.3.3 Externolsunblind

Nthough an external sunblind reduces the amor:nt ol solar irradiation on the window, it
also creates a sheltered climate in the space betwecn thc blind and the window. Due to

this shelter eflcct the temperature of the external windowpanc will generally be higher

(and thus the effbctiveness of the sunblind lowcr) than what would bc cxpected on the

basis o{'the sunblind's optical characteristics alone.

A common, but crudc approach to account for this reduced eliiciency is to apply a so/ar

Jactor instead of tl-rc optical transmittance as a reduction Ibctor fbr the incidcrrt solar

irradiancc. Estimates ol' this factor lor several types ol window systems (sunblind +

window) can be lound in e.g. ISSO (1975, 1994). In this thesis, howcver, a nlorc explicit

approach has bccn used, in which the sunblind and the cavity it lbnns in combination

lvith the rvindor,v, are treated as a separate component. This approach connccts well to

the modeling schemc preserrted in the previous scctions.

The sunblind and the window lbrm a vcntilated cavity. Figure 2.7 shows a schematic

',,iew of this cavity.

indoor cavity

9sot,r,win;--!

,-i ti 
Qwin,r,btind

outdoor

Qsol.r.blind

Qenv,r,blind

-"'-----Q------
0r,win,cav 

\ 

o.,orino,.u,

-----------O

O.,ofina,"*t 

\
win,ext T.uu blind T"

AJ-Oy..uu

Figure 2.7 Schematic uiezu of the cauity belween ertemal ruindou pane and sunblind. The main

parameters and uariables in the thermal model are indicated. 77rc hoi4ntal dimensions of the caaiqt are

exaggerated for illus tratia e purp os e.
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As soon as the sunblind is in operation (for details on the operation of the sunblind see

the scenario specification in Appendix A.2), the external boundary condition for the
temperature field in the external windowpane becomes slighdy diflerent from (2.5):

= 0,,,,,, F,,,, -r",,,.",,)* q.,,,.,.,,u, * Qui,,a.,."in (2 6)

where
7,,. the temperature field in the windowpane
(/,:.ain.ctt the convective heat transfer coefficient at the windolv surface in the cavity
7,,,, the air temperature in the cavity

Qil.rri, the (reduced) absorbed solar irradiance at the window

Qhtinrt.r.toit the radiant heat flux from the sunblind to the window pane

To close the model, two additional expressions are used, i.e . simplified heat balanccs for
the air temperature in the cavity and the temperature of the sunblind. In these equations
the assumptions are used that the heat capacity of the sunblind is negligible, as is the
temperature di{Ierence between inside and outside of the blind.

0 = u..,,,,.,,,h ,.".n -T*,)A.r, *a,.ui,,a.,,,@r,,r,o -T,o,)A*u, +pcC.r,.,(7, -7,,,) Q 7)

0 - d,.oti,,a,,o,@,., - To,rr) * o,,u,r,o ,".u@, - Tu,,,r)* Q a.,.r,riud * 4 env.r,btind * 4.in.,.r,tina (2 8)

where

ac.btintt.ta, the convective heat transfer coefficient at the blind in the cavity
aL.btint-ett the convective heat transfer coe{ficient at exterior of the blind
Tt,md the temperature of the sunblind
@\,..,u ventilation rate o1'the cavity with ambient air

Qsot.r.btiwt solar heat flux absorbed at the blind

Qent.r.htitul the radiant heat flux from the building enr,ironment to the blind

Quit.r.tttiut the radiant heat flux from the window pane to the sunblind

2.3.4 Ventilotionmodeling

lntroduction
As discussed in section 2.3.1, the simulation approach is chosen such that the scenario
specifies the experimental conditions the building is considered to be exposed to,
whereas the model captures the response of the building6 to these conditions. In
practice, this distinction is commonly not preserved in the quantification of the airflow
through the building. Indeed, airflow rates are often specified as model parameters with

(i Strictly speaking, the model covers a system. u,hich is substantially larger than the building itself. To
connect the building to the (climate) data available in the scenario. part of the building environment is

included in the model. Despite this, we will continue to use the term buildingmodel.

-)" dT^*

"dn
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a more or less fixed value throughout the simulation (see e.g. ISSO, 1994, Wapenaar,

r ee2).

In a naturally ventilated building, however, airflows are either wind or buoyancy driven

and can possibly be controlled by the occupants via the operation of windows. A
consistent approach would require a separate modeling of the physical mechanisms

driving the airflows on the one hand and the control of these Ilows by the occupants or

other control systems on the other.

Moreover, current practice to specily (almost) stationary values for the airflow rate is in

contrast with the dynamic character of the rest of the model. For evaluations of a

building with respect to thermal comfort a proper representation of the dynamics in the

temperature field is especially important (see Section 2.4). On these grounds it was

decided in this study to model the ventilation in more detail.

In general, airflou' through a building is driven by a combination ol wind, thermal

buoyancy and mechanically induced pressures. In the case under studl' we do not

consider mechanical ventilation. Thermally induced pressures (stack eflects) only occur

u,hen openings arc located at diflerent levels or if these openings have considerable

vertical dimensions. In this case the airflows at different floors are fully separated by the

airtight fire doors at both ends of the corridors. \'\'ithin each floor all opcnings are

Iocated at the same level when the internal doors are closed, u,hich is indeed assumed in

the scenario. Moreover, the vertical dimensions of the openings are small. As a result, a

stack ellect need not be considered. By exclusion ol thermally driven flow and

mechanical ventilation, the only remaining driving lorce is wind.

Airflow model
To model the houriy averaged flou'rate through the offices under study, a basic network

approach has been used (e.g. Feustel, 1990, Liddament 1986). The networkT is shown in
Figure 2.8. The only driving mechanism is wind.

window vent vent window

west space 2 corridor space 1 east
faEade fagade

Figure 2.8 )tfetwork used to as.ress the ai(lou rate through the ofice space under study.

The spaces (zones) are characterized by pressure 'nodes', whereas the orifices, i'e'

windows and vents, in the fagades and partition walls are shown as fiow 'resistances'. In
addition to the zonal nodes two external nodes are indicated. The pressures in these

7 This network is based on the assumption in Section 2.3.2 that no airflou occurs through the margins of
the system, i.e. the building section in Figure 2.4. Even under identical operation ofall oifices, this u,ill not
generally be the case as for several wind angles significant horizontal pressure gradients will occur over the

building facades. To keep thc model transparent. the netsork as shonm in Figure 2.8 r.ill be used

nonetheless.

l9
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nodes arc the wind induced pressures on the west and east I'a"gades at the location ol the
windows. Leakage flows throueh cracks and joints are ignored.

The air mass flow @, through an orifice 7 0 = 1,...,4) is modeled as a function of the
pressure dillerence L,p.1 over the orifice by the semi-empirical relation (Liddament, 1986,

ASHR{E, 1993):

/, q)

with p the density of air,Althe area of the orilice, and Ca; the discharge coe{ficienr.

By requesting that thc net mass ilow into each space (node) equals zero and that the sum
of the pressure dillerences over all orifices (resistances) equals the totai wind pressure
drop between the west and east faEade, the air mass flow through the spaces can be

assessed.

Wind induced pressure differences
As discussed in Section 2.3.1, the climatic data in the scenario are based on
measurements at a meteorological station. Commonly used climatic data sets contain
information on the hourly averased values of wind direction and wind speed. These
data are measured at 10 m above ground level and converted to potential values by
correcting them for imperfections at the meteorological observation site (\Vieringa and
Rijkoort, l9B3).

The reiation between the pressure/ on a certain position.r at the building envelope and
the potentiai wind speed at the meteorological station is modeled by:

pG)= ipc,G)(yu ,,,,Y (2.10)

where
p

fIt,,

c!14

v

density of air
potential wind speed, i.e. (hourly averaged) wind specd measured at ar.r

ideal meteorological station at 10 m above ground lcvcl
wind pressure coelficient or shape coefficient lbr position 1 at building
enveiope

wind reduction (or amplification) factor

This equation expresses that the pressures at the building envelope are proportional to
the dynamic wind pressure at the meteorological observation sitc (at l0 m height), i.e.
1/z p Up,r. The wind reduction factor y captures the cflect ol'the {ar field, whereas the
pressure coe{ficient covers the eflects ol the near-lieid and the building geometry (see

Figure 2.9).
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ET
otrI

far field near field

meteorological
station

building
site

Figure 2.9 From a potunial wind speed, measured al the meteorolagical station to the pressure

distibution oaer lhe building. The figure .rchematicalll shows the mean ruind teLocitl projk at the

meteorological obsentation .rtation taith the potential aind slteed and the LocaL profik with lhe local wind

speed at building idw hetght, a common reference hetght;for uind pressure cofficienls.

The near field is the area around the building u,here indir,-idual obstacles of the scalc of a

building a{Iect the pressure distribution. In r'vind tunnel expcriments this area is modeled

in detail and usually starts 300 1000 m upstream of thc buiiding (see e.g. ASCE, 1999).

Upstream of the near ficld the eflect o1'obstacles is parameterized in te rms of a surlace

roughness (see e.g. \'Vicringa, 1993).

2.3.5 From componenl models to building model

In principle it is possible to describe the temperature field in all spaces in the building by

a set ol cquations of the tlpc (2.1) through (2.8) with additional cxpressions for the

ventilation flon,from Section 2.3.4. The boundary conditions at al1 interior rvall surlaces

are then ol'the form of (2.a). In practical applications this approach requires much time
to build thc model and to peribrm the simulations. The model can commonly be

reduced without much loss of accuracy by taking account of symmetr-v.

As, according to the scenario, the space under study and the spaces left and right of it
are operated identically, it is natural to assume that the temperature lields in those

spaces will be similar. Hence we only introduce a small error if rve apply the interna,l

surlace temperature of each component in the left partition wall as the boundary
condition at the external surface of the corresponding component in the right partition
wall. This approach is used here.

The space under study is located at the top floor (see Scction 2.2), which means that
even when identically operated, the temperature fields in the space under study and the

space directly below it wili not be identical. Nevertheless, to kcep the model transparcnt

we will assume that the temperature of the ceiling in the space under study is identical to
the temperature olthe ceilingin the space underneath. Application olthis approach to

the current case leads to a building section of thrce spaces that is modeled in detail with
equations of the type (2.1) through (2.8) as shown in Figure 2.4.
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Part of the system boundaries of the middle space, a part of the corridor, do not
coincide with physical rvalls. At these boundaries, adiabatic conditiorrs are assumed, i.e .

both airflow and heat Ilow equal to zero.

The following sections elaborate the terms in (2.1) through (2.8) and discuss how they
can be fleshed out from the design specifications and the scenario.

2.3.6 Quontificotion of model porometers

In the previous scction the outline ol the thermal model lor a building space was laid
out. The current section aims to clarilr,'horv this model can bc given concrete Ibrm on
the basis of given design specifications and scenario. This explanation subsequently

addresses each of the terms in equations (2.1) through (2. l0).

Spoce venlilotion heot flow
Figure 2.5 shorvs that the space undcr study only has two vents in oppositc r,valls of the
space. Both infiltration through cracks and joints and single sided vcntilation are

considered to be insignificant. Hence, the first term in (2.1) lully covers the nct heat flow
carried into the space by an airllow rate @r-through the space. Considering r7 and p as

known constants, quantification of this term requires assessment of Or.'and I;,.

If the air flows in lrom outside the bui-lding, its temperature Z; is taken equai to the

outdoor ambient temperature, which is specilied in the scenario. Otherwise 7i,, is

assigned the air temperature of another space in the system, which is a state variablc in
the model.

The air flor,v rate @r.'can be calculated from equations (2.9) and (2.10). The potential
wind speed is retrieved liom the scenario. The areas of the window openings is found in
the design specifications. This leaves the discharge coefiicients, the pressure coellicients
and the wind reduction factor to be quantified.

Discharge coefftcient

The discharge coefficients C4; mainly depend on the shape of the orifice, the dircction of
the flow and the degree of turbuiencc in the flow. F<lr suitable r,'alues see e.g. Boulard
and Baille (1995).

Wind pressure mfficients

Pressure coeliicients relate the pressures on the building envelope to the dynamic (local)

wind prcssure at a given reference level. A common reference level is ridge height of the

building ol interest. In ventilation studies, mean (i.e. time-averagcd) values of the

pressure coefficients are gencrally used. The value ol these coe{ficients dcpends on the
position on the buildine envelope, the building geometry, the wind angle, the near field
eeometry and the shape of the wind profile.
Severa.l tools have been developed to assist thc assessment o1' mcan wind pressurc

coelficicnts on the basis of existing experimental data from prior wind tunnel studies arrd



Thermal building simulation

full-scale measurements. Examples ol such tools can be lbund in e.g. Allen (1984),

Liddament (1986), Swami and Chandra (1988), Grosso (1992, 1995), Walker and

\Vilson (1996)and Knoll, Phaffand De Gids (1995, 1996).

Lfind reductionjactor

The wind reduction factor is the ratio betrveen the local mean wind speed (at a given

referencc heighQ and the potential wind speed reported at the meteorological station.
The modeling ol this factor belongs to the domain ol boundary layer meteorology.
Methods to assess it can be found in e.g. Wieringa and Rijkoort (1983), Bottema (1993),

Geurts (1997) and Liddament (1986).

lnternol conveclive heol tronsfer
The second terms in both (2.1) and (2.4) model convective heat transfer from the surlace

of the enclosure to the air in the space. All temperatures in these tcrms are state

variables. Reviervs olliterature on intemal heat transfcr coelficients can be {bund in e.g.

Halcrorv (1987), Pernot (1989), Khalila (1989, 1990) and Awbi and Hatton (1999).

Solor heot loods
Hcat loads due to the absorption of solar radiation are represented by term 3 in (2.1),

term 2 in (2.4), term 2 in (2.5) and term 3 in (2.8). These three terms can be quantified
Irom inlormation about the solar irradiation specified in the scenario. This information
usually consists of the hourly averaged values of the direct irradiation on a normal plane

and the diffuse irradiation on a horizontal plane. lVith models for the solar position, the

radiance distribution over the sky and the elibctive reflection coelficient of the

surroundings (albedo), thc total solar irradiation on each part o1'the building envelope

can be calculated lrom these data. N{odels fbr so]ar position and sky radiance

distribution can be lound in e.g. Velds (1992) anct Gonqalves (1989).

Given the total irradiation distribution over thc building envelope, the solar heat flux
that is absorbed only depends on the solar a.bsorptance. Tables with solar absorptance

values lor various materials (and surface conditions) can be lound in e.g. ASHRAE
(r ee3).

The solar radiant llux enterins the space can also bc calculated liom this total
irradiation for given geometry and optical characteristics of the window and sunblinds.
The issue how the absorption of this flux is distributed over the furniture (convective

fraction) and the wall surfaces (radiant fraction) is generally addressed pragmatically. A
fixed fraction is attributed to the furniture and the remaining part is evenly distributed
over an appropriate part ofthe space enclosure.

Loods from internol heol sources
Loads from heat sources in the space like occupants, iighting zrnd equipment enter tht:

model as inputs through term a in (2.1) (convective part) and term 3 in (2.4) (radiant
part). Tht: scenario commonly specifies the total internal heat load. To obtain separatc

23



21 Perfbrmance assessment

values lbr thc radiant and thc convective parts, ASHRAE (1993) ancl ISSO (1994)

tabulzrtc ratios betr'veen thosc parts fbr a rangc of'heat sources.

Rodiont heol exchonge between iniernol woll surfoces
Term 4 in (2.a) represcnts thc radiant heat cxchange between internal wall surfaces.

Undcr the assumption that these surlhccs are grav radiators, the net radiant hcat

exchange betr'veen thcm is completely defined by the surface tcmperatures, emittanccs
and mutual r.ierv factors. The surfacc tcmperatures arc statc variablcs in the model.
Emittances for a varicty of materials and surface conditions can be lound in handbooks
(e.g. ASHR{E, 1993, Sicgel and Howell, 1981). As the geometry olthe space is knolr,n.

all necessary vierv lbctors in an ernptv space can be assessed by straightforrt'ard
calculation. 'Ihe ell'ect of furniturc is neelected.

Exlernol convective heot tronsfer
In some approaches both convcctive and radiant heat transfer from the building
envelope arer modeled by an expression similar to the first term in (2.5), but with an

overall hcat transfer coefficicnt. In this study, convective and radiant components are

modeled separately, consistent with the approach at inlernal surfaces.

Convectivc heat transfer lrom the building envelope to the ambient (outdoor) air is

expressed by the first term in (2.5). Iithe sunblinds are up, the convective heat transler
at thc rvindow surface is also covered bv (2.5). Otherw'ise this heat transfer takes place at

the sunblind as described by the second term in (2.8). The surface temperatures in these

equations are state variables in the model. 'l'he outdoor ambient temperature is either
taken from the scenario either directiy or aftcr correction for the ellects of the building
environment (urban heat islands, see e.g. Plate (1995), Kimani (1998)). Reviews of thc
literature on externai heat transfer coefficients can be found in c.g. Allen (1987) and

Strachan and Martin (1989).

Thc convective heat transfer in the cavity between window and sunblind is governed by
the rate of ventilation rvith ambient air and the convective heat transfer coefficients at

thc surfaces olwindorv and blind. In ISSO (1991) Suidelines lor these values can be

found.

Exlernol rqdiont heol lronsfer
Term 3 in (2.5) and term 4 in (2.8) capture the net radiant heat exchange between the

building (envelope) and its environment. As in thc building simulation tool ESP-r
(ESRU, 1995b), three diflerent cmitters are distinguished in this environment, i.e. the

sky, the surrounding buildings and the ground. Both the building envelope and the

environmental emitters are considered as gray radiators. Hence, the radiant heat

exchangc between an emitte r and a wall component can be expressed in terms of their
temperatures, emittances and a mutua-l viewlhctor. The vierdactor can bc calculated
lrom the available geometrical (design) information, emittances are tabulated in
handbooks and the tempcrature of the wall component is the state variable of interest.

This leaves the temperatures of the enr.ironmental emitters to be specified.

Phcnomenoiogical models for the radiant sky temperature are reportcd in the literature
(e.g. Stanzel, 1989). These models relate the radiant sky temperature to the outdoor air
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tcmperature, the cloud cover factor and the humidity, which are available from the

scenario.

Furthcrmore, it is assumed that the fagades of surrounding buildings have the samc

average surface temperature as the faqades ol the building under study r,vith the same

orientation.
Finally, the ground is modcled as a horizontal wall of 1.2 m thick. Temperatures at

1.2 m dcpth are assumed to be knolr,'n from the scenario, as are the material properties

of'the various ground layers. Heat conduction irr the ground is modeled according to
(2.2) lvith (2.5) as surface boundary condition.
Il the sunblind is activated, there will be radiant heat exchange between the window

surface and tlie sunblind. In modeling this heat transport, these surfaces are considered

to be gray radiators with a mutual vien, factor of l.

Heot tronsfer through oir loyer
The double-glazed',vindow contains an air-filled cavity. Suitable values lor thc total heat

transfer coefficient c[,r,,r (see equation (2.3) can be found in e.g. the built-in 1ibrary with
rvindow properties in ESP-r (ESRU, 1995b).

2.3.7 lmplementotion ond verificotion

The prer,.ious sections outline the physical building model, which has been used in this

study. To carry out actlral simulations with this model, it had to be implemented as a

computer model. As mentioned in Chapter 1 and in Section 2.3.1, several commercially

available tools exist that lacilitate this implementation. In this study, trvo of these tools

Ibr tl.rermal building modeling and simulation har''e been used.

The first tool is BFEP (Augenbroe, i986). BFEP is a toolbox rather than a program. Its

inhercnt flexibility and versatilit), enable the development and use ol' non-standard

model components, and the construction of a computer model that is suitcd for sample-

based sensitir.iry and uncertainty analyses. Hence, all uncertainty and ser-rsitivity analyses

reported in this thesis were done u'ith BFEP.

The second tool is ESP-r (ESRU, 1995a). ESP-r is a closed building simulation
program. It has been involved in a substantial validation study fiensen, 1990, 1994).

This simulation program has been used to verify' the BFEP-models by comparing the

outputs (tcmperature traces) for a ranse of base-cases. It has not been deployed in the

sensitivity and uncertainty analyses.

2.4 Performqnce criterio for thermol comfort
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As Figure 2.1 shows, performance assessment requires two elements:
o a comlort model to estimate occupant comfort ratings
o a definition of the performance indicator to carry out the post-processine
Both issues are addressed in the followins sections. Before going into detail, howevcr, a
brieloutline is given hcre.

Basically, tr,vo definitions of performance indicators for thermal comfort are encountcred
in The Netherlands. They both start from the notion that an indoor climate, 'nvhich is
causes dissatisfaction among 10o% o1'thc people or more) is unacceptable. The indicator
according to the Iirst dcfinition is simply the relativc fraction of time that the indoor
climate is unacccptable. In the other definition the performance indicator also counts
the number of hours with an unacccptable climate, but in thc summation each hour is

attributed a weight that is proportional to the percentaee of people that would be
dissatisfied with the climate in that hour. This approach incorporates the idea that the
indoor climate deteriorates as more people would consider it unacceptable. Performance
indicators of this ty?e are commonly addressed as 'weighed' indicators. A more
comprehensive discussion on these peforrlance indicators can be lound in 2.4.3.

In the comfort models, used to relate occupant (dis)satisfaction to the actual indoor
climate, two main schools o1'thought can be ide ntified. Loosely stated, the 'static' school
uses models in which the thermal preferences of the occupants are considered to be
fixed. In thc 'adaptive' school, on the other hand, thermal preferences are modeled as a
function ol contextual lactors and recent thermal history. The two t1,pes of comfbrt
models are more elaboratelv discussed in2.4.2.

Table 2.1 shows a classification of Dutch pcrformance indicators along these two
dimensions, i.e. 'weighed' or not, and based on a static or an adaptir.e comfort model.

Table 2. 1 Classtfication o_[ performance indicators for thermal comJort.

Both the TO indicator (Dutch abbreviation for temperature excess) and the GTO-
indicator (Dutch abbreviation lor weighed temperature excess) are commonly used in
The Netherlands (see e.g. De Wit et al., f999b). In accordance with current
international standards (ISo-7730, 1994, ASHRAE 55/55a, 1992) thesc indicators are
based on static comlbrt models. However, growing discomfort r,vith static models among
practicing engineers, especially in connection with naturally ventilated buildings, has

caused an upturn of the interest in adaptive comfort models (De Wit et al., 1999b).

Hence an adaptive version of the TO-indicator, denoted here by TO*, is presented in
this thesis as a possible alternative to the TO. An adaptive alternative of the GTO

rsi

comfort model adaptive
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cannot be given, as the output of the current adaptive comfort models do not enable

calculation of the required weights.

In Dutch design practice, the TO and GTO arc commonly assesscd or''er a period of'

I yearon the basis of representative outdoorclimate data (see Sections 2.2 and 2.3.1). In
that context, the TO (and TO*) performance indicator are simply expressed as the

number of hours that more than 100/o of the people would be dissatislied. A common

target value for the TO in oflices (related to warm discomfort only) is 100 hours, based

on 2000 office hours per year (RGD, 1979).

The dimension of the GTO is commonly referred to as 'weigh-hours'. A lrequently used

target value is 150 weigh-hours (Brouwers en Van der Linden, 1989), again related to a

simulation period of I year with the representative outdoor climate data.

This thesis focuses on the TO and TO* indicators. The GTO-indicator is not

considered. First, the TO-indicator is more transparent in communication betlveen

various actors in the design process. It's meaning can be understood without detailed

knowledge of how it is calculated. Moreover, the question of whether performance

control on the basis of GTO leads to better buildings than control on the basis of TO is

still a subject oldebate (Schalkoort, 1994, De Wit et al., 1999b).

The next nvo subsections address, respectively, the comlbrt models and the petformance

indicators.

2.4.2 Thermol comfort models

lnlroduction
Various global comlbrt models can be lound in the literature (e.g. Fanger, 1970, Gagge

et al., 1971, Hr-rmphreys, 1978, Auliciems, 1981, 1989, De Dear and Brager, 1998).

They model the response distribution, which would be obtained il'a large sample of
people are exposed8 to a certain thermal environment and asked to rate their sensations

on a given scale. An example of such a scale is shown in Figure 2.10.

cold cool slightly neutral slightly warm hot
cool warm

Figure 2.10 The 7-point ASHME sensation scale.

1r Several of these models relate to long exposure times and do not account for climatic transients.

Moreover. most of them are ba-sed on global climatic conditi<>ns :rnd do not account for local effe<'ts sut:h

as c.g. draueht at head level or cold leet.
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The model output commonlv consists of only a fcw characteristics of the response

distribution, e.g. the mean response and/or the fraction o{'the responses that will excced

a certain critical value.

Tl.rermal comlort modi'ls can be subdivided in sLatic and an adaplitte types. The static

models, also referred to as 'hearbalance models', consider the occupants as passivc

recipicnts u.ith static preferences, which are entirely driven by autonomic physical and
physiological mcchanisms. Thc adaptivc models on the other hand, acknorvledee the

fact that psychological factors such as expectation based on recent experience mav affbct

people 's prcferences. This allows them to adapt to a certain extent to the ruling climatic
conditions.

Current international standards (ISO-7730, 1994, ASHRAE 55/55a, 1992) are based

on static comfort models. The RGD, a Dutch government building agency, has

developed models, which are compliant with ISO-7730. However, growing discomlort
with static models among practicing engineers, especially in connection with naturally
ventilated buildings, has caused an upturn of'the interest in adaptive comfort models

(De Wit et al., 1999b). Hence, a representative of this class of models has been used in
this study. The next section give a brief expos6 on static comfort models, whereas the

subsequent section is dedicated to adaptive models.

Stotic opprooch
The most commonly used comlort performance criterion in The Netherlands, which
has been proposed by a Dutch sovernment building agency, the RGD (RGD, 1979,

Brouwers and Van der Linden, 1989) is based on ISO-7730. The ISO-standard
incorporates thc comlort model developed by Fanger (1970), which is a representative ol
the class of 'static' comlort models. This model requires 6 input variables, i.e. air
temperature, (mean) radiant temperaturee, (relative) humidity, air velocity, mean

thcrmal resistance of the clothing and metabolic rate. On the basis ol this input, a

physical/physiological state variable is calculated, which Fanger refers to as the 'thcrmal
load'. The response distribution is modeled in terrns of this thermal loadl0.

Fanger's reiation betrveen responses and thermal load is based on the results of climate
chamber experiments with approximately 1300 subjects. For the various (stationary)

thermal loads rvhich these subjects were exposed to, they were asked to rate their
thermal sensation on the ASHRA.E-scale, which distinguishes 7 levels from 'cold'
through'neutral' to'hot' (see Figure 2. 10).

On the basis of the response distributions from these experiments, Fanger derir,ed a

relation betrveen the thermal load and the mean response or mean 'vote'. He called the

output of this relation the 'Predicted Mean Vote'or PMV.

l'The mean radiant temperature is the uniform teml)erature of an imaqinary black ent:losure in rvhich the
radiant heat transfer from the human body crluals the radiant heat transf'er in the actual nonunilorm
enclosure i\SHR,\L. I 993).
l'r In fa<t. the resl>onsc distribution is also a lunction ofthe metabolism (see Fanger" 1970.
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Moreover, he deduced an expression for the lraction of the subjects stating a vote with 2
or more in absolute valuc on the ASHRA.E-scale. As he had concluded from earlier

research (Gagge et al., 1967) that these vote indicate dissatislaction, he denoted the

result ol'this expression the 'Predicted Percentase Dissatisfied' or PPD.

In his expcriments, Fanger found that the lactors outdoor climate, sex, body build and

age did not significantly change the relation between thermal load and the PMV and

PPD. Hcnce, he concluded that thermal prefercnce is a fixcd, static lunction of the

thermal load.

ff1

-3
-40 -30 -20 -10 0 10 20 30 40

thermal load (Wm2)

Figure 2.ll Relation betrueen thermal load, PMV and PPD (at an

70 W/m2) accordingto the comJitrt model b1 Fangu (1970).

olfice-leuel metabolism oJ

The two relations for PNIV and PPD as a Iunction o1' the thermal load and the

physical/physiological model for this load constitute the Fanger-model in its basic form.

Despite extensive criticism (see e.g. Schalkoort, 1994) it is one of the most widely used

thermal comfort models.

One of the problems with the application of this model in a building simulation context

is the input data it requires. Building simulation only provides the rcquested

temperatures, which leaves air velocity, humidity, clothing level and metabolism to be

specified from other sources. The latter two variables would most naturaily be specified

in the scenario along with the other occupancy-related variables. The first two

environmental variables however, are part of the building's response to the conditions in

the scenario and should, in a consistent approach, be simulated along r,vith the

temperature field.
For iack of good models for these variables, the performance indicators proposed by the

RGD are based on delault values for these variables, which are kcpt fixed throuehout

the simulated period (see 'Comparison olstatic and adaptive approaches'). The Fanger-

model together with these defaults constitutes the static thermal comlbrt model that we

will reler to as the RGD-model.
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Adoptive opprooch
Examples of adaptive comfort models can be found in e.g. Humphreys (1978),

Auliciems (1981) and De Dear and Brager (1998). Here we will locus on the most
recently developed adaptive model by De Dear and Brager.

Adaptive comfort models start from the notion that thermal prelbrences are not static,

but depend on contextual factors and recent thermal history. Research by Auliciems
(1981, 1989), De Dear (1994) and Nicol (1993) suggests that satisfaction n'ith indoor
climate results lrom matching the actual thermal conditions in a given context rvith the

expectations of what the indoor climate should be like in that context. In other words,

satisfaction occurs through appropriate adaptation to the indoor ciimatic environment.

Three forms of adaptation may be distinguished (Folk, 1981, Prosser, 1958, Clark and
Edholm, 1985):

o behavioral
o physiological
o psychological

Behavioral adjustment relers to aii modifications, which influence the heat and mass

fluxcs governing the body's heat balance. This lorm of adaptation falls outside the scopc

of the static models, as it pre dominantly a{Iects the inputs of these models.

Physiological adjustment is defined by De Dear and Brager as 'all o[ the changes in the
physiological responses, which resuit lrom exposure to thermal environmental factors

and which lead to a gradual diminution in the strain induced by such exposure.' A
review of the literature (Brager and De Dear, 1997) shows that this lorm of adaptation is

not likely to be a significant factor for the moderate range of conditions found in most
buildings.

Psychological adaptation refers to changes of thermal preferences in reaction to past

experience and expectation. De Dear and Brager carried out a meta-analysis ol'well-
documented field studies in more than 160 buildings. They concluded that a significant
correlation exists between thermal preferences and the outdoor climatic conditions in
the preceding month. Apparently, thermai preferences are not static, but indeed depend
on recent experience. In buildings with a centralized HVAC system, with fairly constant
indoor climatic conditions and limited adaptive opportunities, this correlation can fullv
be explained from behavioral adjustments. In naturally ventilated buildings, however,
behavioral adaptation only partially explains the obsen'ed changes in preferences, which
suggests a contribution of psychological adjustment. This is supported by the work of'

Paciuk (1990) among others.

On the basis of a statistical meta-analysis of the field studies, De Dear and Brager
developed two different models; one for buildings with centralized HVAC and one lor
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naturally ventilated buildings. As a function ol the mean outdoor e{Iective temperaturell
over the preceding month, they predict (se e Figure 2.12):
o The optimum operative temperature . This is the operative temperature12, which will

expectedly be accepted by the greatest possible number ofpeople.
r Acceptability ranges. A first range captures the operative temperatures, which will

be acceptable to 80o/o of the people or more, whereas temperatures in a second

range will satis{,v at least 900/o.

10 15 20 25 30

monthly mean outdoor effective temperature (oC)

Figure 2.12 AcceptabiliQ ranges according lo the adaptiue model b1t De Dear and Brager (1998).

The information in Figure 2.12 provides a means of evaluating the acceptability of the

indoor climate in naturally ventilated buildings in terms of the indoor operative

temperature and the mean monthly outdoor eflective temperature. The operative

temperatures can readily be obtained from a building simulation, whereas all the

inlormation to calculate the outdoor e{Iective temperature is available in the scenario.

Comporison of slotic ond odoptive opprooches
In the previous sections the main features of a static and an adaptive comlort model

were discussed. In this section we will illustrate how these leatures express themselves in

the context ol building simulation. Figure 2.13 shows lines of equal acceptability lor
both the static RGD-model and the adaptive model for naturally ventilated buildings

I I The effective temperature (ETx) is the (operative) temperature of an enr.ironment at 50o,/o relative
humidity that results in the same total heat loss from the skin as in the actual enrironment (ASHRAE.
1992). People at the same ET* value would be expected to have the same thermal sensation (see Gonzalez
et al., 1978). The official ASHRA,E algorithm for the ETx. which was used in the study by De Dear and
Brager, is implemented in the ASHRAE RP-78 I software package ifountain and Huizenga, 1996).
12 The operative temperature is the uniform teml)erature of an imaginarv environment in u,hich the heat

transfer from the human body, both by radiation and convection. equals the total heat transfer in the
actual nonuniform environment (NEN-ISO 7726. l9f|9). In this study. the operative temperature is

approximated as the arithmetic mean ol the idr_r bulb; air temperature and the mean radiant
temperature.
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lrom De Dear and Brager. These lines are plotted as a function of time in the Test
Reference Year (TRY, see Section 2.3.1) for De Bilt, The Netherlands.

To express the acceptability predicted by the static model in terms ol operative
temperature, it was assumed that air temperature and radiant temperature do not difler
too much. Moreover, for the variables air velocity, relative humidity, clothing insulation
and metabolism the respective delault values of 0.1mls, 50o/o,0.7 clo (0.11 m2 K/!V)
and 1.2 met (70 W/m2) were used (ISSO, 1994).

The neutral temperature (PMV = 0) according to the static model and the optimum
comfort temperature from the adaptive model may be compared rvithout the risk of
overlookine semantic effects. Indced, the research by De Dear and Brager (1998) shows

that in naturally ventilated buildings there is no systematic de',,iation between thermal
neutrality and optimum comfort or preferred temperature. Moreover, the margins of
the 9Oo/o-acceptability ranges from the adaptive model can be interpreted as the
analoson of those thermai conditions to which the static RGD-model attributes a PPD-
value ol 1 0Yn.

28

27

26

25

24

23

22

2t

20

19

18

Figure 2.13 Iso-acceptabiLitl linesfor the Test Reference Tear in De Bilt according to the static RGD-
model and the adaptiae modelJrom De Dear and Brager.

By definition, the preferences from the static model do not chanse r,vith time, while the
iso-acceptability lines according to the adaptive model show a preference for higher
temperatures in summer. It is interesting that the interval between the neutral,/optimum
comfort temperature and the 900/o acceptability line is almost identical for both models.
Besides, the 9Oo/o-acceptability lines indicate that according to the adaptive model
people wi-ll be slightly more tolerant to high temperatures in July, August and the first
half of September (in this Test Reference Year) than predicted by the RGD-model.
However, in the rest of the year the RGD-model conjectures significantly more
tolerance.
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2.4.3 Performonce indicotors

For olfice buildings, two tlpcs of performance indicators havc been proposed by tl're

Dutcli Rijksgebouwendienst. These are the TO-indicator and the GTO-indicator,

1'hich arc commonly used in The Netherlands (De \Vit et al., 1999b). These indicators

are based on the idea that an indoor climate in rvhich less than 10o/o o1'the pcople would

ibel clissatisfied is acceptable. Conditions in rvhich more people are uncomfortablc

should occur infrequentll'. Hence , the performance indicators arc formulated as penalty

functions on the lrequency (fraction of time) that thesc conditions occurl5. The threshold

level of l0?o is not arbitrarily chosen, but rests on a reference in appendix D of ISO-

7730 (1994) that'it is recommended as acceptable that the PPD be lowcr than 10o/o',

u,here the PPD is the percentagc dissatisfied as predicted by Fanger's comlort model.

As already discussed in Section 2.4. l, only the TO-indicator will be used in this study.

This indicator is simply the numbe r of'(office) hours pcr year that the criticai PPDJevel

is exceeded (RGD, 1979). With the RGD-delaults for clothing level, mctabolism, air

humidiqv and air velocity, and the assumption that air temperature and mean radiant

temperature do not differ too much, the critical PPD-value can lLre converted to a critical

operative temperature of 25.5 ,,C with Fanger's comlort model. To this tempcrature

threshold the indicator owes its name: TO (Temperatuur Overschrijding, I)utch lor

temperature exceeding). A common target value is 100 hours, reiated to a simulation

periocl ol I year rvith the representative outdoor climate data mentioned in Section

2.3.1.

The TO-indicator is oftcn used in combination rvith a second one ol'the same t)?e. i.('.

the number of hours that the (operative) temperature exceeds the level of 28"C.

When we return to the original idea that was proposed in the RGD-guideline, but

quantily the percentage of dissatisfied on the basis of the adaptive model and not in

terms ol'Fanger's PPD, rve lind an adaptive analogon lor the TO-indicator. In this

analogon, the fixed threshold of 25.5 "C is replaced by a critical temPerature, rvhich is a

function of the outdoor e{Iective temperature (see Figure 2.13). \\te r,r,'ill refer to this

indicator as the TOx.

2.5 Discussion

The current chapter describes an approach, in r'vhich the indoor climate in the building

is simulated under an a-priori fixed scenario. This scenario includes the specification ol'

occupant behavior. Subsequently, a com{brt model is used to predict horv peoplc would

rate this indoor climate. Hence, the indoor climate in the buildine is assumed to be

unaffected by the sensations olthe occupants. For a centrally conditioned building, this

may be a justifiable approach, but for a building with adaptive opportunities such as

operable windows and sunblinds, this seems unrealistic.

li These indicators would morc accuratelv be referred to as IroI.t-performance indicators, but this subtlety

is ignored in this thesis.
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The adaptive comfort model (De Dear and Brager, 1998) acknowiedges behar.ioral
adjustments of e.g. clothing level and metabolism in response to the indoor climate, and
takes them into account. Ilthe behavioral adjustments extend to operating windo.ns and
sunblinds, though, these cannot be accounted for in the comfort model alone. Indeed,
these adjustments aflect the indoor ciimate itselL
As none of the currently available comlort models provide insight into the behavioral
asPects of occupant response, the occupant control over the building in response to the
indoor climate cannot be modeled. Further research on this issue could contribute to
more adequate performance evaluations and enable an evaluation of the eflects of
adaptive opportunities on occupant satisfaction. It is widely recognized that these
opportunities are important, but with present day knowledge and in the present
modeling approach there is no room for these facets.

2.6 Summory

In this chapter, two issues have been addressed. Firstiy, the specific building, which will
be used throughout this thesis, has been described. It is a four-story, naturaily ventilated
office building in the Netherlands. The description concerns the building itself, its
environment and the occupancy scenario to be considered.
Secondly, an approach is described to evaluating the thermal comfort performance of
the building. The performance evaluation approach consists of three steps. Initially, a

building model is used to dynamically simulate the temperatures in the building in
response to aparticular scenario (i.e. a time series of the outdoor climate conditions and
occupant behavior). Subsequently, a comfort performance indicator is calculated on the
basis ol the predicted indoor temperature time series. This calculation involves a
thermal comfort model, which predicts how occupants will rate the indoor
temperatures.
The building simulation model, the thermal comfort model(s) and the performance
indicator(s are described.



3 Crude uncertointy onolysis

3..l lntroduciion

In the previous chapter, it has been described holv, in a specilic case, building

perlormancc rvith respect to thc indoor climate is assessed on the basis of a building

model and a model for thermal comfort. This chapter analyses which uncertainty should

be attributcd to the resulting building perfonnance'

Uncertainty may enter the assessmcnt lrom various sources. The next paragraphs give a

brief discussion. Slightly different classifications of the sources of uncertainty can be

found in Pinney et al. (1991) and MacDonald et al. (i999).

Firstly, the design specifications do not completely specily all rclevant properties of the

building and the relevant instaliations. Instead of material properties, for instance,

material tlpes will commonly be specified, lear,ing uncertainty in the exact propcrties.

Moreover, during the construction ol the building, deviations from thc design

specifi cations ma) occur.

Thc uncertainty, arising lrom incompletc specilication ol the system to be modeled r'r'iIl

be relerred to as specificatioz uncertainty.

Sccor-rdly, the physical moclel development itself introduces unccrtainty, rvhich we will

reler to as modeling uncertainty. Indeed, evcn il a model is develoPed on the basis of a

complete description ol all relevant building properties, the introduction of assumptions

and thc simplified modeling ol (complex) physical processes intrttduces uncertainty in

the model.
Thirdlv, numerical errors r,r,,ill be introduced in the discretization and simulation of the

model. Wc assume that this numeical uncertainty can be made arbitrarily small by

choosing appropriate discretizations and time steps. Hence, this uncertainty will not be

addresscd hcre.

Finally, uncertainty may be present in the scenlio, which specifies the external

conditions imposed on the building, including e.g. outdoor climate conditions and

occupant behavior. The scenario basically describes thc experiment, in rvhir:h we aim to

determine the building performance.

In current practice, it has become customary to use standardized scenario eiements in

comfort performance evaluations. The most striking example concerns the 'relbrence'

time series of outdoor climate data (see Section 2.3.1). From the experience with

perlbrmance evaluations, in which these standardized experimental conditions were

used, a broad frame ol reference has developed to which perlormance caiculations lor

new buildings can be compared. If such comparisons are indeed meaningful to a

decision maker, who aims to use a performance evaiuation to measure the Ievel of

achievement on his objectives, there is no scenario uncertainty. Il, however, a decision

maker is actually intercsted in a performance assessment, based on a ltrediction of Lhe



36 Crude uncertainty analysis

comfort sensations ol the luturc occupants ol' the building, the scenario should be
considered as a reflection ofthe future external conditions, which are uncertain.
As a systematic exploration ol a decision-makcr's objectives, ancl their translation into
building perfomances is commonly not undertaken in building desien, it is diflicult to
decide in general how to deal with scenario unccrtainty. In this study, we will not
address scenario unccrtainty and deler a qualitative discussion ol the consequences to
Chapter 6.

To analyze these Llncertainties and thcir impact on building pcrfbrmance, rve start lrom
a process scheme otbuilding performance assessment as shown in Figure 3.1.

building performance assesment 
i

decision making

Figure 3.1 Process scheme oJ'building perfotmance assessment as input to deci^sion making.

All process elements have been discussed in the previous chapter, except the sensitivity
analysis. This is not a necessary ingredient for buildine perlbrmance assessment. It is a
very useful tooi, though, to gain insight into the model. This insight can be used e.g. ro
take specific measures to further develop the model or to cffectively improvc the
building design with respect to the perlormance ar hand.

The figurc is also a process scheme lor uncertainty analysis. The diflerence rvith the
deter-ministic casc is that model parameters may now be uncertain ,,,ariablcs. This
implies that the process ele ments are more complex. For instance, parameter
quantification now requires not (only) an assessmcnt of a point estimate, but (also) an
assessment of the uncertainty. Moreover, in the presence of uncertainty, model
evaluation is a process, which propagates uncertainry in scenario and parameters
through thc model into the model output. Furthermore, the scope of the sensitivity
analysis is extended. Besides the sensitivities, the importances of the variables can also bc
assessed now. The term 'importance' is used here to express the relativc contribution of
a variable (or set of variables) to the uncerlainty in the model output.
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Bv accounting lbr uncertainty, richer inlormation is generated, which can be used, not
only for improved decision support, but also for morc cffectir.e feedback to parameter

quantification and perfiormance modeling. First, if the uncertainty in the model output,
i.e. the building performance, is lound to be significant in some sense, the importance

information from the sensitivity analysis mav be used to reassess the most important
parameters to gain more confidence in their uncertainty estimates and/ or to reduce the

uncertainty in those parameters.
Moreover, the model deveioper (e.g. the building physics consultant) may use (prior)

information on the uncertainties to build models, in which the crudeness of simplifying
assumptions is balanced against the uncertaintv, either in the process to be modeled or
in othcr parts of the model.

Especially in the presence of uncertainty, it is better to assess perfbrmance in a cyclic

rather than a linear approach. Proper assessment of uncertainties in parameters and

inputs may be a ficrmidable task. By starting with crude estimates, and deciding on

selcctive relinement to those variables that really matter, the problem becomes tractable.

To be studied quantitativcly, uncertainty must be pror.ided nith a mathematical

representation. In this study, uncertainty is expressed in terms of probability. This
representation is adequatc lor the applications ol concern in this r,vork and it has been

studied, challenged and refined in all its aspects.

Moreover, in interpreting probability, we will lbliow the subjective school. In the

subjective view, probability cxpresscs a degree ol beliel'ol a single person and can, in
principle, be measured by obserwing choice behavior. It is a philosophically sound
interpretation, which fulfills our needs in decision analysis.

It should be mentioned, however, that in the contcxt of rational decision making, one

subjective probability is as good as another. Therc is no rational mechanism for
persuading individuals to adopt the same degree of belief. Only when observations

become available, subjective probabilities will convergc in the long run. However, the

aim of uncertainty analysis is not to obtain agrecment on uncertainties. Rather, its
puryosc is to explore the consequences of uncertainty in quantitative models.

For more infiormation on uncertainty analysis the reader is relerred to Benjamin and

Cornell (1970), Iman and Helton (1985), Janssen et al. (1990), and \{cKay (1995)

among others. Discussions and background on the interpretation o[ probabilitv can be

found in c.g. Savage (1954), Cooke (1991), French (1993).

This chapter rcports on a first cycle in the process of uncertaintv analysis, i.e. crude
quantification of uncertainties (Section 3.2), propagation through the model to obtain
estimate of uncertainty in building performance (Section 3.3), and sensitivity analysis to
identif.v the important parameters (Section 3.4). The chapter concludes in Section 3.5

with discussion and conclusions.
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3.2 Uncertointy in model porometers

3.2.1 lntroduction

As a first step in this crude uncertainty analysis, we r'vill assess plausible ranges for the

model parameters, globally expressing the uncertainty in their values. In future steps ol
the analysis, these ranges will be interpreted as central 95o/o confidence interwals. As

mentioned in the introduction of the chapter, the parameter uncertainty may arise lrom
tlvo sources, viz. specification uncertainty and modeling uncertainty.
The specification unce rtainty rclates to a lack of information on the exact properties ol
the buiiding. In the case at hand, this mainiy concerns the building geometry and the

properties olthe various materials and (prefabricated) components.
Nlodeling uncertainty arises liom simplifications and assumptions that have been

introduced in the development ol the model. As a result, the building model contains

several (semi-) empirical parameters, Ibr which a range of values can be lound in the

literature. \,{oreover, the model ignores certain physical phenomcna.

Table 3.1 Uncertain rnodel parameters

Description Range
(central 950/u confi dence interwall

Physical properties of materials and components See Appendix B

Snace dimensionsl+ t-0.02.0.021 m

Uud-rgdullgn &ggL---- [0.6s.9,8-s] --
!\rind oressure coefficients See Fisure 3.2

Discharge coefEcients [0.6, 0.75']

Internal convective heat transler coe{ficients See Fisure 3.3. Fisure 3.4

External convective heat transfer coelficients See Figure 3.5

Albedo 10.1s, 0.301

Convective heat transfer at
windowls
nir*b.,, i"" 

"l--.ia-.rr 
r -f ",lg^i*

- fraction lost

- lraction via lurniture to air

- fraction to floor

: . li?glio ryLo*re rqrdgl 9199s!9:srs---::i1
Air temperature stratificationl6 .**"*'.. _._ _.._ [Q, 3] "C
Radiant atrrre of surro
Local outdoor temperature l8

sunblind and [0.3, 3.0]

[0.08, 0.l2]
[0.05, 0. 15]

10.22, 1.01

ilg.h*lding!17 __[:i,_if"':q, _ _,

[0. 1l "C

l+ The indicated range denotes the del.iations from the nominal values
li The indicated range refers to an additior, al model parameter. introduced in Section 3.2. 10.
lr;'l-hic ic the air temperature difference over the height ofthe space.
l7 More precisely. this is the dai.ahon of the actual radiant temperature of the surrounding buildings from
the zxsumed temperature. The assumption entails that any fagade ol the surrounding buildings has the
same average surface temperature as the faqade of the building under study with corresponding
orientation.
llr The range in the column at the right relates to the dfference between the local ambient temperature at
the building site and the value reported at the meteorological station.
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T'able 3. I shows thc list ol parameters, which have been considere d as uncertain. Not all

sources of (modeling) unccrtainty could straightlorwardly be attributed to one or more

parameters in the existing model. In thosc cases additional parameters have been

introduced in the model to make sure that in the uncertainty analysis only parametcrs

need to be considered.

The uncertainties will be discussed in the following sections.

3.2.2 Physicol properlies of moteriols ond components

As the (long) list ol the various material and (prefabricated) component properties would

blur the ovenicw in Table 3.1, it has been reibrred to the Appendix (B). In the

quantilication ol the uncertainties in the various parameters, which mainly result from

specfication uncertainty, extensive use has been made o1' the data collected for two

previous sensitivity analyses in the field of building thermai modeling (Pinney et al.

(1991), Jensen (199a)) and the underlying sources lbr these studies (CIBSE (1986),

Clarke et al. (1990), Lomas and Bowman (1988). Additional data have been obtained

lrom ASHRAE (1997), ISSO (1994) and the Polytechnic Nmanac (1995). For a lew

parameters a range was assumed lor lack o1'data.

To estimate the correlations betwecn the properties of diflcrent components and

materials, each property-r: has been considcred as the output of the hicrarchical modcl:

x=px+Arl +L\2+L\3

where
p* gencral mean over thc whoie population
Arr variation between t1,r:es, w'hich satisly the description in the design specifications

Lrt variation between production batches within a t)?e

Ar: variation between individual components within a batch

It has been assumed that the variation in the material and componcnt Properties
predominantly arises from the first variation component Arr. Hence, complete

comelation has been considered between properties of the same name, if they belong to

components and materials of the same name. Dependencies between diflbrent

properties or between unlike components or materials have not been considered.

3.2.3 Spoce dimensions

Due to irregularities in the construction process, the realized space geometry may

deviate slightly from the geometry given in the design specifications. In this study rve

restrict the scope to deviations of the actual space dimensions (lcngth, width and height)

Iiom the nominal values. The range ol possible deviations has been estimated at

[-0.02,0.02] m.
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3.2.4 Wind reduction foctor

The wind reduction factor enters the model in (2.7), Section 2.3.+.3. It is the ratio
between the wind speed, measured at 10 m above ground levcl at the meteorological
station, and the local wind speed at a given reference level, to which the pressure
coeliicients are related. This reference level is usually chosen equal to the building roof
height, in this case 14 m.

Approaches to assess the wind reduction factor y are commonly based on the following
scheme:

U, = f,(r,u,.,)

u,., = g(U,.,)

Ur=fr(z,U,.r)

Y=UrlU,

(3.1)

where a is the height abovc the ground, U, is a characteristic wind velocity and the
indices refer to the locations of interest, i.e. the meteorological observation site (1) and
the building site (2). For a known function j and a given pair of values at the
meteoroloeical observation site (er, t/r) = (10 m, Llpa)ts, the characteristic value fl,t carr
be calculated. With function g the value of U.;z is assessed, which serves as inpur to
functionf to calculate the value of Uz at the building site for a given height z:. The
wind amplification factor is the ratio of Llz to Ut.

For neutral conditions, Wieringa and Rijkoort (1983) propose an implementation of this
scheme, in which j and 1[2 are logarithmic wind velocity profiles at a (nearby)
meteoroiogical observation site and the building site respectively. These profiles are a
function ol the terrain parameters Z, (characteristic roughness length) and d

(displacement height). The characteristic velocity is the meso wind speed, defined as the
(mean) wind speed at 60 m height. lVieringa and Rijkoort assume the dillerence
between the meso wind speeds at both sites to be negligible. Application of this
technique with standard terrain parameters for the meteorological observation site (2,,r

= 0.03 m and d1 = 0 m, see Wieringa and Rijkoort, i9B3) and terrain parameters lor the
urban building en.,.ironment Zu.2 = 0.75 m and dz - 2 m, yields a wind reduction factor
of 0.85.

The algorithm described in Bi6try et al. (1978) also starts from logarithmic wind velocity
profiles. The friction velocities u* are used as characteristic wind speeds:

u.. h(2, /2,,.)

'- u,, 1n(2, lzn,)

ll) For the definition of [./r, see Section 2.3.4

(3.2)
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Based on the analysis of a large number ol measurements, Bi6try et al. propose the

Ibllowing values lor v*/(,.ui),a', where z* is the friction velocity at a site with roughness

length za and (a"),"r is the friction velocity at a reference site rvith roughness length

(zri)nr = 0.07 m:

Zo 0.005

0.83

0.07

r.00
0.30
l.l s

1,qq

l -.).)

?99
1.46u-/(u-

We rvrite u*t/u*t = (uu/(u),a) * (u.t/(u)d)-t, and calculate v"2/u*1 from interpolations of
the values in the above table {br <0,2 = 0.75 m and zl.t = 0.03 m respectively.

Substitution olthis ratio into equation (3.2) with z2 = l+ m and ar = 10 m yields a wind
reduction factor of 0.65.

Liddament (1986) describes a technique in which the logarithmic wind velocity pro{iles

are replaced by power laws. For urban terrain (this method does not use terrain
characterization in terms of au and { a value olapproximately 0.65 is obtained.

The obsen'ed scatter between diflerent model outcomes arises lrom lack of knowledge

about the value of the wind reduction factor, given that:
. neutral conditions apply, i.e. thermal buoyancy e{Iects are insignificant
. the wind profile at the building site can be expressed in terms of terrain roughness

parameters only
. the terrain roughness upstream of the building site is uniform
In most practical situations these conditions will not apply (Bottema, 1993). For
instancc, thermal buoyancy effects are commonly important for lower wind velocities

(e.g. Holtslag, 1984), which are likely to occur at the warm days that are of particular
interest to this study.

Moreover, the wind velocity profile can only be properly expressed in terms ol terrain
roughness above a height e.; > 20zo + / (e.g. Wieringa and Rijkoort, 1983). Below this

height, individual obstacles mark the profile. With the current choice ol z,: = 0.75 rn
and dz = 2 m the minimal height :,,,, = 17 m, which exceeds the selected reference

height of 14 m.
Finally, uniform terrain conditions are the exception rather than the rule.

Nevertheless, in this first exploration of the effects of the various uncertainties, we will
stay close to the observed inter-model scatter and use the range [0.65, 0.85] for the wind
reduction factor in the uncertainty analysis.

3.2.5 Wind pressure coefficients

As explained in Section 2.3.+.3, pressure coeificients relate the pressures on the buiiding
envelope to the dynamic local wind pressure at a given reference level. In this study the

local wind velocity is defined as the velocity directiy upstream of the area shown in
Figure 2.3, whereas the ridge height of the building olinterest (14 m) is chosen as the
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reference level. In ventilation studies, mean (i.e. time-averaged) values of the pressure

coefficients are generally used.

Several tools have been developed to assist the assessment of mean wind pressure

coefficients on the basis of existing experimental data lrom prior wind tunnel studies and
full-scale measurements. The tools from Allen (1984), Grosso (1992, 1995), and Knoll,
Phaffand De Gids (1995, 1996) have been applied to the current case (see Figure 2.3) to
assess the required wind pressure difference coefficients2o. The results are shown in
Figure 3.2. A more detailed analysis of the wind pressure diflerence coefficients can be

found in Chapter 4.

0.8

0.4
I

-o o'o()( -0.+

-0.8

-t.2

-1.6

Figure 3.2 Wind pressure dffirence cofficientsfrom three ffirent models as afunction oJwind angk

(for the defnit)on of the wind angles see Figure 2.3 in chapur 2). Thefigure is slmmetric with respect to

wind angle 180", so onQ the aalues behaeen 0" and 180, are shown. The drawn lines indicatc the upper

and lotuer bounds, uhich haue been used in the uncertainty anafitsis.

As already mentioned in the previous section, inter-model scatter does not commonly
give a good idea of the uncertainty. However, it provides a convenient first estimate for
a crude uncertainty analysis. Hence, lower and upper bounds have been used, which are

closely tied to the various model results as shown in Figure 3.2. In the analysis, the
absolute values of the mean pressure difference coeflicients for different wind angles
have been considered to be completely and positively correlated. Loosely stated, this
means that if the magnitude of the wind pressure diflerence coefficient for a given wind
angle has a high value (relative to its range in Figure 3.2), the pressure di{ferences for all
other angles are also large, and vice versa.

20 'fhe wind pressure difference coefficient is the diffcrence between the pressure coe{ficient for the
window of modeled building section (see Section 2.2) in the w'est fagade and the one lor the n'indou in the
east faqade.

1.6

L,2
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3.2.6 Dischorge coefficients

Discharge coelficients have been introduced in the model in (2.6), Section 2.3.4.2. Bot
(1983) reports on experimentally obsen.ed flor.v characteristics ol window openings in
greenhouses. His results indicate that a discharge coelficient of 0.65 would be an

appropriate vaiue for both the windons and vents in the current case. In a review of
discharge coe{ficients lor vertical rectangular openin{s, Boulard and Baille (1995) report
values between 0.60 and 0.74. Strar,v ct al. (1999) refer to unpublished full-scale

measurements of wind-induced discharges through rectangular openings in a cubic

structure. In these expcriments valucs up to 0.75 rvere lound for florvs skimming along

the cube face containing the opening.
In this stud.v lve r,r'ill use thc range [0.6, 0.75] to reflect the uncertainw in the discharge

coefficients. The coefficients for the four openings of interest r,vill be corrsidered as

uncorrclated.

3.2.7 lnternol convective heot tronsfer coefficients

Internal heat transler coefficients act in (2.1) and (2.4) in Section 2.3.2. Rcr,iervs on

literature reporting semi-empirical models for internal heat translcr cocliicients lrom
cxperiments can bc lound in e.g. Halcro'n'(1987), Khalila (1989), Pernot (1989) and

Awbi and Hatton (1999). The majoriq,'of these models have bcen obtained under free

convection conditions at isolated flat plates, rvhile only a fcw cxpcrimcnts in real-sized

spaces have been conducted. The studies ger-rerally rcport rclations that can be written
in the [brm:

0. inr = C(u)" (J.J,]

where AZ is the temperature dillerencc over the air boundary laver and C and n are

(semi-) empirical coefficients. Differcnt r.'alues lor (C, n) are lound depending on the

direction of the heat flow (horizontal, upward or dorvnrvard), the flor,v regime (laminar

or turbulent) and the dimension o1'thc surfacc.

Figure 3.3 shorvs semi-empirical models as they r,r.ere obtained lor horizontal hcat flow
(vertical surfaccs) ir.r six di{Icrcnt studics. Thc studies by I-i et al. (1987), Khalila and

Marshall (1990), Min et al. (1956) and Awbi and Hatton (1999) concern erperimcnts on

surlaces in spaccs rvith tlpical oflice dimensions. The widely uscd modcls lound in
Alamdari and Hammond (1983) and ASHRAE (1997) are advocated Ibr use in building
simulation models.

In agrccmcnt r'r,ith the experimentallv observed valucs, heat translcr coe[Iicients

dcpcndcnt on the tcmpcrature diflerence AZhave been used in thc unccrtainty analysis.

For vertical wails, the minimum and maximum values at each tempcrature dillerence

are marked by the bold lines in Figure 3.3. These bounds correspond to the curues from
Alamdari and Hammond (1983) and Li et al. (1987) respectively.

Heat transfer coe{ficients at horizontal surlaces are commonly lound to bc diflerent
from those at vertical walls. For upr,vard (buo1,ant) hcat ilow slightly higher values are

found, whereas lor downward (stagnant) hcat flolv thc values arc much lower.

1a
f.,
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The selected range for the heat transfer coefficients related to upward heat flow is shown
in Figure 3.4. The bounds correspond to thosc in Figure 3.3, multiplied by 1.2. Indeed,

analysis of coefficients found in a large number ol studies (mostly isolated plate

experiments) shows that the values of heat transler coefficients for upward flow are

commonly 0-30% higher than the coefficients lor horizontai heat flow (at similar

temperature diflerences).

ar cc)

Figure 3.3 Modrlsfor the intemal conuectiue heat transfer cofficient at a uertical wall as afunct)on of
the temperature ffirence oaer the air-wall boundary kryer. trlhere necessar), characteristic wall

dimenions haue been used in accordance uith the dimensions of the space under studl $u Figure 2.5).

The bold lines indicate the ualues that are used as louer and upper bound.r in the uncertaintl analysis.

The ranse for coefficients related to downward heat flow are also shown in Figure 3.4.

The upper bound corresponds to the ASHRAE (1997) model, whereas the lower bound
originates lrom the experiments by Min et al. (1956).

Y
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Figure 3.1 Loruer and upper boundsfor internal conuectiue heat transfer cofficients. The graph al the lefl

shows the aalues for upuard (buolant) heat flout, ruhereas the one at the ight is related to downruard

(stagnant) heatJloa.
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In the analysis, the heat transler coefficients within a single space have been considered

as completely correlated: positive correlation between the coefficicnts lor horizontal and

uprvard heat flon,, nesativc correlation between coelficients corresponding to heat flows

r,r,ith upward and downward directions. Thc analysis of coeflicients lrom various studies

mentioned carlier strongly supports the positive correlation. The negative correlation is

present, but less pronounced.

Coellicients in separate spaces have been considered independent.

3.2.8 Externol convective heot tronsfer coefficients

These coefficients enter the model in (2.5) in Scction 2.3.2. Rer.'iews of litcrature on

external heat transfer coefficients can bc found in e.g. Strachan and Martin (1989) and

Nlen (1987). They report relations Ibr thc heat transibr coelficients, determined from

experiments, of thc seneral form:

d,.".,, = A+ Buc (3.4)

where z is the surlhce-parallel flow velocity, and A, -B and C are semi-empirical

constants.

u (m/s)

Figure 3.5 Models-for the extemal conaectiae heat transfer cofficient as afunction of the u,ind uelocitl

along the surface. The bold lines indicate the aalaes that are u.red as louer and upper bound.t in the

uncertainQ anallsi.s.

Uncertainty in the value of the external heat transfer coc{ficients arises from two

sources. First, the value of the surlace flow velocity has to be dctcrmined lrom thc

available meteorological data. This process is hampered with similar uncertainty as

alrcady mentioned in relation to the assessment of the wind redr-rction factor and the

wind pressure coefficients.

Second, the value of (A, B, Q is uncertain. This is illustrated by thc large scatter betwcen

semi-empirical models reported in the literaturc (see Figure 3.5). Strachan and Martin
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hl,pothesize that this scatter is mainiy due to different definitions ol the surlace wind
speed and to di{Ierent measurement positions on the buildings.

The extreme curves lrom Ito (1972) and Sharples (1984) were obtained in
measurements on real buildings . The results quoted by Duffie and Beckman (1980) are

dcrived from older experiments in wind tunnels.

In the analysis, external heat transfer coefficients dependent on the rvind speed har,e

been used. The uncertainly estimate for the external convectivc heat transfer coefIicients
is based entirely on the uncertainq," in Q4, B, C1 given the local surface wind speed. This
wind speed was calculated lrom the local r'vind speed (r,r,hich is also uncertain as a result
of the wind rcduction factor 1) with the ESP-r algorithm (ESRU, I995b). A rangc lor the

heat transfcr coefficient was used as shown in Figure 3.5 as a function of'the local
surlace r,vind speed. Heat translcr coefficients at thc various externai r.vall components
have been treated as fully dependent.

3.2.e Albedo

The albedo is the overall reflection coeflicient of the environment for short-wave
radiation. This variable was introduced in Section 2.3.3. Reflection coefficients Ibr
various surfaces can be found in e.g. Iqbal (1983), Frohlich and London (1986) and
Velds (1992). These sources show that reflection coelficients depend on the condition ol
the surface (and the solar angle). For instance, the albedo of (dark) sand may vary lrom
0.10 to 0.20 dependent on the surface roughness and the water content. The reflectance
of concrete ranges from 0.22to 0.37 dependent on age and specific composition. Based

on these relative variations, in the uncertainty analysis albedo values in the range

[0.15,0.30] have been used. This range is comparable to the one used in the PASSYS-
sensitiviry anaiysis ([0.2,0.3],Jensen (1994)), but narrower than the interval that Lomas
and Bowman (1988) used in their analysis, i.e. [0. 1, 0.4]. This latter intenal was based

on extremc valucs lor asphalt on the one hand to light sand on the other.

3.2.,l0 Convective heot tronsfer ot sunblind ond window

In section 2.3.3 the thermal modeling olthe sunblinds has been addressed. As expressed

by equations (2.6) through (2.8) In case the sunblind is activated, the convective heat

transfer at sunblind and window is governed by four quantities:

Aa.blnl.elt

Ur.lttimlto

0.,tluit.ett

@v..u,,

convective heat transfer coefficient at external surface ol'blind
convective heat transfer coefficient at surfece ol blind bordering the

cavity between window and blind
convective heat transfer coeflicient at window surlacc bordering the

cavity between window and blind
ventilation rate of the car,'ity with ambient air



Uncertainty in model parameters

ISSO (1993, 1994) proposes guidelines from which the following tentative values can be

dcrived lor the current case:

0t.hliut,r.\t

A,J,tirt.,r,

Ur.uin.e:t

@\'..,.

30 \V/m2 K

12 W/m2 K

B \V/m2 K

0.5 m3ls

Consistent with the discussion in Section 3.2.8, we will use a wind velocity dependent

value for the external heat transfer coefficient here rather than a fixed value. Although
at a sunblind, which is commonly permeable to some degree, the value of this coelficient

may be different from the value at a regular building surface, it is questionable whether
this diflerence will be significant compared to the uncertainty we assume in the heat

transfer coefficients (see Figure 3.4). Hence we will also apply the ranges in Figure 3.4 to
(I,t.hlinl.e.tl,

It is rational to assume that besides the external heat transfer coe{ficient, the ventilation
rate and the coefiicients at the surfaces in the cavity increase with the wind velocity too.

As a straightforward model for the variation of these quantities with wind velocity we

will assume that their values change proportionally to the external heat transfer
coefficient.
The proportionalitv constants in this model, though, are quite uncertain. The numbers

from ISSO (1993, 1994) provide some guidance, but certainly cannot be accepted

without further ado. Let us assume that the dominant uncertainty lies in the (forced)

ventilation rate with ambient air. This means that the uncertainty in the heat transler

coefficients in the cavity, given this ventilation rate, is considered to be (much) smaller

than the uncertainty in the ventilation rate itseif. We now write:

Qy.,,,.= B x (o..^r /30) x 0.5 m3ls

ac,tttirul.uu = B x (o",^t /30)x 12 w/m2 K

ac,wincar, = Bx(o",,..r/30) xB W,/m2K

A4,btiru|.eil = Ac.ext

where oc.,,r is calculated as discussed in Section 3.2.8, the numbers in brackets are

adopted from ISSO (1993, 1994) and B is an uncertain parameter. For B = 1 and oQ,,,r =
30 W/m2K, the values suggested by ISSO are retrieved. In the uncertainty analysis we

will take values for p lrom the range [0.3, 3]. Values of p for diflerent sunblinds are

considered to be completely and positively correlated.

+7
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3.2.11 Distribution of obsorption of the incident solor rodiotion

Solar radiation cnterins a space through thc windor,v may be subdivided into three
comPonents:
o liaction lost
o lrat tion via lurnirurc to air
o lraction absorbed at nalls
The first component is light, lr''hich is rcflccted out ol- the space again u'ithout being
absorbed. Base d on calculations for a space ol'similar gcomctry as thc onc under study,
Pinney et al. (1991)propose the range [0.05, 0. 14] for this lraction. This range is based
on the extreme optical characteristics of a variety of materials. As in the current case the
materialization of the space is known, we will use the narrower range [0.08, 0. 1 2] .

The second component represents the heat, which is generated by the absorption of a

part of the incident solar radiation by furniture in the space and convectivel,v transferred
to the indoor air. For this convective fraction of the total solar gain, ISSO (1994)

recommends the value 0.1. In their choice oluncertainty Iimits for a sensitir.itl, analvsis,

Pinney et al. (1991) use the range [0.05, 0. 15]. This inten'al properi,v includes the value

proposed by ISSO and will be adopted in the current analysis.
The remainingpart of the solar radiation is absorbed by the enclosure of the space. In
most current simulation tools the absorption of the solar gain is assumed to be evenly
distributed over an appropriate part ofthe space enclosure. In the uncertainty analysis

Ibur r,vays to distribute this gain will be considered. One extreme assumption is that all
solar radiation is directlv absorbed at the floor (fraction absorbcd by floor is 1.0),

whcrcas in the other extreme it is considered to be evenly absorbed over the entire
enclosurc as a result ol' internal re{lections (fraction to floor is 0.22). In the two
intermediatc schcmes we will assume that 40oh and 70o/o rcspecti\.ely is dircctl,v

absorbed at the Iloor and the rcst is evenly distributed over the enclosure.

The factions 'lost' and 'r,ia furniture to air' have been assumed to be independent lrom
each other and from the scheme, which regulates thc distribution of the remaining solar
gain over the w.alls. Distributions in different spaces are also treated as independent.

3.2.12 Air temperoture strotificotion

As explained in Section 2.3.2,it has been assumed that the air temperature in building
spaces is uniform. Hor'ver,er, this will generally not be the case. In naturally ventilated
buildines there is limited control over either ventilation rates or convective internal heat
Ioads. This results in florv regimes varying from predominantly lorced convection to

fully buoyancy driven flow. In the case of buoyancy driven flor,v, plumes from both heat
sources and warm walls rise in the relatively cool ambient air, entraining air from their
environmenl in the process, and create a stratified temperature profile. Cold plumes
lrom heat sinks and cool walls may contribute to this stratification. Forced convection
florv elemcnts, like jets, may either enhancc the stratification ellect or reduce it,
dependent on their location, direction, temperaturc, and momentum flow.
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ll we consider the current approach as a zero-order approximation ol the spatial

temperatlrre distribution, then it is a logicai stcp to refine the model by incorporating

first order terms. As vertical temperature gradients in a spacc are commonly dominant,

lve will use the following model:

7,,,(r) =i,,,, + ((z - | tt) (3.5)

where
Tu; air temperature
Tun mean air temperature

; height above the floor
H ceiling height ofthe space

( stratification parameter

Dropping the assumption of unilbrm air temperature has the following consequences:

. the temperature of the outgoing air is no longer equal to the mean air temperature

as the ventilation openings in the spaces arc close to the ceiling (see Figure 2.5)

o the (mean) temperature diflerences over the air boundary layers at the ceiling and

floor, driving the convective heat exchange between the air and those rvall

components, are no longer equal to the diffcrence betrveen the surlace temPerature

and the mean air temperature
. the occupants, which are assumed to be sitting while doing their office work, are

residing in the lorver half of the space and hence expcrience an air temperature,

r'vhich is diflerent from the mean air temperature

With (3.5) we can quantify these changes. As the ventilation openings are near the

ceiling, lve take that the temPerature of the outgoine air is:

T,u, = T";{.Il) (3 6)

Moreover, the convectivc heat fluxcs from the lloor and the ceiling to the air are

described bl rcspectivell :

Qlortr = ur;r.11,u, (,.7,r. lt,u, Z,; (0)) , Q,"it = cl, ;,,,.,";1(.Tint. uit 7"" (II)) (J./J

Finally, the (mean) air temperature experienced by the occuPants, 7,., is estimated with:

7.. = fu; (t/+ Il)

These changes modify the model presented in the previous chaPter'

/o o\
I J.o/

In the analysis we will assume that ( in equarion (3.5) is a fixed, but uncertain

parameter. This means that we randomize over a wide variety ol flow conditions in the

space that may occur over the simulated period.

In e.g. Loomans (1998, full-scale experiments and flow Iield calculations) and Chen ct

al. (1992, Ilow field calcuiations) vertical temperature diflerences over the height of an
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ollice space are reportcd between 0 and 2 "C for mixing ventilation conditions and Irom
1 "C up to 6 oC for displacement ventilation confizurations. These numbers sug€iest that
vertical temperature difrcrences of several degrees may not be uncommon. Hence, lve
will choose ( in the range [0, ll ,,C/m in this study.
The temperaturc stratification in separate spaces has been considcred as indepcndent.
No stratification has been assumed in the corridor benvcen the oflice spaces in the case
at hand.

3.2.13 Rodiont temperoture of surrounding buildings
In modeiing the radiant heat exchanse with other buildings in the enr-ironment, it has
bcen assumed that any fagade ofthe surrounding buildings has thc same average surface
temperature as the faqade with corresponding orientation of the building under study
(see Section 2.3.3). In sencral however, these lacade temperatures may not be exactly
identical e.g. as a result ol- dissimilar environmental conditions (shading, wind shelter).
The temperature diflerence is tentatively modeled as an unccrtain parameter lvith a
range of [-5.0, 5.0] ,,C.

3.2.1 4 Outdoor ombient temperoture

In chapter 2, the outdoor ambient temperature was introduced as an element of the
scenario, r,vhich is not considered in the uncertainrv- analysis in the current chaptcr.
Holver''er, this scenario temperature is assumed to be observed at a meteorolosical
station, whereas the local temperature at the building site would be a more suitable
input to the building model. In the local thermal fie1d, generated by an urban area, the
temPerature is usually higher than that of its surroundings. Plate (1995) reports heat
island tcmperatures in large cities, which in wintertimc may differ up to 10 12 ,,C with
temperatures obsened in suburban areas. A survey by Kimani (1998) of algorithms for
converting meteorological weather data to urban locations shows that there is a lack of
gencrally applicable engineering models duc to the complexity of the processes involved.
Considering that the current case addresscs summer conditions in a moderate climate,
we rvill attribute a modest, but again tentative range olvalues to the diflerence betureen
Iocal and meteo ambient temperature: [0, 1] 'C.

3.2.15 Discussion ond summory
The approach laid out in the prer.,ious subsections results in a totai number of 89
independent2l uncertain parameters. It is likely that this set of parameters is incomplete.
First, some sources of uncertainty may have been overlooked. This is always a risk when
uncertainty is investigated from the ansle of a given modeling approach.
Moreover, several assumptions and simplifications have not been addressed
intentionally. For example, the symmetry assumptions, which were used to keep the
model transparent (Section 2.3.3), have not been considered. Thc one-dimensional
approximation ol heat conduction in wall-components is another example. These

2l Actu:rlly. the number of uncertain parameters is greater than 89. but parameters which are treated as
completelv dependent. such as the u,ind pressure coefTicients. are counted m a single l)arameter.
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simplilications have becn considcred as conscious choices, which are deemed to be

justified in the case at hand. One ol the ideas be hind an uncertainW analysis is to obtain

a relerence for this kind of modeling choices. If a deliberate simplification has an effect

on thc model output, which turns out to be insignificant compared to the uncertainty in

that output, the choice is obviously justified. Il not so, the .justification of the choice

should be judged on the ellect it mav have on the decision that is to be made on the

basis olthe model output.

Obviously there is no clear-cut boundarv bet\\,een necessary and lreely chosen model

simplifications. This depends amons other things upon the possibilities of the modeiing

tools at hand. Hence, the choice ol such a boundary in this thesis is arbitrary to some

degree.

Finally, no uncertainty has been considered in either ol the two comlorl models. The

thermal simulation model does not specify all input variables ol the static comfort

model. Hence, the remaining input variables have to be estimated heuristically,

introducing uncertainty. This tlpe of uncertainty is not introduced rvhen thc adaptivc

comlort model is used. This model, based on fie1d experiments, relates the obsen'ed

occupants' response distributions only to the operative temperature in these

experiments, which can be assessed by thermal simulation. Hence, the eflects ol the

variability in all other variables are automatically included. In this wav, however,

uncertainty is introduced to which degree the variation ofthese variables (especially air

velocity and humidity) in the building under stud,v rvill be similar to the variation that

occurred in the field studies.

3.3 Propogotion of uncertointy

On the basis of the parameter uncertainties identified in the previous section, the

uncertainty in the model output, i.e. the building pcrformancc was calculated by

propagation olthe parameter uncertainties through thc model'

For lack of explicit inforrnation on the parameter distributions, normal distributions

werc assumed Ibr all parameters from which samples were drawn. The parameter

ranges, established in the previous sections, were interpreted as central 95o/n confidence

intenals. Wl-rcre necessary, the normal distributions were tn-rncated to avoid physically

infeasible values.

Technique
For the propagation, a Monte Carlo simulation technique was used, i.e. Latin

Hlpercube Sampling. This is a form of stratified sampling. The domain of each

parameter is subdivided into "M disjoint intervals (strata) with equal probability mass. In
each interval a single sample is randomly drawn from the associated probability

distribution. If desired, the resulting samples lor the individual parameters can be

combined to obtain a given dependency structure. Application of this technique

pror.ides a good coverage of the parameter space with relatively few sampies compared

to simple random sampling (crude Monte Carlo). It yields an unbiased and often more

elficient estimator of the mean, but the estimator of the variance is biased. The bias is
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unknown, but commonly small. More information can be fbund in e.g. McKay et al.
(1979), Iman and Conover (1980) and Iman and Helton (1985).

lmplementotion
In this study the algorithm for Latin Hr,percubc sampling lrom UNCSAM $anssen et
a1., 1992) was applied. A total ol 250 samples lverc propaeared, u,hich is well above the
-u'alue of +k/3 (.k = 89 being the numbcr ol paramcrers) that Iman and Helton (1985)
recommend as a minimurrr.
For each sample of parametcr values, a dynamic temperature simulation was carried out
u.ith the BFEP-implementation of the building model (see Section 2.3.7). From the
resulting temperature time series, both the static (TO) and adaptive (TO*) performance
indicator lvere calculated.
In all simulations, a single, deterministic scenario was used as describcd in Appendix A2.
This scenario covers a pcriod of 6 months lrom April through September.

Results
The results ol thc propagation of 250 samples are shown in Figurc 3.6, botl'r lor the
static (TO) and the adaptive (TO*) performance indicator.

0 100 200 300 400 s00
static performance indicator TO (hour)

Figure 3.6 Histosrams oJ'lhe slatic (left) and adalttiae (ight) peflmance ind:icator, obtainedfrotn the

propagation of the Intin Hlpercube sampLe oJsiy 250. Jttotu that uncertain[t in the scenario ha.r not

been taken into account. A common target laluefor TO is 100 hours (see Section 2.4. I ).

The variability in the comlort perlbrmance, obsened in the Monte Carlo cxercise is

significant. For both the static and the adaptive performance indicator the coellicicnt of
variation, i.e. thc standard der,-iation dir,,ided by the mean value, is about 0.5.

3.4 Sensitivityonolysis

3.4.1 lntroduction

The aim of the sensitivity analysis is to find a limited set of parameters, which accounts
Ibr most ol the uncertainty in the model output. In this study an approach is used that
consists of two steps:

Eo
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o
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,8 zo

100 200 300 400 500
adaptive performance indicator TO4 (hour)
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1. Parameter screening to rank parameters in the order oltheir importance, i.e. their
individual contribution to thc uncertaintv in the model output.

2. Validation to verify that the set of paramctcrs identified as most important in the

screening, do indeed.jointly account lbr the majority olthe uncertainty in the model

output.
These tr,vo components of the analysis are subsequently discussed.

3.4.2 Technique

Screening technique
An investigation of methods for sensitir.ity anal1,sis and parametcr screening can be

lbund in e.e.Janssen (1990), Saltelli et al. (1993), McKay (1995)and Kleijnen (1997). In
the analysis in this study the factorial sampling technique as proposed by N,Iorris (1991)

has been uscd.

In an earlier analysis (De Wit, I997c) this technique was lound to be suitablc for
application u,,ith building models. It is economical lor models rvith a large number ol'

parametcrs, it does not depend on any assumptions about the relationship betr,veen

parameters and model output (such as linearity) and the results are easil.v interpreted in
a lucid, graphical r'vay. Moreover, it provides a global impression of parameter

importance instead of a local value. Thus, the effect of a parameter on the model output
is assessed in multiplc rcgions o1'the parameter space rather than in a fixed (base case)

point in that space. This feature allows lor exploration ol non-linearity and interaction
eflects in the model.
A possible drawback of the method is that it does not consider dependencies betwcen
parameters. In situations where a lot of information on the uncertainty or variability of
the parameters is available this might be restrictive, but in the current study this is

hardly the case.

In this method the sensitiviqv of the model output for a givcn parameter is related to the

ekmentary fficts of that parameter. An elementary eflcct of a parameter is the change in
the model output as a result of a change A in that paramctcr, while all other parameters

are kept at a fixed value. By choosing the variation A for each parameter as a fixed

lraction of its central 950/o confidence inter,,al, the elementaryeffects become a measure

of paramt'tt'r importance.
Clearly, if the model is non-iinear in the parameters or ilparameters interzrct, the value

of the elementary efl'ect of a parameter may vary with the point in the parametcr space

where it is calculatcd. Hence, to obtain an impression of this variation, a number of
elementan'eflects are calculated at randomly sampled points in the parameter spacc.

A large sample mean of the elementary effects for a given parameter indicates an

important "overall" influence on the output. A large standard der.iation indicates an

input whose influence is highly dependent on the values of the parameters, i.e. one

involved in interactions or whose eflect is nonlinear.
Hence, an overview of the output ol the sensitiviry analysis can be obtained from a
figure in which sample mean and standard deviation of the elementary e{Iects are

plotted lor each o1'the parameters.
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Technically, the procedure is implemented as follows. Each ol'the * model parameters is

scaled to have a region of interest equal to [0, l]. The scaled t-dimensionai parameter

vector is denoted by l. For each parameter, the region of interest is discrctized in a p-
level grid, where each ri may take on values lrom {0, l/(p-1), 2/(p-l),... ,1}.
The elementary effect d of the l-th input is then defined by:

d,G)= )(x,.....x, + 4.....xr )- iG)

r,vhereT is the model output, i.c. thc pcrlbrmance indicator TO or TO*, x, 
-< 

1-A and A

is a predetermined multiple of I /(p- 1).

The estimates lbr the mean and standard deviation of the elementan' cffects are based

on independent random samples of the elementary effects. Tire samples are obtained bv

application ol carelullv constructed sampling pians.

The general proccdurc to assess one single sample lor the elementary cflect of cach

parameter is as follows. Initially, the parameter vector is assigned a random basc valuc
(on the discretized grid). An obsen'ation of the model output is made. Then a'path'of ,t

orthoeonal steps through the t-dimensional parameter space is Ibllowed. The order of
the steps is randomized. After each step an observation is made and the elementary

e{Iect associated with that step is assessed.

With this procedure a set of r independent samples for the elementary eflects can be

obtained by repeating this procedure r times. An illustration for a 3-dimensional
parameter space is presented in Figure 3.7.

random base value 1

random path 1

with step size:

a=2
3

Figure 3.7 lLlustration oJthe procedure t0 assr,ss two samples of the elementary fficl oJeach parameter.

Theillu.ttrationisfora3-dimensionalparameterspacetaitha4leuelgrid(k=3,P=1,r=2).

Volidotion iechnique
The screening method enabies a comparison of the importance olindividual parameters
on the basis ol their elementary effects. With this comparison, a limited set of
parameters can be identified, which probably accounts lor the bulk of the uncertainty in
the model output. However, in case ol strong intcraction eflects in thc model, individual
parameter importance may not provide reliable guidance. Although the selected

screening technique is designed to incorporate parameter interactions into thc

A
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individual parameter e{Iects to some degree, it is sensible to validate that the allegedly

important set of parameters is indecd the set that rvas aimed for.

The validation is implemented as a Monte Carlo simulation study. Three sample

matrices were used. The first sample matrix contained the Latin Hypercube sample that
was used in the propagation (see Section 3.3). The second sample matrix was identical

to the first one for the allegedly important parameters, but contained base case values

(mean values) for the other parameters. The last sample matrix was a 'mirror' of the

second one: mean values for the candidate important parameters, while identical to the

first sample matrix for the other parameters.

By comparison ol the variances in the model output resulting lrom the three sample

matrices, the fraction of the total r,ariance explained by the important parameters can

be assessed as well as the fraction that is explained by the remaining parameters.

3.4.3 Results

Screening resulis
In this study, the 89 parameters (t = 89) were discretized on a 4-level grid (0 = 4). The

elementary step A was chosen to be 2/ 3, as shown in Figure 3.7 . For each parameter 5

independent samples (, = 5) of the elementary e{Iects on both the static comfort
performance indicator TO and the adaptive indicator TO* were assessed in 450

simulation runs with the BFEP-implementation of the building model (see Section

2.3.7). The mean values of TO and TO* ove r these runs u,ere 170 hours and 140 hours

respectively. Figure 3.8 shows for each parameter the sample rnearr mt and the standard

deviation Sa of the observed elementary e{Iects on the static performance TO. Similarly,
Figure 3.9 shows these statistics of the elementary effects on the adaptive indicator TO*.

-50 -40 -20 o 20 40 60 Bo

m6 (hour)

Figure 3.8 Sample mean mt and standard dniation S,r of the elementary efects on the static comfort

perihrmance indicator TO obtained in the parameter screening. TlLe numbers in the pLot are the parameter

indices (see Table 3.2). The dotted lines con.situting tlrc u,edge are descibed b1,t ma= t 2 Sa/$. Points

abr.tue this ruedge indicate signtficant non-linear efficts or prtraneter interaction.s.
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'10 '3
'2.1.16 .sg;f

'1.L0
.19

0"-80 -60 -40 -20' -0" 20 40 60 80

m6 (hour)

Figure 3.9 Sample mean mt and .rtandard dniation Sa of the elementary fficts on the adaptiae comfort

performance indicator TOx obtained in the parameter screening. Tlte numbers in the plot are the

parameter indices (see Tabk 3.2). The dotted lines constituting the uedge are descibed b7

m,t = t 2 S,t/lr. Points abote this wedge indicate signficant non-linear fficts or parameler interacions.

The dotted lines, constituting a wedge, are described by *r= + 2 Sa/trr, where Sz,/r/r is

the standard deviation of the mean elementary effect. If a parameter has coordinates
(m,r, S,) below the wedge, i.e. lmal > 2 Sa/{r, this is a strong indication that the mean
elementary eflect of the parameter is non-zero. A location olthe parameter coordinates
above the wedge indicates that interaction effects with other parameters or non-linear
effects are domina.nt.

Table 3.2 shows the 13 most important parameters found in the screening process in
decreasing order of importance. The importance ranking for static and adaptive
perforrnance indicators is similar.

Table 3.2 Parameters, which emergefrom the parameter screening as most importanl. The ranking is in

decreasing order of importance. The importance rankingfor static and adaptbe performance indicators i.t

sim.i.la.r.

index tion

2 wind pressure diffetehtbrieqefficients

wind reduction fatior,
6 temperature strati{icatinntin' spa6s ur6.r studv
I local outdoor ternperature

0 extemal heat traasfer coelficients

3,4,5,6 discharee coefficients of windon''s and vents

8 internal heat transfer coefficients in space under study

11 albedo
10 solar transmission of windows

20 solar transmission of sunblinds
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Discr.rssion and conclusions

Volidotion resulls
\\Iith all parameters in T'able 3.2 includcd in the set of'important parameters, this set

explains about 94olo of the total variance . The remainins parameters account for 3o/o,

rvhich leaves 3olo of the variance unexplained. This 3% of the variance that cannot be

attributed to the separate parameter sets apparcntly originates from interactions

between parameters in the individual sets.

\\rhen only the top 5 parameters in Table 3.2 are included in the important set, this set

still explains B5o/o of the total variance, learing l006 for thc rcmaining parameters and

anothcr 5olo for interactions.

These numbers were lbund lor the static and the adaptive comlort pcrformance alike.
'lhcy conlirm that thc parameters in Table 3.2 arc the parameters of interest, olwhich
the Iirst five dcsen e primary focus.

3.5 Discussion ond conclusions

Three immediate conclusions can be drawn from the results in the pre'u'ious sections.

First, top 5 parameters in Table 3.2, i.e. the wind pressure difference coeflicients, the

wind reduction factor, temperature stratification, local outdoor temperature and the

model for the external heat translbr coelficients are the parameters r,vhich account lor
the majority of the uncertainty in the model output.

Second, although several parameters ol-secondary importance line up along the wedges

in Figure 3.8 and Figure 3.9, indicating the presence of parameter interactions or non-

iinearity ol the model output in the parameters, these effects do not seem to play a

significant role. Lomas and Eppel (1992) rcport similar findings in their sensitivity

studies on thermal building models. These studies concerned diflerent model outputs

(air tempcrature and plant porver) though, and considercd a slighly dillerent set of
uncertain parameters.
Finally, the variabiliry in the comlort perlormance assessments, obtained in the Monte

Carlo propagation exercise is significant. This is expressed by the coefficient of variation
of 0.5 and thc histogram in Figure 3.6. In current practice the simulated value ol'the
performance indicator is commonly compared with a maximum value betlveen 100 -

200 hours (see Scction 2.4.1:) to evaluate if the design is satisfactory or not undcr thc

selectcd scenario. Figure 3.6 shows that a simulated point value ol'the perlormance does

not give much basis Ibr sr-rch an evaluation. Indeed, simulation results may depict the

design as highl,v satislactory or as quite the conrary by just changing the values of the

model parameters ovcr plausible ranges.

Holvever, the obscn'ed spread in thc comfort perlormance values is based on crudely

assessed 95% confidencc inter-vals for the model parameters. An improved
quantification of the uncertainty in thc building perlormance could be obtained via a
more thorough assessment of the parameter uncertainties. Clearly, those parameters,

rvhich have been ranked as thc most important ones, descn e primary focus.

The ranges for the most important set ol parameters, i.e. the wind pressure difference

coelficients, have been based on the scatter betwcen various models. Proper use ofthese
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models, though, requires wind-engineering expertise, both to provide reiiable inputs to
the models and to assess the impact of features in the case under study, which are not
covered in the models (see also Chapter 4).

The uncertainty in parameter number 1 in Table 3.2, the wind reduction factor, has

been addressed in a similar way. Only two models have been considered here, r,vhich

both assume neutral stability conditions among other things. For strong winds this
assumption is commonly justified, but as the '"vind velocity decreases, the eflect of
thermal buoyancy on the wind velocity profile becomes more important. Hence, the
range that was selected for this parameter in the sensitivity analysis may be considered
as modest. Despite this fact the parameter turns out to be important.
The uncertainty estimate lor the thermal stratification in a space has becn based on
hardly more than the notion that a temperature difference betrveen ceiling and floor of a
couple o1'degrees is not unusual. A fairly crude parameterization olthe stratification has

been used with an equally crude assumption about the uncertainty in the parametcr. As

this parameter turns out to be important, the phenomenon deserves further attention,
but more mcrit cannot be attributed lo the current uncertainty range or to its

contribution to the uncertainty in the building performance.
A similar arglrment holds for the diflerence between the local outdoor temperature and
the air temperature measured at the meteorological station. The range assumed in this
study seems modest u'hen compared to the ranges ol values that are reported from
measurements. However, due to the complexity of the underiying processes it is di{ficuit
to straightforwardly extrapolate the findings in these experimcnts to the current case.

Aeain, more study is required.
The last of the top 5 important parameters relates to the external heat transfer
coefficients. Here, we quantified the ranges on the basis of inter-model scatter,

conditional on the surface-parallel wind velocity, which was calculated with the ESP-r
algorithm. The assessment of this velocity is however hampered by similar problems to
the assessment ol wind pressure coefficients, which give reason to believe that an
additional contribution to the uncertainty in heat transfer coefficients may be expected

from this source.

Summarizing, it is desirable to further investigate the uncertaingv in the model
parameters, especiaily the ones identified as most important. The next chapter addresses

the uncertainty in the wind pressure di{Ierence coefficients. Chapter 5 deals with
quantification ol the uncertainty in the air temperature distribution in a spacc. The
internal heat transfer coelficients are also addressed in this chapter.



4 Uncertointy in wind pressure
coefficients

4.1 lnlroduction

To simulate natural ventiiation florvs in buildings, the wind pressurc distribution over

the building envelope is required. In the design of low-rise buildings, rvind tunnel

experiments are scarcelv emploved to measure these wind prcssures. Instczrd, techniques

are uscd rvhich prcdominantl,v rely on inter- or extrapolation oi'generic kno'"vlcdge and

data, e.g. rvind pressure coefficients, previously measured in lr'ind tunnel studies and

full-scale expcriments. Duc to the complexity of the underlyingphysics, this is a Process.

w'hich ma,v introduce considerable uncertainty. None of the existing tcchniqucs,

hor'vcver, accolrnts for this unccrtainty.

In the sensitivity analysis rcported in Chaptcr 3, the effect of the uncertainty in wind

pressure coefficients on thc output ol'a building simulation model u,as compared to thc

effect of other uncertainties. The output in this stud,v rvas the building perlormance with

respect to thermal comfort. It was lourrd that thc contribution of the wind pressure

(difference) coefficients to the overall unccrtaintv rvas potcntially significant.

The quantification of the uncertaint,v in tl're sensitivity analvsis, horvever, did not go

beyond the appraisal o1'the analyst pcrforming thc stud.v. The main aim of this chapter

is to evaluate the uncertainty in lvind pressure coeflicients, assessed on the basis of
existinq data. in a more rigorous rva1.
'I'o quantily uncertainty, structured eiicitation of cxpert.judgment was used. A method

to acquire and process the experts' assessmcnts wzrs sclccted, which has a solid

methodological and mathematical foundation. It has bccn developcd in the lramervork

o1' thc joint CEC/USNRC Consequence Code Uncertainty Analvsis (Cooke and

Goossens, 2000).

As in the previous chapters, this study r,r''as carried out in the context of'a specilic case.

The case rvas designed to tent-atively explore the eflect of the immcdiate surroundings of

the building on thc uncertainty as wcll as the e{fect of the pressure tap positions on the

building laqade. A dcscription ofthc case has been presented Section 4.2.

Section 4.3 etaluates the option to assess the requested uncertainfi'from the sprcad in

the output of r.'arious models, which have been developed to assess wind pressure

coe{ficients on the basis of a parametric analysis ol existing data. The assessment o{'this

uncertainty by means of expert judgment is the subject of Section 4.4. To obtain

empirical reference material Ibr the cxperts' judgments, two wind tunnel experiments

were carried out to obtain empirical rcfi:rcnce matcrial lor the experts' judgrnents. The

set-up of these experiments is brielly addrcssed in Section 't.'[.7. Section 4.5 presents the
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results of both wind tunnel and expertjudgment studics, Ibllowed by the analysis of the
acquired data in Section 4.6. The scctions with discussion and conclusions conclude the
chapter.

4.2 Cose definition

4.2.1 lntroduction

A widely accepted method to assess wind pressure coefficients in the design stasc of a
building, is a wind tunnel study. In a wind tunnel, a scale model ol the building and its
surroundings is immersed in a simulated boundary layer flou,. From measurements of
both surface pressures and wind velocities or dynamic pressures, prcssure coellicients
can be assessed.

These rvind tunnel values do not fix the required full-scale values without rrnccrtainq.
Due to scaling effects and simplifications in both the simulated boundary laver and the
wind tunnel model, the acquired pressure coefficients only approximately capture the
relation between wind velocities and surface pressures on the Iull scale building in an
actual wind field. For instance, buoyancy effects, which may significantly aflect the
boundary Iayer flow at lou'wind speeds, are absent in a tlpical wind tunnel flow.

Although potentially important, uncertainties resulting lrom these eflects are not
addressed in this chapter. We consider a wind tunnel study as a first step in the
assessment of wind pressure coefficients. As mentioned earlier, even this step is not
frequently made in the design stage ol low-rise buildings. Therefore we aim to answer
the question: 'Given the specification ola wind tunnel experiment on a building under
design, what is the uncertainty in the requested wind pressure coefficients if these

coefficients are assessed on the basis olexisting data and generic knowledge, rather than
in a specific wind tunnel experiment?' Consequently, the case in this study is defined as

a scale model of a building and its surroundines, immersed in a simulated boundary
layer in a rvind tunnel.

4.2.2 Building ond its surroundings

A description of the building and its surroundings has already been givcn in Section 2.2.

The essential elements are recalled here for the sake of convenience.
The case conccrns a scale 1:250 wind tunnel model of a four-story oflice building
situated at the outskirts of a town. Figure 4. I shows the turntable layout with the oflice
building (framed building in the center) and a schematic representation of the obstacies
within a radius of 300 m around it. The upper half of the area shows a typical urban
setting, which was modeied after a part of the Dutch town Delft to ensure realistic
conditions. The lower half is left void, with exception of the embankment of the
roadway. This mimics a large open space in an other-wise urban environment.
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Figure ,1. I Schematic lEout of the tumtabLe model. The dimensions re/ir lo Jull-scale. The model scale

i.r l:250. The buiLding in the centur is the ffice building under stttdl. Side a and side b are indicated.

4.2.3 Simuloted boundory loyer

The building group in Figure 4. I is immersed in a simulated 'urban' boundary lave r. In
this study we characterize the boundary laycr by the profile of the mean horizontal rvind

speed only. This profile, representing the situation at the center of the empry turntable is

shou'n in Figure 4.2 (scale 1:250). The uppcr part o1'the profi1e approximatelv matches

a log-law profile with roughness lensth a, = 3.10-3 m. This corresponds to a full-scale;,,
value of 0.75 m, which rellects urban upstream conditions (e.g. \Vieringa, 1993).

This velocity profile corresponds to the 'urban' profile that can be routinely generated in
the low speed German-Dutch wind tunnel (DN\r-LST). This wind tunnel is located at

the facility of the Dutch Aerospace I-aboratory (NLR) in the Noordoostpolder in Thc

Netherlands (NLR, I 993).
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Figure 1.2 Mean Lelocitl profik in the wind tunnel at the center of the empllt turntoble aith 'urban'

roughness upstream oJ lhe turntable. The reference wind speed U,,t is the mean ralue al I 4 nt hetght (full
scale, i.e. the roof height of the ffice building under studj on lhc emptl turntable.

4.2.4 Wind pressure difference coefficients

Figure 4.3 shows the full-scale dimensions ol the oflice building together with the

locations of two pairs of pressure taps. The position of the pair of taps at level I
coincides with the location of nvo windows at the topJevel floor of the buiiding. The
other pressure taps 2a and 2b have positions corresponding to the location of windows
at the second floor.

56m

14m

Figure 1.3 Top uieu ofthe central building (lefi) and uertical cross-section (ight). Side a is directed to

the built-up half of the turntable, uthereas side b is directed to the aoid half At the center of each side a

set of 2 pressure sensors is placed in a uertical line. The positions of the 4 pressure sensors (1a, |b, 2a,

2h) are marked (o).

The floors are cross-ventilated, so the pressure di{Ierences betwecn positions 1a and lb,
and between 2z arrd 2b are of particular interest as they drive ventilation flows through
the offices. These pressure diflerences are related to the mean reference wind speed Ua
by the pressure diflerence coefficients LC1,r and AC):, where AC)i is defined as:

+
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AC = Pi'' Pir' (4. l)__ r, ,, pui..t

where [/,,7 is the mean horizontal wind speed at building roof height on the empty

turntable (see Figure 4.2) and p is the density ofair.
The ventilation models considered in this thesis take time-averased pressures as their

input. Consequently, (4. 1) relates to time-averaged values of both the pressures and the

pressu rc di[Icrence coelfi cients.

4.3 Colculotion models for wind pressure coefficients

4.3.1 lntroduction

Several models are reported in the literature to assist the assessment of wind pressure

coefficients on the basis of existing experimental data. These models are based on

parametric analyses of selected data lrom both wind tunnel and full-scale experiments.

As a first step in the exploration of the requested uncertainty, four of these models were

used to estimate the wind pressure (di{Ierence) coeflicients in the case at hand and the

spread in their outcomes was analyzed.

A detailed description ol these four models can be found in Allen (1984), Swami and

Chandra (1988), Grosso (1992, 1995) and Knoll, Phaff and De Gids (1995). A brief
summary of the main leatures of thesc models is presented in the next section.

Subsequently, the model outputs are compared for the current casc.

4.3.2 Summory of model feotures

Allen (1984)
Allen presents a model to assess surface averaged pressure coelficients on rectangular

buildings for ventilation pul?oses. For specific building configurations, and a Iimited

number ollocations on the hqades, expressions lor local pressure coe{ficients are given.

The expressions are based on data from Bowen (1976), Akins, Peterka and Cermak

(1975)and Tieleman and Gold (1976).

To assess the local wind pressure coefficients for a specilic fagade, related to the dynamic

pressure at roof height, the model requires the following input:
. wind field:

- wind angle relative to the outward normai on the building fagade

- wind velocity profile, e.g. parameterized by cr, the rvind velocity profile exponent
. measuring location:

- horizontal and vertical position on the faqade

o building geometry:

- aspect ratio of building plan, i.e. ratio of the depth o1'the building to the width of
the facade under study

. near field geometry:

- shelter factor, i.e. ratio of building height to the height of the surrounding

buildings

o.1



64 Uncertaintv in wind pressure coefficients

The ranse of application is rcstricted to rectangular buildings, i.e. buildings with a
rectangular floor plan and a flat roof.

Swomi ond Chondro (.l988)
Swami and Chandra dcveloped a model to assess surface averaged pressure coefficients
on low-rise buildings lor application in ventilation calculations. The values are related to
the dynamic pressure at roof level.

Eight diflerent data sets were used in the parametric analysis underl,ving the model, i.c.
Akins, Peterka and Cermak (1979), Ashley (1984), Ccrmak et al. (1981), Hamilton
(1962),Jensen and Franck (1965), Lusch and Truckenbrodt (1964), Vickery, Baddour
and Karakatsanis (1983) and Wiren (1985). The data were aeercgated to obtain surface-
averaged pressure coefficients, if necessary.

The expressions to calculate the pressure coefficient lor a specific faqade contain the
lollou{ng variablcs:
r wind field:

- wind angle, relative to the outward normal of the faqade
o building geometry:

- aspect ratio olbuilding plan, i.e. ratio of the depth of the building to the width of
the facade under study

The building seometry is parameterized by the side ratio only in this model, whereas
thc influencc ofthe velocity profile on the pressure coeflicients is ignored in absence of
systematic data. E{Iects ol ne ar field are not accounted for in the valuc of the pressure
coefficient, but in a shieldine lirctor on the wind induced ventilation flows. Thcse
shielding factors are based on the 5 shielding ciasses of Sherman and Grimsrud (1982).
As in the current case the (purely wind driven) cross ventilation flows are approximately
proportional to the square root of the wind pressure di{Ierenccs (see Chapter 2), the
squared shielding factors are assimilated in the pressure difierence coefficients in this
study.

The range olapplication is restrictcd to a building geometry, compliant with:
. aspect ratio olbuilding plan betr.veen 1/B and I
. eaves height to short wall ratio betn cen 0. 1 and 0.4
r ratio oloverhans to eaves hcight betlveen 0 and 0.2
o roof slope between Qt, 2n6l gQr,

Grosso et ol. (1992, 1995l.
The package CPCALC (Grosso, 1992) was deveioped at rhe Lawrence Berkeley
Laboratory, University ol California, as a component ol'the multizonc air-flow model
COMIS (Feustel, 1990). In the framework ol the CEC-DGXII PASCOOL programme
(Santamouris et Argiriou, 1995) the model was revierved and the undcrlying data set

enhanccd, which resultcd in CPCALC* (Grosso et al., 1995). CPCALC+ models local
pressure coefficients on thc envelope of buildings with rectangular floor pians. The
relbrence height for these cocfllcients is building roofheight.
It is based on 3 sources of wind tunnel data, i.e. Hussain and Lee (1980), Akins and
Cermak (1976) and Da Silva and Saraiva (1993, 1994).
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The expressions to calculate the pressure coefficients take the lollowing variables as

input:
o rvind field:

- wind velocity profi1e exponent u

- wind angle relative to outward normal ollaqade
. mcasuring location:

- horizontal and vertical position on the lagade

o building fJeometry:

- frontal aspect ratio, viz. ratio of building length to building height

- side aspect ratio, viz. ratio of building width to building height

. near field geometry:

- plan area density ofupstream terrain

- relative building height, viz. ratio of building height to height of surroundings

Valid output of the model is nol warranted in conditions with:
o wind field:

- Ct >0.33

o building geometry:

- irregular shape or overhangs

- aSpect ratios (side or frontal) less than 0.5 or greater than 4

. near field geometry:

r plan area densitv > 50%

- plan area density > 12.5o/o if building of interest

surroundings or a diflcrent shape from a cube

- staggered or irregular pattern layout

- height of building under study more than 4

buildings or less than half their height.

6s

has a diflerent height lrom its

times height of surrounding

Knoll, Phoff ond De Gids (.l995)
The Cp-generator, a computer tool, was developed at TNO, Delft, to predict local

pressure coefficients on building surfaces as input to vcntilation simulations (Knoll,

Phafl, De Gids, 1995, Knoll and Phafl, 1996). The default referencc height lbr these

coefficients is building roolheight.
The Cp-generator is based on both wind tunnel measurements (Phafl, 1977, 1979) and

full scale experimentai data (Lugtenburg, Den Ouden and De Gids, 1972, Eaton,

Mayne and Cook, 1975, Wells and Hoxcy, 1980).

The basis of the model is a formula, dcscribing the general rclation of wind pressure and

wind direction lbr an unshielded object. This relation, presented in Phaff (1977) and

Walker and Wilson (1994), is fitted to data lrom wind tunnel experiments (Phaif, 1977,

1979). With a set of additional formulas, in terms of thc building dimensions and

azimuth, the locations of the pressure taps and the terrain roughncss, the wind pressures

on different Iocations on the roofand each f,agade can be predicted.

The expressions for the pressures on slopcd roofs are derived from an analysis of full

scale data (Lugtenburg, Den Ouden and De Gids, 1972, Wells and Hoxey, 1980)' The
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efrect of repeating rool slopes (e.g. greenhouses) was modeled on the basis of
experimental results from Eaton, Mayne and Cook (1975).
Shielding by nearby obstacles is taken into account as a correction on the unshielded
pressures, based on both the distance and angle betr,veen the building and the obstacle
and the pressure at the leeward surlace of the obstacle. This leeward pressure is

calculated analogously to the leer,vard pressures on the building under study.

The output of the program should be handled with caution for:
o buildings with non-rectangular floor plans
r comPlex surroundings (non-block shaped obstacles, strong flow-interaction e{Iects

between obstacles ar,d/or obstacles and building under study)

4.3.3 Comporison of model outputs

To obtain a first impression of the uncertainties in pressure di{Ierence coefficients
derived from existing data, these models were used to estimate the pressure difference
coefficients in the current case for 7 equidistant wind angles between 0,,and lB0,,as
indicated in Figure 4. 1. The models by Allen, Knoll et al. and Grosso allow for the
assessment of the local coeflicients A,C1t and AQ,z. Their outpur is shown in Figure 4.4
and Figure 4.5. Swami & Chandra developed a model, which calculates fagade
averaged pressure coefficients. Figure 4.6 shows the results of Swami & Chandra's
model together with those of Allen and Grosso, which also allow for the assessment of
faqade averaged coeffi cients.
The figures show that whereas the spread in the outputs from the di{Ierent models for
AQ,r is considerable, they agree rather well on LCpz except for 0,,. The degree of
consensus on the faEade-averaged coeflicients strongly depends on the wind angle.

x Allen

X

E

0 30 60 90 120 150 180

wind angle

Figure 4.4 lfind pressure dffirence cofficients AClt t, assessed on the basis of existing data according to

three dffirent modtk. The data points are idmtical to those shown in Figure 3.2.
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Figure 1.5 Wind pressure difference cofficients ACpz, assessed on the basis of existing data according to

three dffirent model.r.
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Figure 4.6 Fagade aueraged raind pressure dffirence coelfficients, assessed on the basis of exisling data

according to three dffirent models.

If we would consider adopting the scatter in the model outcomes as a measure of the

uncertainty, it is important to contemplate which lactors contribute to that scatter and,

more importantly, which do not.

First, the model outcomes depend on the choices of the anaiyst:

o Several models require a characteization of the velocity profiie in terms ol a. or zt,.

Which values most adequately represent the profile in Figure 4.2?

r The case at hand is out ol the range of application of some of the models. Are the

outcomes still appropriate?
o If the surroundings ol the central building have to be classified in a 'shielding' class,

which class description best fits the current case?

Moreover, not all uncertainty is captured in the variation of the model outcomes:

o The scatter in the experimental data on which the models are based is eliminated by

regression or averaging. Part ol this scatter may be measurement error, but part of it
results from e{Iects unexplained by the model. Models sharing the same parameters

most likely ignore the same effects.
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r There is overlap in the data sets underpinnins the different models. This overlap
introduces a dependency between the model predictions.

o The majority of the data unde rlving the mode ls thal assess the eflbct o1'the near field
were obtained in (wind tunnel) experiments rvith rezularly arranged near field
layouts. The near field in this case is irrezular and consists of buildings of diflerent
heights.

Although the results of this exercise support the assumption that sienificant uncertainry
exists in wind pressure coefficients, prcdicted on the basis of existing data, they do not
pror.'ide a proper basis to assess this uncertainty. \Vind-engineering expertise is required,
both to provide reliable inputs to the modcls and to assess the impact of leatures in the
case under studv, which are not covered in the existing models.

Hence, the uncertainty in thesc pressure coe{ficient assessments can best be quantified
by experts in the ficld. These experts are acquainted with the complexity ol' the
undcrlying physics and hence best suited to interpolate and extrapolate the data they
have availablc on the subject and assess the uncefiainties involved. The ncxt section
reports on an cxperiment in which expert judgment was used to quantily the
uncertaintics in the wind pressure diflerence coefficients in the case at hand.

4.4 Expert iudgment study

4.4.1 lntroduction

In an expert judgment study, uncertainty in a variable is considered as an obsen'able
quantity. Measurement of this quantity is carried out through the elicitation of experts,
viz. people with expertise in the field and contcxt to u'hich the variable belongs. These
experts are best suited to filter and synthesize the body of existing knowledge and to
appreciate the e{fects of incomplctc or even contradictory experimental data.
The uncertain variables are presentcd to the experts as outcomes of (h1.pothetical22)

experiments, preferably ol- a type the experts are lamiliar with. Thev are asked to give
their assessments for the variables in terms of subjective probabilitl, distributions,
expressine their uncertainty with respect to the outcome of the experimcnt.
Combination of thc experts' assessments aims to obtain a joint probability distribution
over the variables Ibr a (hlpothetical) decision-maker (DM), who could use the result in
his/her dccision problem. This resulting distribution, which is referred to as the DN{,
can be interprcted as a'snapshot'ofthe state-of-the-knowledge, expressine both rvhat is
known and what is not klrowrr.

To meet possible objections of a rational decision maker to adopt the conclusions of an
expcrtjudgment study, which are based on subjective assessments, it is important that a

number of basic principles are obsened. These include:

22 The hypothedcal experiments are phlsir:all1'meanineful. though possibly infeasible for practical
reasons.
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r Scrutabiliry/accountabilitv: all data, including experts' names and assessments, and

all processine tools art' open to peer revicw.

Fairness: the experts have no interestin a specific outcome of tl-rc study.

Neutrality: the methods of elicitation and processing must not bias the results.

Empirical control: quantitative assessmcnts are subjected to empirical quality
controls.

Cooke and Goossens (2000) prcsent a procedure lbr structured elicitation and processing

of expert judgrnent, which takes proper account of these principles. T'hc main leatures

ofthis proccdure are:
r The experts arc elicited on experimentally obsen.able quantities only.
o The cxperts' rationales, underpinning their assessmentsr are documented.
r The combination of the experts' assessments is based on their performance, which is

obtained from a statistical comparison of their assessmcnts on so-called seerl r,ariables

with measured realizations of these variables.

This procedure was closely foliowed here. The case described in section 4.2 was

presented to six cxperts, renowned for their expertise in thc field of wind pressure

measurements on lor'v-rise buildings. For each of the twelve wind angles in Figurc 4. I

thcy were individually asked to assess the values of LC1,r ancl AQ,:, which would be

lound if this model r'vould be examined in a wind tunnel with thc velocity profile shown

in Figure 4.2. Each cxpert's assessment of a coeflicient did not consist in a 'best

cstimate', but in a mcdian value plus a central 900/n confidence intcn'al expressing his

unccrtainty. Probability distributions we rc constructed for cach expert from his

asscssments on the basis olthe principle olminimal information (sec Appendix C.l,
Cookc, 1991).

Thc value s of A,Cpt and A,C1t Ibr the 12 u,ind anglcs were also measured in tr,vo separate

wind tunnel experiments. On the basis of a statistical comparison ol the experts'

assessments with the measured data, the experts'perlbrmances could bc scored.

For each pressure diflerence cocfficient and each wind angle a single (marginal)

probability distribution (DM) was constmcted by taking a weighted average of the

individual experts' probability distributions. The experts' weights were determined on

lrom their pt'r^{brmances.

It is an unusual situation that the variables on which the experts are elicited czrn also be

measured. Indeed, in a regular setting expert judgment is used to quantily (the

uncenainry- in) variables, which cannot be measured. In that case , separate seed variables

are added to the qucstionnaire. These variables can bc measured and are used to

determine the performances of the experts.

In this study, it is possible to measure the variables of interest, but in a practical building
design context this is ner.er done. Hence, the question is what the uncertainties in the

wind pressure diflerence coefficients are, when only eeneric knowledge and data arc

used to assess these cocfficients. This creates a comfortablc situation, in which no

separate seed variables have to be included in the questionnaire. Inslead, the variables of
interest can be measured and used to score the expcrts' performances.
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The next sections discuss the implementation of the procedure in this study. If
necessary, concise background inlormation is providcd. The most important notions
involved in the combination of the experts' judgments are briefly clarified in Appendix
C.1. For further readine see Cooke (1991) and Cooke and Goossens (2000). Similar
approaches in civil eneineering applications can be found in Elst (1997) and Haar et al.
( I ee8).

4.4.2 Quesiionnoire
In the approach according to Cooke and Goossens, each question is posed to the experts
in the context of a case. The case describes a hypothetical experiment and requests the

experts to assess the outcome of this experiment in a specific format.
In this study, all cases referred to the same hlpothetical wind tunnel test as described in
Section 4.2. The only di{ference between the cases was the rvind angle, rvhich took
values from 0",30", ...,330,'(see Figure 4.1). In each case, the experts were asked to
state three quantile values of their subjective distributions over the rvind pressure

diflerences LC1,.t and AQ,.-r. Moreover, they were requested to quantily the statistical
dependencies between a numbe r ol'the wind pressure difference coefficients in different

Quonlile ossessments
For each of the twelve rvind ansles shown in Figure 4. l, the experts were asked to fill out
a table similar to Table 4. l.

Tabk 4.1 @Lantik ualues of the wind pressure dffirence cofficients to be assessed b1 the expertsfor

each oJthe tutelae uind angles.

r,vind angle variable quantile values

5oo I 50"u , 95'u
0,, LCrt

L,Ct,

In making their assessments, the experts were requested to assume all information,
presented in the context of the case definition, without uncertaintl,. All information not
specified in the case definition should be considered as uncertain. This uncertainty
should be accounted for in their assessments if deemed significant.

The choicc between direct elicitation ol the diflerence coefficients and the obvious
alternative to calculate the dillerences from expert assessments of the individual pressure

coefficients lor both fagades was made deliberateiy. The latter approach would require
that the experts not only assess the quantile values for the pressure coe{ficients, but also

the statistica.l dependency between these coefficients. This would burden the elicitation
and draw heavily on the ability of the experts to assess their subjective dependencies. Of
course, the experts were free to use this approach if they preferred to, but it was not
imposed by the structure of the questionnaire.
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Dependencies
The AC)r's and AC7,:'s, assessed by the expcrts, are considered to pertain to two diflerent

building simulation modcls. The ACpr's are parameters in a thermal simulation model

for spaces at the top floor, whereas the ACj,:'s act in a similar model lor spaces at the

second 1loor. Due to the building layout, these simulations can be carried out

independently and statistical dependencies between ACpr's and AC):'s need not be

considered.

Howevcr, as pressure diflerence coefficients for di{ibrcnt wind angles arc parameters of
the same model, dependencies between these variables are potentially important.

Hence, it rvas decided to eiicit these dependencies lrom the experts.

A common way to represent dependencies between variables is in the form of a (rank)

correlation matrix. Clearly, it would have been impossible to elicit ail elements of the

correlation matrices for both the AQ,.r's and AQ,,:'s. The experts should have

constructed 2 positive definite matrices by assessing a total of 132 ofl-diagonal terms.

As an alternative, a technique for representing dependence called 'dependence trees'

was used (Meeuwissen and Cooke, 199'l). Between the variables, a tree (an acyclic

undirected graph) oldependence relations is defined. This tree counts n-1 arcs, n being

the number of variables, and each arc is assigned a rank correlation value. On the basis

of these n-l values a rank correlation matrix can be constructcd, which together with
the marginal distributions represents a distribution that has minimal information relative

to the independent joint distribution (the product of the marginals).

,E
,--fl

Figure 1.7 Dependence tree presented to the experts in thefinal questionnaire. The numbers in the boxe.s

are the utind angles. The connecting lines are the arcs of the tree, which are numheredfor relference.

A further reduction of the number of dependencies to be elicited was suggested in
discussions with the experts, mainly in the dry-run stage. They indicated that the

7\
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dependencies betrveen AC).r'sand ACp,:'s would be very similar. Hence, it r.vas decided
to ask the experts to assess the dependency valucs between the AC).:'s only and use the
result lor the ACi,.r's as u,,ell (see Figure 4.7). In this approach, the experts would have to
elicit I I dependencies only, which was deemed viable.

The I I rank correlations were not elicited directly. Even trained statisticians havc
difficulty assessing rank correlations (Gokhale and Press, 1982). Therefore an alternative
approach was used, which has been successlully deployed in the joint CEC/USNRC
accident consequence uncertainty analysis (Halper et al., 1994). For each couple of r,r,ind

angles (arc) in Figure 4.7 , the experts were asked to state thc following conditional
probability:

Suppose one of the two pressure difference coeficients in the couple i.t obserted in an expeiment and its
ralue isfound to exceedyour median assessment. l4hat islour (subjeciae) probabilit2 that, in the same

expeimenL the other pressure difference coelJicient in the couple will alsofall aboae)lur median aalue?

Under suitable assumptions (among which minimal information), this conditional
probability can be uniquelv transformed to a rank correlation (Cooke and Kraan, i996).

4.4.3 Seleclion of the experts

A pool ofcandidates for the expert panel was cstablished by screening the literature on
relevant issues like u'ind-induced pressures on low-rise buildings in complcx
environments and wind-induced ventilation of buildings. Main sources were theJournal
of Wind Engineering and Industrial Aerodynamics and AIRBASE, the Bibliographic
Database of the International Energy Agency's Air In{iltration and Ventilation Centre.
A selection ol internal reports lrom several Dutch institutes was also included in the
screening process.

Tabk 1.2 List of experts in the expeiment

Willem de Gids,

Bas Knoll.
Hans Phaff

The Netherlands Organization for Applied Scientific
(TNO), Delft,'I'he Netherlands

Research:
i

:

ues-Andr6 H Laboratoire de Ene cs EPF[,, Lausanne, Switzerland

David S

University olPortsmouth, Portsmouth, UK
The University olWestern Ontario, [,ondon, Canada

Ton Vrourvenvelder Technische Universiteit Delft, Delli, The Netherlands

Willemsen Duits-Nederlandse \Vindtunnel, Noordoost 'Ihe Netherlands

Seven expcrts were selected on the basis of the following criteria:
. access to relevant knowledge
o recognition in the field
o impartialiry with respect to the outcome of the cxperiment
r lamiliarity with the concepts of uncertainty
o diversity of background among multiple experts
o willingness to participate
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One of the experts withdrew in the training stage , as he did not appreciate the concept

of subjective probability. The linal panel consisted of the experts listed in Table 4.2 (in

alphabetical order). The team of lVillem de Gids, Bas Knoll and Hans Phafffrom TNO
worked together and produced one single set ol assessments. They will be referred to as

a single expert. Ton Vrouwenvelder and Eddy Willemsen also acted as experts in the

dry run (see section 4.4.5).

4.4.4 Expert troining

It would have been unrvise to confront the experts with the questionnaire without giving

them some training on beforehand. None of the experts but one had ever participated in

an experiment involving structured elicitation of expert judgment, so they 'nvere

unacquainted with the motions and underlying concepts of such an experiment.

Moreover, acting as an expert entails the assessment subjective quantile values and

subjective probabilities, a task the experts are not familiar with. Extensive psychological

research (Kahneman et al, 1982, Cooke, 1991) has revealed that untraincd assessors of
subjective probabilities often display severe systematic errors or biases in their

assessments.

Hence, a concise training program for the experts was developed $it, 1997a) to:
r prol,ide an overview ofthe process
o develop confidence
o introduce the experts to the task they must perform
o instill awareness and control olbiases
o practice making probabilistic judgments

The training consisted of two parts:
o Self-study by the experts before making their assessments (3 hours).

o Consolidation during the meeting with each expert individually, prior to the actual

elicitation (1 hour).
The training included two miniature expert judgment experiments, one with 'almanac

questions' and one similar to the actual experiment. In both experiments, the experts

received quantitative feedback on their performance and biases, if any.

4.4.5 Dry-run

The aim of the dry-run was to obtain feedback on the issues:

. are the questions clear and unambiguous?
o can the training material be studied in the allocated time and are the training goals

achieved?
. can the elicitation be completed within the allocated time?

The dry-run meetings proceeded exacdy as the actual elicitation meetings were planned:

a brief consolidation of the expert training foilor,ved by the elicitation, in which the

expert explicated his assessments to the analyst. However, some extra time was reserved

to discuss the issues mentioned above.
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The dry run revealed that the required time to completc the training and the elicitation
was estimated reasonably well. Furthermore, the design of the dependence tree was

completed in this stage (see Section 4.4.2).

4.4.6 Elicitotion

The experts were contracted to spend 2 davs on their assessments, of rvhich about 1.5

days r,vere allotted to the elicitation. In this stage, the core of the experiment, the expcrts
make their judgments available to the analyst. Individua.l meetings with each expert
were arranged. Moreover, the experts were specifica-lly asked not to discuss the
experiment amons each other. In this way, the diversity ol viewpoints r,vould be

minimally suppressed.

The elicitation took place in three parts. Prior to the elicitation meeting, each expert
prepared his assessments e.g. by looking up relevant literature and making calculations.
During the meetingJ, these assessments were discussed with the analyst, who avoided
giving any comments regarding content, but merely pursued clarity, consistcncv and
probabilistic soundness in the expert's reasonins. On the basis of the discussion, the
expert revised and completed his assessments if necessary.

Completion of the elicitation coincided with the writing of the rationale, a reporr
documenting the reasoning underlying the assessments of the expert. During the writing
of this rationale, which was done by the analyst to limit the time expenditure of the
expert to a minimum, issues that had not been identified in the mecting were discussed

with the expert by correspondence.

Several of the experts chose to separately assess the llind pressure coe{ficients on side a

and side D plus their dependency and calculated the assessments for the pressure
diflerence coelficients lrom those numbers. These calculations were generally carried
out with rather crude statistical techniques. In those cases, the analyst proposed to carry
out the caiculations on behall of the expert in concordance with the mathematical
lramework underlying the selected procedure for elicitation and processing of expert
judgment. All experts in question agreed, but did no Ionger take the responsibiliqv lbr
the resultins pressure diflerence coeiiicients23.
The experts' rationales can be lound in Wit (1999a).

4.4.7 Wind tunnel experiments

lnlroduction
A single probability distribution (DM) for each wind pressure difference coefficient is

calculated as a wcighted average of the individual experts' distributions. An expert's
weight is basically his performance, which is determined by comparing his assessments

2:r This introduces an interesting conceptual problem. Technically speaking, the assessment ofthe pressure
coelficients and their dependencies is the domain of the expert. u,hereas the calculation of the resulting
pressure differences is a statistical manipulation. which is the expertise of thc malyst- Therefore, the
pursued course of action is a natural one. But on the other hand. the expert will now be scored on the
basis ofassessments for which he does not take full responsibilitv.
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on so-called seed variables with measured realizations ol these variables (see Section

4.6). In this way empirical control is implemented.

Commonly, the seed variables lorm a scparate sct of variables in the questionnaire, ol
which (measured) realizations are known or become available to the analyst (not to the

experts). It is assumed that the perlormance of the cxperts on these seed variables is

representative for their performance on the actual r,'ariables of interest, lor which no

observations can be made. To make this assumption plausiblc, the seed variables must

pt'rtain lo thc experts' domain.

In this particular research situation it was possible to actually measure the variables of
interest in a wind tunnel study. Hence, no additional seed variables had to be selected

and the perforrnance olthe experts could directly be scored on the variables olinterest.

To obtain the realizations on the variables, two wind tunnel expcriments were carricd

out once the experts' assessments had been compiled. The first experiment took place in

the DNtrV-LST, the wind tunnel the case was tailored to. The other experimcnt was

conducted in the boundary layer wind tunnel BLWTI of the Unir,ersity of \Vestern

Ontario, London, Canada. In both tests, the same model elements were used.

The turntable model is shown in Figure 4. 1. In addition to the 4 taps presented to the

experts, pressures were also measured on neighboring positions as shown in Figure 4.8.

The purpose of the extra taps was to gather more information on the pressure

distribution around the primary taps lor possible diagnostic use.

28.0 m 3.60 m

Figure 4.8 Positions of the taps on both longfacades (full-scale aalues). The taps under studl in the

expert judgment expeiment are marked ruith a circle.

The experimental conditions in both wind tunnels are briefly discussed here. For more

details see Willemsen (1998) lor the experiment in the DN\'\'-LST, Soerensen (199t3) lbr
the IJl\rO test.

Low speed wind tunnel DNW-LST
The DNV-LST has a closed return circuit at atmospheric pressure. The test section has

a length ol 8.75 m and a cross-section at the position ol-the turntable of 3.0 m x 2.25 m

(width x height).
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To generate the requested urban boundary layer, 3 spires and a trip were installed at the
entrance ol the test section. The floor of the test-section was covered with a staggered
array of cubical roughness elements with an edge o{'50 mm. The roughness elements
extended up to the edge of the turntable. The resulting profiles of both mean velocity
and turbulence intensity are shown in Figure 4.9.

From a number ol pre-runs, it became clear that pressure coeflicients, obtained from
10 s averaged observations with a stationary turntable, agreed well with those, measured
in a continuous mode. In this mode, the turntable rotates at an angular velocity of
approximately 1"/s and the pressures are sampled at a lrequency of 2 Hz. As the
continuous mode is faster, this mode was used in the actual tests.

A free stream velocity ol20 m/s was used in the experiments.

The wind tunnel study was carried out by DNlV-LST-staff. Further details of the
experiment can be found in Willemsen (1998).

Boundory loyer wind tunnel UWO-BLWT1
The BLWTl at the University of \,\restern Ontario
section has a length ol 28.7 m and a cross-section

2.4 mx 2.1 m (width x height).

is an open-return tunnel. The test

at the position of the turntable of

To obtain pressure diflerence coefficients, which could be used as realizations of the

seed variables in the expert judgment experiment, the mean velocity profile had to
match the 'urban' DN\r-LST profile as closely as possible. Indeed, experts had made
their assessments on the basis of the DNW-LST profile (see Section 4.4. 1).

The best match was acquired with 3 spires and a 0.35 m trip at the entrance of the test

section, approximately 19 m upstream of the center of the turntable. The floor of the
test-section was covered with roughly square, soft foam blocks about 20 to 25 mm high.
They were mounted on 3 to 4 mm thick masonite boards with 2 or 3 block heights

between in a random array. The roushness elements extended up to the edge of the

turntable. An additional trip of 0. 1 m height was mounted 2.5 m upstream of the

turntable center to get a better match with the lower part of the DN\,\'-LST profile.
Pressure data on the building were collected as 30 s averages lor 40 wind angles at a Iree

stream wind speed of 13 m,/s.

The wind tunnel study was carried out by Lars Soerensen in cooperation with U\VO-
stafl. Further details of the experiment can be found in Soerensen (1998).

Velocity profiles
The profiles, used in the tests are shown in Figure 4.9.
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lalters in the two wind tunnels. The profiles were measured at the center of a aoid tumtabLe. The reference

aelocitl fl,"1is the mean hoizonlaL wind reLocif at building roof hetght.

4.5 Results

4.5.1 Wind tunnel results

Figure 4. 10 shows the results from both wind tunnel tests. As the purpose of the wind
tunnel tests was primarily to obtain empirical reference material lor the expert judgment

study, only the wind pressure diflerence coelficients are shown here. The wind tunnel
results are covered in more detail in appendix C.3.
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Figure 1.10 Lfind tunnel re.sultsiliom both DNW-LST and UWO-BLWT] tunnels. The sltmbols are

the 30s aaerages, measured in the LIWO tunnel. The drawn hnes show mouing aaerages of the DltW-
results. TTte realiqations, used to score the experts were takenfrom these mouing aurage cun)es.

The results from both wind tunnels are in good agreement, except for the 'isolated' wind
angles, where the pressure dillerences are most sensitive to the characteristics of the

simulated boundary 1ayer.
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4.5.2 Experts' ossessments

Figure 4. 11 and Figure 4. 12 give an itemwise presentation of the results of both the

experts' assessments and the wind tunnel results.

0 30 60 90 120 150 180 2L0 240 270 300 330

wind angle (degrees)

Figure 4. I I Assessments of the 6 expertsfor the ACp.t's. The dots are their median aalues, the error bars

their centraL 90%o confidence intentak. The drawn horizontal lines shoru the reali4tionsfrom the two

uind tunneL tusts. For each utind angle, the resuLts oJexperts I through 6 are shownfrom left to ight.

0 30 60 90 r20 1s0 180 210 240 270 300 330

wind angle (degrees)

Figure 4. 12 Assessments lJthe 6 expertsflr the ACp.z's. The dots are theirmedianualues, the error bars

their central 90oh conj.dence interuals. The dratun hoizontal [ines show the reali4tions from the two

wind tunneL tests. For each wind angle, the resulh of experts I throu,$ 6 are .thownfrom left t0 right.

Figure 4.11 and Figure 4. 12 refer to the experts by number. These numbers were

randomly attributed to the experts in Table 4.2 and will be used throughout this

chapter.
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ln Figure 4. I3 and Figure 4. 14 the assessments are show'n expertnise.
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Figure 4.13 Expertruise presentation of the assessments of experts I through 4. The graphs show all data

relatiae to the reahzations of the UWO-BLWTI erpeiment. The dots are the median estimates of the

experts, the error bars represent their 900k confidence interuals. The drarun Lines show the mouing

at)erages rf the DAW-LST results relatiae to the UWO- BLI,ITI data.
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Figure '1. l 1 Experhaise presentation of the assessments of experts 5 and 6. The graphs show all data

relat)ue to the realizations 0f the UWO-BLIITI expeiment. The dot.r are the median estimates of the

experts, the error bars represent their 90% confidence intentals. The dratun lines shoru the mouing

aoerages of the D.NW-LST results relatiue to the L|WO- BLWT| data.

Tables with all results can be found in Appendix C.2. The experts' dependency
assessments are also Iisted in this appendix.

4.6 Anolysis of the expert doto

4.6.1 lntroduction

To obtain a single (joint) distribution for the decision-maker (DM) over all variables, thc
experts' assessments must be combined. This involves three issues:

l. Construction of a (marginal) probability distribution from the three elicited quantile
values Ibr each variable and each expefi.

2. Combination of the resulting marginal distributions for each variable.
3. Combination of the experts' dependency assessments.

The lirst issue is briefly addressed in Section 4.6.2. To deal with steps 2 and 3 the
classical model (Cooke, 1991) is adopted in this study. The classical model uses rveighted
averaging of the experts' marginal distributions and dependency assessments to obtain
the distribution for the decision-maker (DM). This reduces the combination problem to
determining the weights. The experts' rveights are based on their peformances, which
are scored on the basis of a statistical comparison between their assessments and the
measured realizations on the seed rrariahles.
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Section 4.6.3 gives a brief introduction to performance, a central notion in the classical

model, and reviews the performancc scores o1'the experts in this study. The subsequent

section addresses the performance-based combination of the experts' marginal

distributions, whereas Section ,[.6.5 discusscs the combination of their dependencies.

Finally, Section 4.6.6 is dedicated to a robustness analysis of the resulting DM.
Additional inforrnation on the classical model can be found in Cooke (1991) or (in
summary) in Appendix C.l.

4.6.2 From quontile volues to o morginol distribution

For each variable, three values are elicited from the experts. These values correspond to

the 50/o, 500/o and 950/o quantiles of their sub.jectivc probability distribution. N{any

probability distributions can be constructed, which satisly these quantiles. In this study

we use the distribution, rvhich has minimum information relative to the unilorm
distribution on a suitably chosen intrinsic range. A discussion on the cl-roicc of' the

intrinsic range and the distribution ol probability mass betrveen the given quantile

values can be lound in Appendix C.l.

4.6.3 Performonce

lntroduclion
An expert's performance can be scored per variable (or item), or globally. The item
perlormance reral of expert r on variable I is delined as the product of tr,vo measures,

calibration G and information score 1.-i (Cooke, l99l):

u".; = c" I?.i

Analogously, the global performance ar" of expert e is calculated from:

ur=CrL

where his global inlormativeness 1, is his average information score over all variables.

Roughly, calibration measures the degree to which the obserued realizations support the

expert's assessments. In scoring calibration, an expert is regarded as a statistical

hypothesis: 'the rcalizations are samples, drawn independently {iom distributions

correspondine to the expert's quantile assessments'. The calibration score can be

interpreted as the minimum significance level at which this hypothesis would not be

rejected. Ergo, a calibration score has a value between 0 and I and higher scores are

better.

The inlormation score indicates how 'tight' the expert's distributions are. It is calculated

per variable as the information ol the expert's distribution relative to the unilorm

distribution on the intrinsic range Ibr that variable. It expresses what we Iearn from thc

expert's assessments if we initially beiieve that the variable is unilormlv distributed on

the intrinsic range. Information scores are ahvays positive and higher scores are

preferred.

BI
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The fact that an expert's performance is the product of two scores, calibration and
information, suggests that he could compensate a low calibration by being highly
informative. This is only possible to a limited extent. An expert's performance is

dominated by his calibration, as this score may range over five orders of maglitude,
whereas the inlormation score rarely varies more than a factor five between experts.
Hence, the information score serves to modulate befiveen more or Iess equally calibrated
experts.

It can be shown that this method of scoring experts is 'asymptotically strictly proper',
which means that experts on the long run receive the highest weights if they state

assessments according to their true beliefs (Cooke, 1991).

Applicotion in this study
Commonly, the experts' performances are calculated on the basis of seed variables, a

separate set of variables in the questionnaire, for which observations become available
to the analyst in within the duration of the study. In this specific research setting, no
separate seed variables were needed, as the variables of interest, on which the experts
were elicited, could also be measured. Hence, the experts' performance scores could be
calculated on the basis ofthe actual variables ofinterest.

For each of the 24 elicited pressure diflerence coefficients, 2 realizations were obtained
in 2 independent wind tunnel experiments. Global calibration and information scores

were calculated on the basis of all realizations on all 24 variables2a. The resuits are
shown in Table 4.3.

Table 4.3 Experts'perfomance scores, calculated with the classicalmodel on the basis of all 24 ACis
and scaled to an ffictiue number of l0 uaiables b2 adjusting the power of the test to 10,t24 = 0.42.

Details on the caLculation of the performance sclres can befound in Appendix C. l.

The first column lists the experts by number. These are the same randomly attributed
numbe rs, which were used in Figure 4. i I through Figure 4. 14. In the remainder ol this
document, the experts will be addressed by their number only. The second column
shows the calibration scores for each expert. The global information scores, based on

2a The sample distribution (see Appendix B.l) was calculated as the average of the two sample
distributions for each set of realizations.

Expert Calibration Information Performance

I 3.0 10-2 0.65 2.0 t0-2

4 4.9 t0 t 0.17 8.3 10-2

5 7.0 l0 2 0.81 5.7 t0-2

6 7.8 10 I 0.73 5.7 tO-r

1.3 10-r
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thc def'ault intrinsic ranges (see Appendix C.1), arc in column 3. Finally, the

performance, product of calibration and inforrnation, is displayed in the last column.

Calibration scores can only be intcrpreted in relation to thc number of seed variables

from which they were calculated. The expert scores in Table 4.3 are based on 24 seed

variables. However, they have been scaled to an eflective number of 10 seed variables, a

common number in expert judgment studies, by adjusting the power of the test to
l0/24=0.42 (see Appendix C.l).

The high calibration scores in Table 4.3 suggest that the results of the rvind tunnel

studies are credible as realizations, which are independently drar.vn lrom the experts'

distributions. However, a closer inspection of the assessments of e.g. expert'1, who has a

lair calibration score of 0.49, shows that the realizations are clearly not randomly

distributed around his median assessments. Instead, there appears to be a pattern: items

with negative realizations tend to be under-estimated, whereas items rvith positive

realizations are o\,er-estimated. This pattern might be the result ol a bias, which is

accidentally not filtered out as the same number ol positively valued and negatively

valued quantities are used in the scoring.

To investigate this hypothesis, the rationales of all experts were consulted to find out

which approach they had used to assess thc requested pressure diflerences AQ,ua

betneen face a and face b olthe building. It turned out that, for each wind angle, the

experts first assessed the pressure differencc coeflicients ACi,.u,r between windward and

leeward side. Subsequently they adjusted the signs to obtain the requested pressure

differences between side a and side b. Hence, it was considered more appropriate to

score the experts on their initial assessments ol the pressure di{Ierence coefficients

betu,een windward and leeward side. In this rvay, possible systematic tendencies of any

of the experts to over- or underestimate would not be masked. This resulted in the

performance scores in Table 4.42:'.

Compared to the calibration scores in Table 4.3, Table 4.4 shows a deterioration olthe
calibration scores ol several of the experts. The se experts apparently show a systematic

bias in their assessments of the pressure diflerences betlveen windrvard and leeward

faces. This supported by Table 4.5. This table lists, for each of the experts, whether he

shows a tendency to overestimate (median values to high) or underestimate (median

2:,The classical model a-ssumes that the variables on u,hich the experts are scored are statisticallv
independent. f,Inder this assumption. the calibration score can be interpreted as the likelihood of the

realizations under the hypothesis that the variables are distributed concordant with the expert's

assessments. Clearly it is di{ficult to uphold this assumption here. Indeed, the expefts explicitly state their

subjective dependencies between the AQ,'s lor various wind angles. Their assessments reveal notable

dependencies.
Dependency decreases the effective number of independent variables. 'l-his is most clear t-hen complete

dependency exists between the variables. In that case. the experts basically assess one single variable. As

the experts were scored on 24 lariables in this study. some reduction does not immediately pose a

problem as long as the scores only sewe to compare experts in the same experiment. However, iIr a

comparison with other expertjudgment studies. the effective number ofindependent variables would be

required. No method exists to assess this number though.

o.)
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values to low). Moreover, each expert's tendency for overconfidence (90o/o confidence
intervals too narrow) or underconlidence (90o/o confidence intervals too wide) is shown.
A tendency is observed if a comparison of the expert's assessments lvith the measured

data shows that the null-hlpothesis 'the expert does not show the bias' is rejected at a

significance level of 0.05. It turns out that all experts show a tendency to overestimate.
Moreover, 4 of the 6 are apparently overconfident.

Tabk 4.1 Expeils'pnformance scoreL based on their assessments of the pressure difference cofficients

ACp.*t between uindward and leeward;faces, instead betweenface a andface b.

The scores in Table 4.4 show an almost equal calibration score for experts 2 and 6. The
calibration scores of the other experts are lower by an order of magnitude or more,
which is significant.

Tabk 1.5 Ouentieu,t oJ the sltstemati.c biases the exputs displq in their quantile assessments qf the

pressure dffirence cofficients betuteen windward and Leewardfaces. A '*' reJfers to 'ooer' in the column

heading '-'relates to 'under'and a'0'means that the tendenc2 is not obserued.

Expert Tendency to Tendency for
over/under- over/under-

estimate confidence
+ +

2 + 0

.) + +

4 + 0/-
5 + +

6 + +

4.6.4 Combinotion of the experts' morginol distributions

lntroduction
For each variable, the experts' assessments must be combined to obtain the DM for that
variable. Combination of the experts' assessments according to the classical model uses

linear pooiing, which means that the DM is a weighted average of the experts'

Expert Calibration Information Performance

I 3.0 10-2 0.65 2.0 l0-2

3.6 101 __g.ss2 3.6 10 1 0.55 2.0 l0-r

3 i.0 10-2 0.46 4.6 I0-3
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distributions. Two types of weights are considered, equal u,eights and performance-

based weights.

The decision-maker based on equal weigl'rts, or the 'equal weight DM', is simply the

arithmetic average of the experts' probability distributions. In the assessment of the

performance-based decision-makers on the other hand, each experl receives a weight

that is basically his normalized performancc. The normalization serves to ascertain that
the sum ofweights for each variable equals 1.

However, if an expert's calibration score is belolv a suitably chosen value of the

signilicance level cq,p,, the expert, considered as a hypothesis, is 'rejected' and his weight

is set to zcro. The significance level receives the value that optimizes the pcrfonnance of
the DM, which is calculated in the same way as the performance of individual experts.

Two performance-based decision-makers can be distinguished, viz. the global rveight

DM and the item rveight DM. In assembling the item weight DM, the experts' weights
are calculated per variable as their (nonnalized) item performanccs. Analogously, the

global weight DM uses each expert's global performance as a single rveight for all

variables.

Applicotion in this study
Table 4.6 shows the performance scores lor four different decision-makers.

Tabk 4.6 Comparison of perfomances oJdifferent decision-makers. The'best'erpertis the expertwith

the htqhest ouerall performance.

DM Significance Calibration

level 0 Co:t

Inlormation Performance Contributing
I o, u)Dlj exllerts

we 2.0. 10, 0.14 2.8.101 1...,

Global weisht g3q
0.30

3.6. l0-r 0.5s 2.0 10-r 2

2,9
6

Item ygight +.2.t0-t 0.+7 2.0.10'l

'llest' e 3.0. 10-1 0.73 2.0 l0'1

It is clear that all DM's outperlorm the equal weight decision-makcr. The only expert

contributing to the optimized DM on the basis of global weights is expert 2. The
optimized DM's do not outperform the 'best' expert in the study. This might be due to

the fact that all cxperts show the same bias, i.e. overestimation. Indeed, in that case any

combination olexperts shows this tendency.
The di{Ierences in performance scores of the best expert, the item weight DM and the

global weight DM are negligible. Either of them is equally eligible as the 'optimal'
combination of the experts' assessments. In this study we will use the giobal weight DM.
The 50/0,500/, and 9570 quantile assessments of this DM are shown in Figure 4. 15.

These values are tabulated in Appendix C.2.

o(
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Figure 4.15 @mntile aalues of the global weight DM. The dots are the median t:alue.r, the error bar.s

represent the 90% con;fidence inlentaLs. Fr.,r reference the ruind tanneL resuLts are also sltoun as hoi<ontal

bars.

4.6.5 Combinotion of the experts' dependencies

lntroduciion
Each of thc cxper.ts assessed the dependencies associated with the I I arcs in the

dependence tree in Figure 4.7. Their assessments are tabulated in Appendix C.2 in the

form they rvere elicited, viz. as conditional probabilities (see section 1.4.2).h principle,
the combined conditional probabilities for the DM can bc calculated by linear pooling,

using the expert weights as discussed in the pre.,.ious section. A discussion on the

mathematical subtleties involved can be found in Cooke and Kraan (1996).

However, as only one expert (no. 2) participates in the global weight DM, which will be

used in the remainder of this study, the combination of dependencies is trivial. The rank
correlation matrix lor the pressure diflerence coefficients can directly be determined
from the 1l conditional probabilities, r,vhich were elicited from expert 2. This involves

t\,vo steps:

1. Calculation of the rank correlation corresponding to the elicited conditional
probability for each arc o1'the dependence tree.

2. Assessment of the full corrclation matrix from these rank correlations lor the I I arcs.

Step 1

Cooke and Kraan (1996) argue that given arbitrary continuous marginal distributions
for two variables, the rank correlation between these variables is uniquely dctermincd by

the elicited conditional probability under the assumption that the joint distribution over
the variables is minimally inlormative relative to the joint distribution with independent
marginals (the product of the marginals). They also provide numerically computed

values of thc rank correlations as a function olthe conditional probability in question for
the case of multiple experts.

Step 2

Meeuwissen and Cooke (1994) show that lor every rank correlation dependence tree

there exists a unique joint distribution having minimal information relative to the

1.0

0.5

0.0

-0.

-1.

ffi,
I

0 60 r20 180 240 300
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product distribution with the specified univariate marginals. With the uncertainty
analysis tool UNICORN (Cooke, 1995) the rank correlation matrix of this joint
distribution can be simulated lrom the specified rank correlations for the dependence

tree on a random sampiing basis.

Applicotion in this study
Table 1.7 shows the rank correlation matrix for the pressurc difference coefficients,

simulated with UNICORN on the basis of 10 000 samples. The boxed values show the

rank correlation values corresponding to the conditional probabilities that were elicited

lrom the experts.

Tabk 4.7 Rank cc,rrelation matix for the pressure difference coeficients. The matix quantfies the

dependencies between br,tth the AC1,t's and the AC1,'t's. Dependencies between ACpt and the ACpz were

not elicited. The boxed cells shou the rank cotrelations corresponding to the conditional probabilities that

were dtrectf eLicitedfrom the experts.

4.6.6 Robustness onolysis

lntroduclion
Confidence in the conclusions ol the study benefits by robust results, i.e. a DM that is

relatively insensitive to the exclusion of one single expert or one single realization in the

analysis. In a robustness study, the sensitivity of the DM to a certain perturbation is

related to the information score of the perturbed DM relative to the original DM. As an

anchoring value fbr this information discrepancy, the relative inlormation of the experts'

distributions to the equal weight DM (average expert) is used, which is in the order of
0.5 on ar.'erage.

Robustness for experls
Not surprisingly, the DM only changes if expert 2 is removed from the expert panel.

Recalculation in that casc yields a DM with an inlormation score o10.63 relative to the

ol

0,, 30" 60,, 90" 120" rs0" 180,, 2r0, 2+0" 270" 300,,

l 0.s2 0.43 -0.07 -0.56 -0.581 -0.931 -0.91 -0.89 -0.13 0.69 0.68

0.52 I 0.26 -0.05 -0.34 -0.37 -0.55r -0.56 -0.55 -0.09 0.41

0.43 0.26 r -0.03 -0.29 -0.3 -0.45 -0.46 -0.47 -0.0{J

-0.07 -0.05 -0.03 I 0.04 0.0+ 0.07 0.07 0.07

-0.56 -0.34 -0.29 0.04 1 0.4 0.6 0.61

-0.58 -0.37 -0.3 0.04 0.1 I 0.62

-0.iri> -0.45 0.01 0.6 0.62 I

-0.91 -O.a)(i -0.46 0.07 0.61

-0.89 -0.55 -0.47 0.07

-0. l3 -0.09

0.69 0.41

0.09 -0.47 -0

0.62 0.08 -0.+7 -0.

0.96 0. r 3 -0.73 -0.13

0.1,t -0.74i -0.7ir

0.09 0.08 0. 1 3 0. l,l
-0.0+ -0.47 -0.+7 -0.73 -0.7 4

0.36 -0.06 -0.46 -0.4t] -0.7

0.11! r -0.r -0.11

j.C -o.l I o.5s

-0.73 -0.1 1 0.55 I
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original DM. This is comparable to the anchoring value, which indicates a moderate
sensiti.,,ity.

Robustness for items
Ilthe measured realizations are removed one at a time and the global DM recalculated,
the maximum information relative to the original DM is 0.2. Comparison with the
anchoring value indicates that the DM is fairly robust for items.

4.7 Discussion

4.7.1 lntroduction

Basically, Figure 4. 15 and Table 4.7 together with the assumption of minimal
information (see Cooke, 1991, Appendix C.l) specify the joint probability distributions
over both AC2r's and AQ,t's for the decision-maker. Considering the fair calibration
score of the DM, this information provides an answer to the principal question in this

chapter, i.e. 'what is the uncertainty that should be considered in wind pressure

diflerence coefficients assessed from existing data and generic knowledge?'.

However, two other issues deserwe notice. First, the case structure was designed in such

a way that a distinction can be made between:
. measuring location near the center ofthe faEade versus close to the roofedge.
. approach flow over open terrain versus over built-up terrain
It is inrerestine to investigate to what extent the experts distinguish between these

situations in their uncertainty assessments and how this affects their performance scores.

These issues are discussed in section 4.7.2.

Moreover, in section 4.7 .3 we discuss the question under what provisions expert
judgment could develop as an alternative for a wind tunnel study.

4.7.2 Disoggregotion

The case structure enables distinction between:
o measuring location near the center ofthe faqade versus close to the roofedge.
. approach flow over open terrain versus over built-up terrain
In this section the experts' assessments are disaggregated to study whether they
distinguish between these situations and how this affects their performance scores.

First, the experts'assessments on A,Cp.r and A,Cp.z, the pressure diflerence coefficients at
measuring positions 1 (close to the roof edge) and 2 (near the center ol the faqade)

respectively, will be compared. Subsequently, separate evaluations of the subsets

L,Cp.,,pu.n,t (wind angles 120n, 150u, 180", 210o and 240n, approach flow over open terrain)
and LC1,.r*itt a, (wind angles 300", 330n, 0u, 30" and 60", approach flow over built-up
terrain) will be carried out.
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Meosuring position I versus 2
Table 4.8 and Table 4.9 list the experts'performance scores for the AQ,,r's and AQ,,z's

respectively. In each of these tables, the second column shows the calibration scores,

which are scaled to 10 items to allorv comparison with the other calibration scores

presented in this chapter. The third column presents the mean relative information

scores of the experts on the items the tables reler to. The information scores relate to

intrinsic ranges, which are identical for A,Cp.t and LCpt {br each wind angle. These

ranges are the smallest intervals, comprising the default intrinsic ranges for both the

LCp.t and the AQ,,:involved (see Appendix C.1). Equation of the intrinsic ranges enables

comparison of these information and perlormance scores between Table 4.8 and Table

4.9. The fourth column shows the overall expert performance) i.e. the product of the

calibration score and the information score. The iast column shows the normalized

weights of the experts.

Table4.BACp.t,l2items,calibrationpouter0.B3(l0ffictiueitems),a",1,rB.l 102

9.6 10 3 0.66 6.3 10-3

7.5 10-2 0.49 3.7 10-2

0.52

I .2 l0-3 2.3 10-r

0.87 8.7 10-5

0.76 6.2 102 L
0.76 62 r0'

Tabk 4.9 ACpl, 12 items, calibrationpluer 0.83 (10 efectiueitems), o,4,F6.9 1Q-i

Expert Calibration Information Performance wei

C, I"-ru*un lUe

ghl

+./ 0-2 0.68 3.2 0-2 0

2 6.9 0-r 0.67 4.6 0-l 1.0

3 6.6 0-2 0.46 3.0 0-2 C

+ !,2
2.05

0-3 0.19 2.3

0-3 0.80 1.6

0-+ 0

0-3 0

6 5.7 0-r 0.76 +.3 0-l 0

DM (olobal) 6.9 0-r 0.67 4.6 0-l

The information scores on common intrinsic ranges do not difler much between L,Cp,r

arrd LCp.z, which indicates that the experts were about equally informative, i.e.

uncertain, in their assessments of LCp.t and LCp:t. However, most experts per{orm

significantly less on LCp.t than on LCp:. The difference between the performance scores

for the optimized DM is approximately a factor 7. Further analysis shows that the DM
for the ACp. r's has both a significant tendency to overestimate and a significant tendency

B9

Expert Calibration Information Perlormance weight

C, f,.,, ,,,, Ire
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for overconfidence, whereas both tendencies are absent in the DM lbr the AQ":'s. This
is valuable feedback information, which may help to improve expert perlbrmance in
future expet judgment studies in this field.

Exposed versus built-up
To study the eflect of the buildings and trees on the experts' assessments, the set of
assessments on the LCp,,,pu.nis for approach flow over the 'southern', void hall (wind
angles 0 € {120,,, 150,,, 180,,, 210,,and 240,,}) are compared to their mirror set on the
A,Cp,r,uitt,p's for approach flow over the 'northern', buiit-up half (approach flow angles

180,,-e).

The numbers in columns 2,4 and 5 were calculated analogously to their counterparts in
the previous sub-section. To obtain the inlormation scores in the third column, the
intrinsic range for each variable in the exposed set and its 'mirror' in the built-up set was

set to the smallest interval comprising the default intrinsic ranges for each of the two
variables.

Tabk 1. 10 ACp.elnrut t l0items, calibrationpowu 1.0, (10 ffictiueitems), a",1,F7.3 102.

Expert Calibration Information Performance weight
C, fr."oor*un l.oe

I 1.0 0-1 0.91 9.1 0-5 i
2 5.8 0-2 0.87 5.0 0-2 t
.) 2.7 0-+ 0.79 2.1 0-1 C

+ 1.2 0-3 0.37 +.4 0-i C

5 I.0 0-+ 0.85 8.5 0-5 C

6 l -.1 0-2 1.41 1.0 0- l.c
DM (elobal) 7.3 0-2 t.4l 1.0 0-r

Tabk 4.11 ACp.buittuttt 10items, calibrationpouter 1.0, (10 efectiueitems), a,4,t=7.9 10t

Expert Calibration Information Performance weight
C, Ir.ru *r, tae

7.9 0-r 0.84 6.6 0-r 1.0

2 1.9
3 3.1

0 I q.7*1 3.3

0-3 0.45 1.1

0-r 0

0-3 0

4* t.2
5 1.0

0-3 __" 0.35 4.?

0-1 1.06 1.1

g',0
0-+ 0

6 z.J 0-1 0.50 1.3 0-l

DM 7.9 10-r 0.84 6.6 10-1

Leaving aside expert 5, the information scores of the experts and the DM for the
southern, 'exposed' wind angles are hisher (less uncertainry) than for the northern
angles. This is in accordance with expectations as a relative abundance of experimental
data is available on pressure coefficients for exposed buildings.
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Holvever, all experts and the DM receive a lower performance score lor the 'cxposed'

wind angles. Further analysis shows that the DN{ for the LCp.,,1,una's is significantly

overconfident and has a significant tendency to overestimate. Both biases are absent in
thc DM lor the LCp.r,u;ttu1,'s. Apparently, the relatively high informativeness (reduced

uncertainty) in the assessments for the exposed wind angles is unjustified.

As in the previous sub-section, this information may be valuabie to improve expert

performance in future expert judgment studies in this field.

4.7.3 Expert judgment compored to wind tunnel

It is interesting to compare the uncertainty in the DM's assessments, shown in Figure

4. 15, with the uncertainties in pressure difference coefficients, obtained from a wind

tunnel experiment. This rer.'eals the extra information wc gain by doing a specific 
"vind

tunnel experiment instead of an assessment on the basis of existing data.

As each sound wind tunnel test, compliant with the case description in section 4.2 yields

valid realizations ol-the wind pressure diflerence coefficients, the spread in the outcomes

ol such tests would be a suitable estimator for the uncertainty. In a recentlv completed

study (Hoelscher, 1997), twelve wind tunnel laboratories measured the surface pressures

at a floor-mounted cube , corresponding to 50m height in full-scale. Thev rvere asked to

per{orm the measurements in a simulated boundary layer florv at neutral stratification

corresponding to urban terrain with a profile exponent olcx, = 0.22 +/- 0.02. Apart
from a few basic constraints, the participants u,ere free to perform the tasks according to

their own.judgment and standards.

t.4
7.2

1

e 0.8

uo 0.6

0.2

0

-0.2
0306090

wind angle (degrees)

Figure 1.16 Spread in uind pressure diference cofficientq measured in haeLae diferent uind tunnels on

anisolated cube (Hoelscher, 1997). The error bars rel)resent the 90% confidence inleruals. The upper

error bar.r are obtained thefagade centurhne at a leuel of 0.5 of the cube height, the louer bars ttereJiund

at 0.93 ofthe cube hcight also at thefagade centerline.

Figure 4. 16 shows the 90o/o conlidence intervals lbr pressure diflerence coefficients

betrveen front and back of the cube, measured at the faEade centerline at 0.93H and

0.5H respectively, where H is the obstacle height. These measuring iocations are

comparabletothose of LCpt (0.93H) andLCyz (0.43H) respectively.Figure4. l6shows
that the width of the confidence intervals is on averase 0.2 and does not significantly

depend on the wind angle.
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To cxplore if these results obtained for an isolated cube o1'50m full-scale height make

sense in thc current case) a virtual expert lvas created. His median values were chosen

equal to the outcomes of the UWO wind tunnel test. The 95o/o and 50/o quantile values

were set to the median value */- 0.1 to obtain 900/o confidence intervals of width 0.2.

Subsequently, the performance of this virtual expcrt.,vas scored on the results of the test

in the DN\V tunnel along with the other experts. Tablc 4. 12 lists the performance score

of this virtual expert. For comparison, the scorcs of the D\,{ based on the experts'
assessments is also showrr.

Tabk 1.12 Performance of a uirtuaL expert, created on the basis of the data jtm the []l[O-te.;t and

scored on the results oJ the expeimenL in the Di{W-tunnel, calibration pouer 0.42 ( I 0 efectite ilems).

For compaison, the scores oJthe DM based on the experts' assessments are recalledfrom Tabk 1.6.

:. I ri,'
i \-irtual expert 3.8 10-r 1.ti5 o.2 l0'r i

. oy,-,Srqr.l.dr *- flo, - o.ss z.o in

Comparison ol-both sets of scores in Table 4. 12 shows that thc virtual expert, created on
thc basis of wind tunnel data, has a calibration score, which is similar to that of the D\{,
caiculated lrom the expert judgments. However, the information score of the virtual
expert is 3 times higher than the information score of the DM. Or, alternati'u,elv, the

confidence intervals of the virtual expert are 3-6 times narrower than the confidence
intervals of the DM. This can be interpreted as the extra information, which is sained
by doing a wind tunnei experiment in this case.

Wind pressure coefficients, assessed on the basis ol existing data in this study have an

uncertainty, which is large compared to both their median values, and to the (estimated)

uncertainty in wind tunnel results. This suegests that the output of models and tools,

based on a parametric analysis of prior u,ind tunnel and full-scale data, have little
meaning unless the uncertainty in this output is quantified. This study shows that an

expert judgment study is an adequate method to perlorm this quantification. In the form
it was implemented hcre though, it is also a very expensive approach, far more
expensive than a wind tunnel study.

The most obr.'ious measure to cut back the costs, i.e. by reducing the number of cxperts

in the pancl to e.g. I or 2, is not an attractive one at this stage. Indeed, the experts in
this study show littlc agreement in their assessments. This is expressed in their rationales,
rvhich underpin their assessments with di{Ierent and sometimes evcn conflictins
arguments. Nloreor,'er, the experts' calibration scores show a laree scatter and only tr'vo

out ofsix experts receive a fair calibration score.

Thus, at this stage it should be concluded that an expert judgment studv is not an

attractive alternative for a wind tunnel experiment. However, this tcntative conclusion is

moderated by the follorving consideration. If expert judgment studies would be as

common as wind tunnel studies are today, experts would be better trained to make

sub.jective probabilitl assessments) which might allow lbr a reduction of the number of
expefts in the study (see e.g. Cooke, 1991). Moreover, experts would probably be better
equipped to estimate wind pressure coefficients on the basis of available data, which
might lead to a reduction of their uncertainty rvithout a loss of calibration.



Conclusions and recommendations

Hcnce, it seems worthwhile to dedicate further research efforts to the exploration of the

perspecti\.es of expert judgment in this field.

4.8 Conclusionsondrecommendotions

Expert judgment \'vas successfully employed to quantify the uncertainty in wind pressure

dilference coefficients for a flat-roofed low-rise building (l xwx h: 56 m x 14 m x 14 m)

in an r-rrban enr,.ironment. The uncertainty was measured in the situation that the

coefficients arc assessed on the basis olexisting experimental data and knowledge rather

than with a specific (wind tunnel) experiment. The obsened uncertainty is large, both

compared to the median values of the coefficients, and compared to the (estimated)

uncertainty in wind tunnel results. This suggests that point estimates on thc basis of
existing data do not give useful information. Instead, probability distributions lor the

coefficients as obtained lrom an expert judgment study, might be valuable lbr certain

applications.

Moreover, valuable feedback information was obtained to assist experts in improving

their assessments in possible expert judgment studies in the luture. Firstly, it was

obsen'cd that the experts showed a significant tendency to overestimate and a significant

tendency for overconfidence in their assessments of the pressure di{Ierence coefficients

near the roofedge (pressure taps located at the centerlines ofthe long facades and lm
belorv the roof edge). These tendencies werc absent in their assessments of the

coefficients at approximately half the building height.

Secondly, the experts were lound to display similar biases for wind angles with llow

approaching the building over an exposed near field, whereas these biases were absent

for situations with flow approaching over irregularly built-up, urban terrain.

In the form it rvas implemented in this study, elicitation and processing of expert

judgments is much more expensive than a wind tunnel experiment. Further study is

required to investigate to which extent the costs (and possibly the uncertainties) would

be reduced if cxperts would become more lamiliar with and skilled in the assessment of

subjective probabilities.

93



5 Uncertointy the indoorin
iem perotu re d istri bution

5..l lntroduciion

A central component of simulation modeis rvhich asscss thermal comlbrt in a building
space is thc energv balance for the indoor air. In current simulation tools, the air volume

is lumpcd into onc single node, to w'hich a singlc tcmperature, i.e. thc mean air
tempcratlrre is assigned. Under the assumption that the air temperature is uniform, this

air node temperaturc can be used in the calculation of the ventilation heat florvs and the

heat flou.s lrom the air to the room enclosure on the basis of (semi-) empirical models {br

the convective hezrt transler coeflicients. Moreover, the unilorm temperatur(' assumption

is adopted in the assessment of the avcrage thermal sensation of an occupant in the

room. This approach was uscd in Chapter 3.

Horver,er, the temperature distribution in the air will generally not be uniform. Indeed,

in naturally ventilated buildings, which arc uscd as an example throughout this thesis,

there is limited control over either ventilation rates or convective internal heat loads.

This results in flow regimcs varyirrg fiom predominantly forced convection to fully
buoyancy driven flow. In the case ol buoyancy driven flow, plumes from both heat

sourccs and warm walls rise in the relatil'eI1, cool ambient air, entraining air from their
cnvironment in the process, and create a stratified temperature profilc. Cold plumes

Iiom hcat sinks and cool wa1ls may contribute to this stratification. Forced convection

flow elements, like jets, mav either enhance thc stratilication ctlcct or reduce it,

dcpendent on their location, direction, temperature, and momentum flor,r'.

Non-unilbrmity of the temperature profi1e distribution aflects the energy balance lor the

air volumc. N{oreover, it may cause thc local air temperature. cxpcricnced by an

occLrpant, to deviate lrom the mean air temperature. 'fhese eilects may rcsult in a bias

of tl're simr-rlation output, i.e. the building performance with respect to thermal comfort.

In the scnsitivitv analysis, reported in Chapter 3, the e{Iect of an alternative assumption

for the air temperature distribution in buildine spaces was explored. The analysis

revealed that the eflect ranks among the more important modeling uncertaintics

in"'estigated in that same study. Consequently, it was felt that additional study would be

appropriate to investigate how air temperature distributions can be more thorouehly
assessed in building simulation.

In theory, the flow fie1d in a spacc is lully determined by the Navier-Stokes equations

plus the equation for energv conservation rvith their boundary and initial conditions.

When these equations for the flow are solved simultaneously with the other equations in

otr
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the building simulation model, the two sets of equations supply each other's boundary
conditions and the temperature field is dynamically calculated. Unfortunately this
process is hampered by two problems:
1. Straightforward solution ol the flow e quations is not possible in cases of practical

interest.

2. As a result ol approximations in the structure and incompleteness of the input ol
building simulation models, the boundary conditions ibr the flow are not uniquely
specified. This results in uncertainty in the flow fie1d.

Substantial research ellorts have been dedicated to the first problem, which has

common leatures in all areas of flow modeling. The second problem, which is building
simulation specilic, has received negligibie attention. It is interesting to address both
problems in tandem though. Indeed, it seems pointless to use a sophisticated model lbr
the air temperature distribution in a building simulation if the input to this model is

highly uncertain. Hence this study explores a way to model the relevant aspects of the
air temperature distribution with their inherent uncertainties rather than to Ibcus on a

method to produce the 'best'values for given boundary conditions without uncertainty'.

The study is tailored to a specific space, which is similar to the one in the crude
uncertainty analysis in Chapter 3. It is described in section 5.2. Section 5.3 gives a brief
overview of existing approaches to model temperature distributions in building spaces.

The subsequent section elaborates on the uncertainties in the boundary conditions lor
the flow in a tlpical building simulation context. A strategv to come to a model for the
relevant features of the air temperature distribution with their uncertainty, which can be

implemented in a building simulation model to assess the effects on building
performance, is proposed in section 5.5. This strategy is explored step by step in the
subsequent sections.

In Section 5.6 a heuristic modcl lor the air tempcrature distribution is formulated.
Section 5.7 reports on the assessment of the uncertainry in this temperature distribution
in a number of carefully selected cases. As in Chapter 4, expert judgment is used in this
stage. Then, in Section 5.8, the uncertainties in the temperature distributions from
Section 5.7 are mapped to the parameters in the heuristic model from Section 5.6.
When this mapping process, which is referred to as 'probabilistic inversion', is

successful, it results in a fioint) probability distribution over the model paramctcrs,
expressins their uncertainty, which can be used in combination with the heuristic model
in building simulation.

The aim of the study is to assess the feasibility of the approach, to idcntify problem
areas, and, iI'possible, to come up with a workable model for the space to be used in an
uncertainty analysis. The final section is used for discussion and conclusions. In addition
to an evaluation of the case study, generalization to other spaces will bc discussed as a
step in the development towards a general tool for engineering practice .
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5.2 Description of the spoce

The space addressed in this chapter closely resembles the spaces which were considered

in the crude uncertainty analysis in Chapter 3. A sketch olthe space is given in Figure

5. t . It is part of a low-rise o{fice building.

0.30 m
0.20 m
0.20 m

1.00 m

1.00 m

5.4 m

Figure5.lThefficespaceunderstu@withintemaldimensions(lxwxh) 5.1 mx.?.6mx2.7m.
The height of thefixedruindow is 1.0 m. Cross-uentilation of the space takes place through a cantileuer

windota in thefagade and a rectanguLar aent in the opposite wall. Thefumishing to accommodate two

peopk is not shown.

cantilever
window

outdoor

Figure 5.2 Lytout of thefacade (a), the cantiLeuer window (b)

ruindow (c).

c

and a ide oieut ofthe opened cantileuer

ka

0.9 m
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The building is situated in a moderate climate, like in The Netherlands. The period of
interest is the spring/summer (April-September), during which the indoor climate in the
building depends on natural ventilation supported by mechanical ventiation if required.
The space is cross-ventilated through a cantilever window in the faEade (see Figure 5.2)
and a vent at the same level in the opposite rvall. The door in this Iacade is closed.
The space has a concrete floor. The interior r,vails between the spaces are constrxcted of
sand-lime bricks and the ceiling is false. The facade is well-insulated and the windows in
the facade consist of double-glazing. A moveable external solar shadine device is
mounted.
The space is furnished to accommodate 2 office workers. The borderirlg spaces are
similar in design and operation.

5.3 Modeling of the oir lemperoture distribution

5.3.1 lntroduction

This section starts with a recapitulation of the way the air temperature distribution in
spaces is modeied in the current building simulation models. Subsequentlv, a brief
overview is presented of alternative modeling approaches.

5.3.2 Current modeling opprooch
Current buiiding simulation models start from the energy balance for the indoor air
volume of the entire space (see also Figure 5.3 and Section 2.3.2.

p r,v + = e,"u, *Le,,",,., + e, (s. 1)

(5.2)

(s.3)

where

P, ct,, V

Q,u',

Q,r.,
Ti,,

Qv

Q,.= Q,,,".,.* Q"o,.,

Q,",, = pce^, (7,, -7",,)

density and specific heat of air, air volume
convective part ofinternal heat production
convective part ofsolar gain
temperature of the incoming air
air volume flow through the space26

2(; In general. multiple flows may enter and leave the space and the volume flows will be state variables in
a coupled mass and heat transport problem (see Chapter 2). The space, specified in section 5.2, horvever.
has only two openings md the prevailing ventilation mechanism will be cross-ventilation. As both
openings are located at the same height, the temperature field in the space will have a negligible effect on
the volume flows through the openings. Hence. these volume flows can be assessed separately and
imposed as boundary conditions on the air.{low.in the space.
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An illustration of the main variables in these equations is shown in Figure 5.3. As Qguou.i,

7,,, and Tout 2;r1. unknown, (5.1) and (5.3) do not form a closed set. To settle this, the

following additional equations are used in current building simulation practice (see also

Chapter 2):

(s.4)

(s.5)

Qn,il.,

Tni,

T,t

where
Audl.i

Tzautl.i

0"c.i

heat Ilows lrom wall component2T I to the air

mean air temperature

temperature of the air leaving the space

\u, = T,u

Q,"nLt.i = a,,;(T.at.i - To,)Au*u,;

the surface area of wali component ?

the surlace temperature ol wall component i, a boundary condition

provided by the rest of the building simulation model

convective heat transler coellcient for wall component l, a (semi)

empirical parameter

Equation (5.4) is satisfied by the assumption of uniform air temperature. Moreover,

under this assumption, the temperature difference over each wall boundary layer is

adequately modeled by T*at,i - 7i*. This means that literature values for the heat

transfer coefficients, which are commonll' related to the temperature difibrence over the

wall boundary layer, can be used to quantify ot,i (see e.g. Khalifa, l9B9). Finaliy no

separate evaluation of the local air temperature, experienced by an occupant of the

space, is required as this occupant is immersed in a uniform temperature Iield.

lr I

ov,Tin /l

Figure 5.3 lllustration of the aaiables acting in the heat balance of the space.

27 fu explained in chapter 2, in a building simulation model. the enclosure of a space is sub-divided in

enclosure- or wall-components !!'ith different materials and/or orientation.

.+
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Hou'ever, as discussed in the introduction, unilorm air temperature is actuallv the
excePtion rather than the rule. This implies that (5.4) no lonser holds, straightfonvard
application ofthe literature values for the heat lransfer coefficients is questionable, and
an occuPant may sense an air temperature different lrom the mean value. To assess

thesc eflects, more detailed modeling of the air temperature distribution is required. The
next section gives an ovcrview olapproaches to model the florv lield in building spaces.
Tl'rc section mainly Ibcuses on their applicability to naturallv ventilated spaces in the
context ola building simulation.

5.3.3 Alternotive modeling opprooches

This section prcsents a concise oveniew ol existing methods to assess the llow Iield in
buiiding spaces. The methods ranse from universal approaches to problem specific
solutions. Thc mcthods are addrcssed in descending ordcr ol'unir.ersality. \,Iore detailed
oven,ier,vs can be lound in e.g. Loomans (1998) and Heiselberg et ai. (1998).

Computotionol fluid dynomics (CFD)
Computational fluid dynamics is a generic tcrm Ibr a rapidly developing collective o{'
models and numericai techniques to simulate flow ficlds in a variety ol applications. All
CFD-approaches are based on the equations for energy, momentum and mass
consen'ation. A recent investisation on the application of CFD to simulate the airflorv in
buiiding spaces can be lound in Loomans (1998). Loomans demonstrates that
calculation of these flow lields involves a delicate balance between computational load
and accuracy. Several approximate methods have been developed to allow coarser
discretization of the cquations, both in spacc and in time. Howevcr, the universality ol
several of these methods is limited and calibration against measurements is

recommended. N{oreovcr, there are no general rules to determine the structure and
resolution of a spatial discretization grid, which produce sufficiently accurate solutions.
Finaliy, conversencc of the numcrical solution is often controlled by a number of
relaxation factors, which have to be set on the basis olexpericnce.

These complications cause the necessity to validate CFD-models against measurcments
(Chen, 1997, Bakcr et a1., 1997). Of special concern is rhe assessment of rhe hcat
transler at the walls. Niu (1994) concludes that an accurate simulation ol this heat
transfer in building spaces is very dilficult to obtain.

Moreover, application of CFD in a building simulation context requircs simultaneous
solution o1'the flow equations and the other equations in the building simulation model.
Negrio (1995) reports on an attempt to intesrate a dynamic CFD-model into a building
simulation model. Although cxtremely computationally intensive, tl.rc approach rvas

successli-rl lor relatively uncomplicated cases, but in cases of practical interest it appeared
difficult or cven impossiblc to achieve convergencc.
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Zonol models
To alleviate the computational loads inherent in CFD-calcuiations, tl.re zonal modcl
approach was developed (sec e.g. Inard et a1., 1996, Rodriguez et al., 1993, Peng, 1996).

As CFD, this approach spatially partitions the space , but the resulting ce1ls (or zones) are
much lareer. For each zone, equations of cnerql'and mass conservation are formulated.
Ho',vever, as conservation o1-momentum is not cxplicitly considcred, the resulting set of
equations is not closed.

To close the problem, additional information about the flow pattern has to be added.

T'wo methods to obtain this information can be found in literature. First, thc flow
pattern can bc obtained from a dedicated experiment (measurements or CFD-
calcuiations). The resulting zonal-modcl can then be applied to situations, where the
flow pattern is expected to be similar to that in the experiment. Examples of this

approach can bc Ibund in Howarth (19U5), Chen (1988) and Peng (1996).

Alternatir.,ely, the additional information can be based on assumptions about the florv
pattern, e.g. based on semi-empirical behaviorai laws lor individual flor,v components
(Inard et al., 1996). Reliable application of both tlpes of zonal models requires a

profound knowledge of fluid dynamics.

Gagneau ct al. (1997) propose a method to overcome this problem, but their approach is

stiil in its inlancy and its merits cannot be assessed yet.

Semi-empiricol opprooches
For various controlled ventilation sffategies, semi-empirical 'engineering' models have

been developed to assess the temperature distribution. Examples can be found in e.g.

Kriihne (1995) and Mundt (1996) for displacement ventilation. Another example is

reported in Chen et al. (1992). They present a database with pre-computed (stationary)

florv fields (temperature, velocity and contaminant concentration) for various air
conditioning strategies, as a function of space geometry, heat load, \,entilation rate etc.

All these approaches concern spaces r,vith controlled ventilation or air conditioning. This
implies that supply air temperature, supply flow rate and space heat gain are fully
coupled. In naturally ventilated spaces, these variables may vary almost independently
of each other, constituting a much larger set olconditions to be covered by a model.

Conclusion
The more universal approachcs (CFD and zonal models) to calculate flow fields in
building spaces require expert knor.vledge, i.e. a thorough understanding of lluid
dynamics and the subdeties involved in numerical florv simulation. Moreover, reliable
and flexible integration of either ol these approaches in a dynamic building simulation
model is still subject of research. Application of the semi-empirical models requires
much less expert judgment. However, lor a naturally ventilated space, as described in
section 5.2, no models are available to date.

r01
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5.4 Uncertointy

The typical building simulation context, addressed throughout in this thesis, is the

desisn context, in which building performance is to be assessed on the basis of the design

and specifications and a scenario, specilying the conditions during operation o['the
building (see Chapter 2). In this context, not all boundary conditions lor the airflorv are

available. In the current building simulation models, the air temperature is calculated

from (5.l) through (5.5) with the lbllowing information on the boundary conditions:

Tabk 5.1 Infomation on the boundary conditions for the airJlow, aaailabLe h the giten building

simulation context.

These variables are quantified either directly from the sccnario or by the other

equations in the simulation model. However, a dynamicai assessment of the flow fieid in
a building space requires more detailed information, e.g. the spatial distribution o1'Q,.*.,

i.e. specification of the heat sources and their position in the space, and the degree of
furnishing and the location of the furniture. Moreover, the outdoor climate is usually

represented (in the scenario) as a time series of hourly averaged data. However, the

indoor air flow field is likely to be sensitive to sub-hourly fluctuations in e.g. the air flow
rate and the solargain, which are highlyvariable processes. Finaily, determination ol'air
temperature experienced by an occupant requires knowledge of the location of the

occupant in the space, which is not available .

5.5 Modeling under uncertointy

As discussed in the previous section, we start from the assumption that, apart from the

geometry of the space, the information in Table 5.1 is available on the boundary
conditions of the flow field. We will address these variables as the vector r:

x = (ftottt, @v, T*, Q'*.o Qorl)

As discussed in section 5.3, we drop the common assumption that the air temperature is

uniform. Hence, we replace (5.4) with:

7.,, =Tu,, + LTo* (5.6)

and add an equation Ibr the air temperature 7,,., experienced by an occupant:

th. u.g. ?.,.Iug.d tr.fu." t.-p... lt-:yatlsgrypglg!_tj *
9:
Tin

the air volume flow rate

.e.c the sum ofthe convective heat eains lrom all internai heat sources

,l.c the convective part olthe solar gain entering the space

7",,.=7,,,, + L\,,. (5.7)
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Under the uniform air temperature assumption, no separate definition ol the occupant

air temperature 7,.. was required. Here, we define 2,. as the mean air temperature of
an air volume, located at an unknown position on the floor, with a horizontai cross

section of 1 m2, extending from the floor up to I .35 m (the top level of a sitting person).

With (5.6) and (5.7), the air temperature in the space is no longer modeled in terr-ns of
Tu;, only, but with the triplet Tui,., LT,,r and LT*,. These three variables are combined in

the vector2:

_l= (Tou, AT,,,b AT",;)

Uncertainty in2 results fiom the sources discussed in the previous section. We seek

find a model in terms of l, which can be implemented in a building simulation model

quantify2 with its uncertainty for the space in section 5.2.

First, we assume that a (quasi-) stationary model of the flow field in terms of "r suffices. In
a qpical buildine simulation context, the boundary conditions and inputs of the model

are hourly averaged climate data. Hence, processes with a characteristic time scaic that
is significantly smaller than one hour may be considered to respond instantaneously to a

change in the boundary conditions and/or inputs. Loomans (1998) reports on

measurements of the time required by the air in an office space to adapt from a fully

mixed flow to a stationary displacement flow at 0.75 air changes per hour. This process

takes only a couple of minutes, which corroborates that quasi-stationary modeling of the

flow field in a building simulation context is a sensible approach.

Under this assumption, we can write2 as a lunction of x:

2= M(t, d) (s.B)

where Mis the requested model and 4f is a vector with model parameters.

To find a combination ol M and 41, which quantifies the uncertainty in2, the lollowing

strategy was explored in this study:

1. Postulate a heuristic model M
2. For each xi in a suitabll, chosen set X of values for x, measure the uncertaintv in2,.

3. Find a joint probability distribution over 4f such that lor each xi in X the model

outcome M(ai, dl reproduces the observed uncertainty inTi (probabilistic inversion).

The three steps of the strategy are subsequently addressed in the lollowing sections.

5.6 Heuristic model

5.6..l lntroduction

As already discussed in section 5.3, no general models for 2 of the form (5.8) are

available from literature to implement in a building simulation model. Hence it was

decided to postulate such a model, based on heuristics on the one hand and results from

to
to
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several cxperimental and computational experiments, documented in the literature, on
the other hand.
As mentioned in the introduction, the flow regime in naturally ventilated spaces may
vary from buoyancy dominated flon,, throueh mixed convection to fully forced
convection. Hence, the model should describe2 as a function of 4 throughout this range
of flow regimes.

The required level of adequacy depends on the uncertaintl in2. As long as the errors in

2 due to inadequacies in the model structure M are small compared to the observed
uncertainty in2, the model satisfies the need. As at this stage the uncertainN in2 is yet to
be investigated, the level olmodcl sophistication is determined intuitively.

The modeling of each of the three elements of2 r,r'ill be discussed separatell,.

5.6.2 Modeling of the difference between exhoust oir
temperoture ond meon oir temperoture

The dillerence betrveen the mean air temperature and the exhaust air temperature is

AI,,r. Under the assumption that vertical temperature di{Iercnces in spaces are generally
dominant, we will consider a one-dimensional air temperature profile I(<) where ; is the
height above the floor. In this approximation, LTuut can be interpreted as the
temperature dillerence between nvo different levels above the floor.

First, several systematic studies are rer.iewed, which concern predominantly buoyancy
driven flows in spaces. Subsequently the influence of forced ventilation flows is studied.

Buoyoncy driven flow regime (noiurol convection)
In situations without forced ventilation flow (in the space under study this means that
the supply air flow rate Oy is small and does not significantly affect the flow pattern), we

seek to find a model lor LT.,r in terms of Q,u.,, Qa.,, and T no,r.

Two t)?es of confieurations are frequently used to study the effect of convective heat
sources on the temperature profile in buoyancy driven florvs:
1. Spaces with displacement ventilation
2. Radiator heated spaces

A concise literature review of studies on these configurations suggests that the air
temperature diflerence Albetween two vertically separated locations in the spacc varies

with the convective heat load Q as:

Lr _ Q:' (5.e)

for given type and location of the heat source(s). The heat sources addressed in the

studies include window surfaces, heated by solar irradiation. Reported values of the
exponent z are between 0.5 and 2. A more detailed report on the literature sources and
their analysis can be found in appendix D.
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Equation (5.9) does not explicitly take account of the infiormation in -Inur about the

surface temperature distribution over the lvalls. Diflerences in surlace temperature

between parts of the enclosure can drive thermal stratification. Those diflerences may

e.g. resuit from an uneven distribution of incident solar irradiation over the enclosure

and/or persistent thermal stratification in the preceding period. In the case under study

however, which concerns a well-insulated building with heary internal walls, double

glazing with external solar shading, operated in the summer season, der,iations of the

surface temperatures from the mean value T*ar will be strongly reduced by radiant heat

exchange. It is assumed that the contribution ol a possible non-uniform temperature

distribution over the space enclosure to differences in air temperature will be small.

Hence, this contribution wili be added to the model for LTo,r as an error term.

On the basis of these considerations, the following model is proposed for LTuut in a

buoyancy driven flow regime in the space:

LT =a^*a.O"

where ao is the error term) dt is a constant of proportionality,

convective parts ol the internal and solar heat gains, and n is an

and 2.

(5.10)

Q is the sum of the

exponent between 0.5

Mixed ond forced convection
As the lorced ventilation flow rate grows, the influence of the supply jet on the flow
pattern and thermal stratification wiil increase accordingly. The avai-lable inlormation to

characterize the jet consists of the Ilow rate (Dv and the supply air temperature L. It is

attempted to extend the model lor LTuub formulated for a buoyancy-driven regime in

the space, to take account of Ov and L.

In the literature, a considerable amount of studies can be found on how to obtain

certain desired flow field characteristics by controlling the velocity and temperature of
the supply jet in air conditioned spaces. However, systematic investigations on the ellect

of an uncontrolled supply jet on the flow field are few and far between. Hence, it was

decided to postulate a heuristic model and verifr it against the few data available from

the literature. This is discussed in the following subsections.

Wamjet
At moderate flow rates, a relatively warm jet (Ti,2 7,,;) will rise in the ambient air and

transport warm air to the upper regions of the space, thus sustaining a stratified

temperature profile in the air. The warmer the supply air at a given flow rate, the

stronser this effect will be.

If, ata given supply air temperature, the flow rate reduces to zero, the flow regime will
become fully buoyancy driven. On the other hand, if the flow rate increases beyond a
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certain point, the mixing eflect of the jet grows dominant and thermal stratification will
be suppressed.

A basic model for A7,,r, which complies with these notions, is given in the follor,ving
equation:

LT.,,,, =
ao + a, Q, + arpc r@, @,,, -7,,,)

1+ a.@'z,
@,,27,,,,) (5. r 1)

where (ap, a1, a2, a:1) is a vector with model parameters. If the flow rate @r = 0, (5.10) is

recovered, except lor the exponent n. Considering the heuristic nature ofthe rest ofthe
model and the fact that experimentally observed values for z are in the order of 1, a
linear approximation of (5. I 0) is deemed satisfactory.

The amount of experimental data in literaturc to validate thc model is scarce. A
systematic study in which the vertical temperature profile in an olfice space is measured
as a function of ventilation florv rate and supply air temperature for locations of supply
and exhaust comparable to those the case study, was found in Sandberg (1986). A
primary validation of the heuristic model in (5.11) was carried out on the basis these

data. Three experiments in the study by Sandberg concern configurations comparable
to the space described in section 5.2. The room dimensions in his study were 4.2 m x 3.6
m x 2.5 m (l x w x h), diffusers supplied the air horizontally just below the ceiling and
exhausts were Iocated near the ceiling.

In each configuration, stationary measurements were carried out for three ventilation
rates, I air change per hour (ACH), 2 ACH and 4 ACH, corresponding to 0.01 l, 0.02 I

and 0.042 m3ls respectively. At each of these ventilation rates, the vertical temperature
profile was determined for two or three values of the supply air temperature, which we
will reibr to as a 'low', 'moderate' and 'high' value. These supply air temperatures were
consequently higher than the exhaust temperature.

The symbols in Figure 5.4 show the experimental data lbr Tu,rTt,, (diflerence between
the extract air temperature and the air temperature at I m above the floor) as a function
of the air^flow rate and the supply air temperature. The drawn lines show the best fits of
(5.11) to the data. As Sandberg does not report the mean air temperature, 7,o was
estimated with the measured value of 7l..

As the internal heat load was kept at a fixed value in all three configurations, only one
single value for ao+ arQwas used in all model fits (0. 15,,C). The values ol az and at
were optimized for each configuration separately.

Although model prcdictions and experimentally obserucd values do not perfectly
coincide, the relevant trends are present and the model rarely deviates more than 0.5 (,C

from the measured data. Considering the lact that the model is to be used under
uncertainty in the parameter I'ector 4f. it is deemed useful.
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Figure 5.1 Compaison between measured ualues (slmbok) andfitted modeL ualues (lines) for T,,rTt,,
(dffirence between the extract air temperature and the air temperature at lm aboae the floor). Al each

Jlou rate @r, this temperature dffirence was measurediftr tul 0r three aafues of 7,,. The slmbokl
O and L represent data associaled uith the lower, moderate and higher uaLues of Ti, respectiuefi. The

three line.r in each graph accordingl connect model predictions associated uith the Louer, moderate and

higher aalues of Ta In configurations lA and 1B the suppll is a circular ffise1 located in the center

of the ceiling and the extract is positioned in a ruall just belout the ceiling. The dffiser tlpes ffir
between these configurations. Confguration 5 has the sul4)b in the shofi uaLL and the extract in a long

uall. Both are Locatedjust below the ceiLing.

Cooljet

For a cool jet, the situation is diflcrent. If the temperature diflerence between the supply

air and the air in the space is large and the flow rate sulficiently small, the cool air in the

jet will drop and predominantly mix up with air in the lower regions of the space,

thereby sustainins thermal stratification. This is typically a rvinter situation and we

assume here that in summer conditions this situation will not occur too often.

If the cool jet mixes up with air in the upper regions of the space, it will reduce or cven

inverse thermal stratification. At a fixed flow rate, this eflect increases for a growing

difference between supply air temperature and ambient room temperature. The

dependence on the flow rate is expected to be qualitatively similar to that lor warm jets.

Sandberg reports the e{Iects ol cool jets on the vertical temperature profile in three

configr-rrations with supply and exhaust located just below the ceiling. These

measurements show small, positive vertical temperature gradients. However, as only one
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obscrvation rvith a cool iet is performed in each configuration, no information is

available about the temperature profile as a lunction of the supply air temperature or
the airflow rate.

In absence of information to suggest otherwise, the modcl structure in (5.11) is also

adopted for supply air temperatures below room air temperature. Under that model,
Sandberg's data indicate that the coefllcient az will not have the same value for warm
and cooljets.

Resulting model

Hence the modcl is formulated as:

a,,*a,Q,.+ct,pcrO, (4, -4,,, )

LTuu,=
l+ a.@'1,

an * a, Q,. + al p c p Q, @,,, -7,,,,)

(r,,

(r,,

>T)

<7,,,)
(s.12)

building

(s. l4)

1+ a.@l

In the expression for T;,, 1 Tui,, the coellicient a+ appears in stead of az.

5.6.3 Modeling of the difference between temperoture
experienced by on occupont ond meon oir lemperoiure

The diflerence between the temperature experienced by an occupant and the mean air
temperature is A7,... In the development ol its model, LTu,t has been considered as a

temperature difference between trvo vertically separated positions in the air. As this

consideration also applies for LTo",, an analogous line of reasoning can be followed to
come to an expression in terms of x. Hence, the proposed model lor AZ,. is:

bo + brQ, + brpc rQ, @,, -7,,,) ff>r\
(s.13)

@,,'7",,)
l+b.Q'z,

The structure ol'the model for LTun is identical to that for LT*r but a diflerent set of
coeflicients is used.

5.6.4 Modeling of the meon oir temperoture

A model for the mean air temperature I,; is already used in the current
simulation models in the lbrm of the heat balance lor the air volume:

0 = pcp a, (T- -7"i, - LT*,)* Io.., @*u,, -7",,)A*r, , + Q,



Heuristic model 109

This equation foliows after combining (5.1), (5.3), (5.5), and (5.6), omitting the dynamic

term in the left hand side of (5.1) (assumption of quasi-stationarity). The model

parameters are the convective heat transfer coelficients 4,.,.

In this study, we will use an averagc heat transfer coefficient ct, which modifies (5.14) to:

0=pc pe, @,,, -Toi, - LT*,;+u. !(r,r, ., -7,,,)A,*r,., +g, (5.l s)

The values of heat translbr coe{ficients in the literature depend on the direction of the

heat flow they modulate (horizontal, upward or downward) and hencc on the

orientation of the n''all component they relate to. Especially the value for downward
(stagnant) heat flow, which may occur at either a relatively cold floor or a warm ceiling,

is much lower than the values lor horizontal and upward flows (see Figure 3.3 and

Figure 3.4). Hence, by the assumption of a single value Ibr the heat transfer coefficient at

all walls, the stagnant heat flows will be relatively overestimated. Considering the

radiant heat exchange between wall components and the uncertainty in the value of the

heat transfer coefficient, this is not deemed to be a significant obstacie.

Equations (5.12), (5.13) and (5.15) together lbrm a closed set, lorming a model lor2 as a

function oll of the form (5.8) with parameter vector d. = (ao, .. ., a !, d,., bo, ..., b+).

5.6.5 Discussion

The model for2, postulated in the previous sections, has a highly tentativc character. It
is predominantly based on heuristics and qualitative reasonins. It has no solid basis in
first principles, nor is it su{ficiendy validated against measuremcnts. The question arises

rvhat merit can be attributed to the model.
First, it is important to realize that the current approach in building simulation is a
special case of the model in (5.12), (5.13) and (5.15), except ibr the use of a single value

lor the convective heat translbr coefficient instead of a separate value lor each wall
component.
Second, the aim of the study is to model the uncertainty itl rather than to produce

accurate point estimates oi). This makcs the required accuracy ol'thc model dependent

of the (yet unknown) uncertainfy in2. Hence , it is worthwhile to complete the study with
this model to investigate to what extent it succeeds to represent the obsen'ed

uncertainty. Based on the results of this investigation, efficient steps can be pianned to
either improve the model if it is found inadequate, or to give it a more solid basis if it
proves to meet the purpose.
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5.7 Expert iudgment study

5.7.1 !ntroduciion

In section 5.4, the uncertainty in the relevant characteristics of the air temperature lield,
summarized in the three-element vector 2, rvas discussed in qualitative terms. This
section addresses the assessment ofthis uncertainty.
Ideally, assessmcnt of the uncertainties would be based on a statistical analvsis of
experimental data, obtained in a space matchins the description in section 5.2. The
design of experiment underlying such a data set should sulficiently cover the values o1'r

that may occur in the (naturally ventilated) space under study. Moreover, it should

display suflicient variation over those aspects of the boundary conditions, ll'hich are

uncertain in a building simulation context. Such a data set is not available. A specific

experiment to obtain such results would be a complicated, expensive and time-
consuming exercise.

Bcsides, it is not evident that an experiment is the only way to obtain the required

uncertainties. Indeed, advanced simulation tools are available, such as CFD and zonal

model techniques (see section 5.3.3), as well as experimental results, obtained in different
configurations. Belorc embarking on a sophisticated experimental study, it would be

interesting to investigate to what extent the uncertainties can be quantified on the basis

of these existing sources of information.
As mentioned in section 5.3.3, reliable flow field simulation requires expertise in both
fluid dynamics and the numerical techniques to solve the governing equations.

Interpretation of existing experimental results, olten obtained under dissimilar

conditions, to thc case at hand, also requires knowledge of fluid dynamics as well as

experience with measurements on flow fields. Hence it was decided to use expert
judgmcnt to quantily the requested uncertainties.

5.7.2 Moin feotures of the expert iudgment study

Expert judgment was also used in Chapter 4 to quantify uncertainties. The approach

that r,vas followed in that study, is also adopted herc. For the sake of convenicnce, the

main leatures of'the method are recalled in this section.

More information can be found in Chapter 4 and Appendix C.l in this thesis, or in
Cooke (1991) and Cooke and Goossens (2000). Issues that are specific for the current
study are addressed in the subsequent sections.

In an expert judgment study, uncertainry in a variable is considered as an observable

quantity. Measurement of this quantity is carried out through the elicitation of experts,

viz. people with expertise in the field and context to which the variable belongs. These

experts are best suited to filter and synthesize the body of existing knowledge and t<.r

appreciate the effects of incomplete or even contradictory experimental data.
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The uncertain variables of interest, also referred to as elicitahon variabies (in this study

LT,u6 T,,t and AZ.), are presented to the experts as outcomes of (hlpothetical28)

experiments, preferably of a qpe the experts are familiar rvith. They are asked to give

their assessments for thc variables in terms of subjective probability distributions,

expressing their uncertainty with respect to the outcome of the experiment.

Combination of the experts' assessments aims to obtain a joint probability distribution
over the variables for a (hypothetical) decision-maker (DM), who could use the result in
his,/her decision problem. This resulting distribution, which is referred to as the DM,
can be interpreted as a 'snapshot' ofthe state-o{:the-knowledge.

To meet possible objections of a rational decision maker to adopt the conclusions of an

expert judgment study, which are based on subjectir,e assessments, it is important that a

number of basic principles are obserued. First, the results should be verifiable and

accountable. In other r,vords, all data including the experts' names and assessments, and

all processing tools should be open to peer review. Second, the experts should have no

interest in a spcci{ic outcome ol the study (fairness). Third, the method should warrant
neutrality, i.e. the methods of elicitation and processing must not bias the results.

Finally, it is important that the experts' assessments are subjected to empirical control.

Cooke and Goossens (2000) present a procedure for structured elicitation and processing

of expert judgment, rvhich takes proper account of these principlcs. We mention the

main leatures of this procedure here. First, the experts are elicited on experimentally

obsenable quantities only. Besides, the experts are trained in the assessment of
subjective probabilities prior to the elicitation (De Wit, 1998). Moreover, the experts'

rationales, underpinning their assessments, are documented. Finally, the combination of
the experts' assessments is based on their performance, which is obtained from a

comparison of their assessmcnts on so-called .teedvariables with measured realizations ol
these variables.

This procedure was closely foliowed here. In this study 5 experts rvere selected on the

basis ol'their expertise in simulation or measurement of flow fields in building spaces.

They were asked to assess the elicitation variables LT,,,, T,i, arrd LT,,,,, in the space

described in section 5.2 for a number of specified values of the case variables I,oat, Qy,
T;n, Q,.u' and Q,r.,.
The seed variables were related to similar characteristics of the air temperature

distribution in another space for specilied stationary boundary conditions. Realizations

of these characteristics were available to the analyst (i.e. the author) from unpublished

prior climate chamber measurements.

5.7.3 Queslionnoire

The questions presented to the experts are referred to as cases. All cases together form
the case structure. The case structure consisted of two parts. One part concerned the

2tr The hypothetical experiments are physicall,v meaningful. though possibly infeasible for practical
reasons,
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elicitation variables LT,,r,Tui,.and LTo",, which had to be assessed in the context of the
space in section 5.2. The other part addressed the seed variables.

5.7.3.1 Elicitotion voriobles

First, we will address the constitution of one single case. Subsequently, the
considerations on the number of cases will be addressed. Finally, the composition ol'thc
total case structure lirr the elicitation variables is discussed.

Single cose
Strictly speaking, assessment of the uncertainty in the elicitation variabies on thc basis of
the available in{brmation in a building simulation context would require that thc expefts
are given the value of x in each case (see Section 5.5). Horvever, the model that will be

used in the probabilistic inversion, only takes a selection ofx as input. First, I contains
the surface temperatures of all wall components, whereas the model uses onlv the area-
averaged surlhce temperature. Moreor,er, the individual contributions ol convective
internal and solar gains are combined in a single model variable representins the sum of
both eains.
In this situation it would be most efficient to specify the case structure in terms of the
model variables only. However, the experts may not agree with the assumptions
underlying the model and omission of information from x could lead to spurious
uncertainly in the experts' asscssments. On the other hand, a systematic investigation
into the eflects olthe surlace temperature distribution would be beyond the scope of this
work. Hence, a middle course r'vas taken.
It was decided to include extra information on the surface temperature distribution in
the case definitions in addition to the area-averaged value. If this information nould
bear significantly upon their rationales, the assumption that the information is

superlluous would be disputed. As one of the more important mechanisms causing
surlace temperature differences between wall components is the uneven absorption of
solar radiation, the additional information the experts received consisted o1' the total
solar gain Q,z entering the space. They rvere also given the part of this gain that is

convectively emitted to the air to enable the evaluation of the total convective heat gain
in the space. The vector of case variables x* thus consisted of;

x* = (T,nut6 @r, T* Qr,,,, Q,,t, Qa.,)

where T,uuu is the area averaged suil'ace temperature, Qa is the total incident solar gain
and Qa,, the part of Q,z that is emitted convectively to the air.

Each case requested the experts to assess2 as the outcome of the following hlpothetical
experiment. From a Iarge population of spaces matchins the description in section 5.2,
one space is randomly selected. At some arbitrary moment in the sprine,/summer period
(April-September), measuring equipment is installed in the space. Thc variables L,,7,
@v, 7., Qr,,., Qo, and Qa. are monitored lor a period of I hour. Given the observed
hourly averaeed values o[ these variables, what would have been the hourly averaged
values of AI,tb Tn;, dnd AZ,, if they had been measured in the same experiment?
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The information on the experimcntal conditions did not include the initial conditions.

This is consistent with the assumption, discussed in section 5.6 that a quasi-stationary

approach suffices. However, the experts may not share this point ol vierv and attribute

uncertainty to 2 due to a lack of knowledge on the initial conditions. A large

contribution of this uncertainty to the overall acquired uncertainty is undesirable, as

inforrnation on the timc history is actually available in a building simulation, but rvas

assumed to be insignificant. In the discussion in Section 5.9, the experts' rationales are

scrutinized to reveal the composition of their uncertaintv at this point.

Number of coses
The costs of probabilistic inversion (computational eflort) and, to a lesser extent, of

expert elicitation impose constraints on the maximum number o1'cases. Whercas the

experts develop skills to deal with each next question more efficiently, the computational

demancls of the probabilistic inversion gro\,v more or less exponentialll, with the number

of cases (see section 5.8). To kcep computation times at an acceptable level, a maximum

of 9 cases, i.e. 27 elicited variables, was used in this study.

Within this limitation on the number of cases, it was deemed infcasible to study the

temperature field in the space for two directions of the airflorv. For a given florv rate, the

eflect of the supply jet on the flolv field strongly depends on the geometry of the supply

aperture. As shorvn in Figure 5.2, the orifices in the opposite walls are diflerently

shaped. Hence, a ventiiation flow entering the space through the window in the faqadc

rvill havc a clifferent impact on the flow field than a florv at the same rate in the opposite

direction. In the context of this pilot study it was decided to only consider cases with

ventilation llows entering through the u'indow'

Resulting cose structure
To design the 9 cases, values olx*wcre selected to optimally cover the space, spanncd

by these variables. The selected values and ranges for the indir,'idual elements of x* arc

ciiscussed in appendix D. They were combined to lbrm the case structure in Table 5'2.

For values of A,nul, p, and c1, see Appendix A.

Tablr 5.2 Case structure.for the eLicitation aaiabLes.

490 ir I0 500 +70

51 50 47 0

15. I 30.8 20.3 17 .2
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2.8.10) 2.8.10) 2.8.10'2 7.0 l0r 7.0 10.2 7.0 10-2
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l0-r 2.1 l0-r 2.1 l0 I

062000620

,,(l 23.0 23.0 23.0 23.0 23.0 23.0 23.0 23.0
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Queslions
For each case, the experts were asked to fill out the following two tables:

TabLe 5.3 QLantile ttalues oif the elicitation uariables to be assessed b7 the exputs.for each case.

Table 5.4 Dependencies to be assessed b1t the e,rperh.for each case

variable I variable 2 de
'r,,,, T*, - T,

r,,,,- 7,,,, 7,,,,, - T,

Table 5.3 requests the experts to specify their median estimate, or 50o% quantile value,
and their central 90o/n confidence intervals, bounded by the 5olo and 950/o quantile
values, for each of the elicitation variables LT*,t, T,;, and LT*,. These data provide
information about the experts' marginal distributions, but they do not reveal
information about the dependencies between the variables. Hence, Table 5.4 asks ibr a
seParate specification of the dependencies between the elicitation variabies within a
single case.

A common way to represent dependencies betlveen variables is in the form of rank
correlations. However, these rank correlations cannot be elicited directly. Therefore an
alternative approach was used, as already illustrated in Chapter 4. The experts, having
assessed their marginai distributions over variables I and 2, were asked to answer the
following question: 'Imagine that variable I has been measured in the case (experiment)
at hand. Its value is found to exceed your median (50% quantile) value. what is your
subjective probabiliry that a measurement of variable 2 would also have exceeded your
median assessment) if it had been measured in the same experiment?'
Under suitable assumptions (among which minimal information), this conditional
probability can be uniquely transformed to a rank correlation (Cooke and Kraan, 1996).

5.7.3.2 Seed voriobles
To implement empirical control, the experts were aiso asked to assess a number of
variables olwhich experimental realizations were available to the analyst, but not to the
expefis. The realizations were taken from an internal CSTB-report, which describes
experiments in a climate chamber carried out by Frangois et al. (1993). These
experiments were described to the experts in the questionnaire and the experts were
asked to assess the outcomes, again in the form of three quantile values. The seed
variables were chosen to resemble the elicitation variables as closely as possible. A
description of these experiments as they were presented to the experts, is given below.
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Description of the hypotheticol experimenls
The expcriments are carried out in another o{fice space (office space 2) with dimensions

as shown in Figure 5.5. The space is mechanically ventilated with outdoor air. Thc

intcrior surlace temperatures of'the enclosure o1- the space are monitored. A hot water

radiator is mounted below the window. During the experiments the space is empty.

Airllow into the space can be mechanically induced through a horizontal slit in the

facade just below the ceiling as shown in Figure 5.5. The geometry of the slit is

unknovr.n. The air flows out through cracks and joints, mainly in the wall opposite to the

facade. The door in this wall is closed during the experiments.

0.25 m

1.25 m

2.5 m

1.0 m

3.6 m

Fisure 5.5 Office space 2. Internal dimensions (l x u x h) 3.6 m x 3.6 m x 2.5 m. Height of the

utindou 1.25 m. Wntilationinletis located aboue the windou, lB cm belou; the ceiling. The space is

notfumished km\tj A hot water rarliator is located below the ruindoa.

The seed variables to be assessed bv the experts were:

l. Tt.t,n - To.r,,, the air temperature difference between 0. I m below the ceiling and

0.1 m above floor levei in the center ofthe space

T tt -, the air te mperature at I .5 m above floor level in the center of the space

In each case, these variables were considered to be the outcomes ol the following

experiment:
Prior to the experiment, a stationary situation is created. No solar radiation enters the

space and no internal heat sources are in operation, except for the hot water radiator.

The lollowing variables are measured, rvhile maintaining the stationary conditions:
(D7 air volume flow through the space

Ti,, temperature of the incoming air
7,,i, interior surface temperature of the window
T1n, average surface temperature of the floor
Tuit average surlace temperature of the ceiling

T*uu area-averaged interior surface temperature of the walls (floor, ceiling and windorv

surface excluded)
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Qb., convective heat production by hot water radiator
Tt, surface temperature of the parapet just behind the radiator

For each case, what would have been the values of the seed variables, had they been
measured in the same experiment? All unspecified experimental conditions should be
considered uncertain.

Five ol these experiments were presented to the experts. The conditions in these

experiments are shown in Table 5.5.

Table 5.5 Case structure;for the seed uaiables.

Questions
For each case, the experts were asked to fill out the following table:

Tabk 5.6 @LantiLe ualues of the seed aariables to be assessed b1 the experts.for each case.

variable quantiles

57o;SOS""CSS.
Tt.t- - Tr r^ "C
T) ;. .,C

5.7.4 Selection of ihe experts

A pool ofcandidates for the expert panel was established by screening recent literature
on relevant issues. Additional sources were the membership lists of IEA Annex 20

(Lemaire, 1993) and Annex 26 (Heiselberg et al., 1998). From the many candidates
resulting from tl're screening, 5 were selected. Table 5.7 shows the names ol the
participating experts in alphabetical order. To select the experts, the same criteria as in
Chapter 4 were applied.

Case A Case B C.lase C Case D Case E

w 220 ++0 330 0 0

7,, "C 34.5 4'.t.2 39.2 17 .3 I8.0
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inovan Chen Massachusetts Institute of'Technoloev (MIT). Boston. USA

Tony Lemaire The Netherlands Orsanization for Applied Scientific Research

, Delft, The Netherlands

Nlred Moser Eidgenossische Technische Hochschule (ETH), Zirich,
Switzerland

Peter Nielsen Aalborg Univg-rliry, Aalborg, D*qrlmark

i!il S."db".- R"r.l Institute o1"I'echnoloqv KTH), G^'1", $*

Table 5.7 List of experts in the experiment in alphabetical order.

Peter Nielsen and Tony Lemaire also acted as experts in the dry-run.

One olthe experts initially misunderstood the questions in the questionnaire. When this

came to light, there was insufficient time left to revise his assessments and he withdrew

lrom the expert panel.

5.7.5 Dry-run

The aim of the dry-run was to obtain leedback on the issues:

. are the questions clear and well-posed?
o can the training material be studied in the allocated time and are the training goals

achieved?
. can the elicitation be completed within the allocated time?

The dry-run meetings proceeded in a similar way as the actual elicitation meetings were

planned: a brief consolidation of the expert training followed by the elicitation, in which

the expert expiicated his assessments to the analyst. However, only two cases were

presented to the experts and considerable time was reserved to discuss the issues

mentioned above.

On the basis of the dry-run, the case-structure was adjusted and the questionnaire was

improved on a few points.

5.7.6 Elicitotion

The experts were contracted to spend 3 days on their assessments, ol which about 2.5

days were allotted to the elicitation. In the elicitation stage, the core of the experiment,

the experts made their judgments, both quantile values and dependency assessments,

available to the analyst. Each expert was elicited individually. They were specifically

asked not to discuss the experiment with each other. In this way, the diversity of
viewpoints would be minimally suppressed. N{oreover, any overconfidence resulting

from the (partial) consensus that is often reached among experts in a group elicitation

session would be avoided (Cooke, 1991).
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The elicitation stage took place in three parts. Prior to the elicitation meeting, each
expert prepared his assessments e.g. by looking up relevant literature and making
calculations. During the meeting, these assessments were discussed with the analyst, rvho
avoided giving any comments regarding content, but merely pursued clarily, consistency
and probabilistic soundness in the expert's reasoning. On the basis ol'the discussion, the
expert revised and completed his assessments if necessary. The experts were not
informed which of the elicited variables were the seed variables.

Completion of the elicitation coincided with the writing of the rationale, a report
documenting the reasoning underlying the assessments o1'the expert. During the rvriting
of'this rationale, which was done by the analyst to limit the time expenditure ol'the
expert to a minimum, issues that had not been identified in the meeting wcrc discussed

with the expert by correspondence.

The rationales of the experts can be lbund in De Wit (2001).

5.7.7 Results

This section presents the experts' quantile assessments in a graphical form. Table with
both the quantile and dependency assessments can be found in Appendix D.
Each expert is referred to by a number. These numbers were randomly attributed to the
experts in Table 5.7 and will be used throughout the study. No results are shown for
expert number 5 for reasons discussed in section 0.

Figure 5.6 shows an itemwise comparison of the quantile assessments of the four experts
on the seed variables with the measured realizations (Frangois et al., 1993). The
assessments of the item weight decision-maker (see section 5.7.8) are also shown.
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Figure 5.6 ltemwise presentalion of the experts' assessment on the seed uaiables. The dots are their

median aalues, lhe error bars show their central 900k conftdence inten:als. The draun lines indicate the

realiTations, which ruere measured in a stud2 b2 Frangois et al. (1993). For each case, lhe results of
experts I through 4 are shorunJiom left n ight. The ighhnost, grq,, results show the quanile aalaes oJ

the item weight DM (see section 5.7.8).

Thc experts'
Figure 5.9.

the elicitation variables are shown in Figure 5.7 through
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Figure 5.7 The experts' assessment on Tu,rTui,. The dots are their median aalues, the eror bars show

their central 90ok confidence interaals. For each case, the results ofexperts I through 4 are shownfrom

teft to ight. The ightmost, grE results shou the quanttle aalues of the item wcight DM (see secion

s.7.8).
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Figure 5.8 The experts'assessment on Tu;,. The dots are their median aaLues, the enor bar.t shoru their

central 90%o conjdence interuals. For each case, the resulh of experts I through I are shownfrom left to

ight. The ightmost, gral resulh shou the quantile ualues of the item wetght DM (see section 5.7.8).

Figure 5.9 The experts' assessment on Tu,,-Toi,. The dots are their median aalues, the enor bars shota

their central 90%o confidence intentals. For each case, the results of experts I through 4 are shounfrom

tefi to i.qht. The ightrnost, gra2 resuLts shou the quantile ualues of the item rueight DM (see seclion

5.7.8).
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5.7.8 Anolysis ond combinotion of the experts' ossessments

The experts' assessments were scored and combined according to the classical model, as

devcloped by Cooke (1991). An outline of this model is given in Chapter 4 and
Appendix C.1.

Table 5.8 shorvs the experts'petformance scores, calculated from a comparison of their
assessments on the 10 seed variables with the observed realizations. Experts 1 and 2
rcceive a fair calibration score, comparable to the calibration scores of the best
calibrated experts in the study in Chapter 4. The other experts are sisnificantly less

calibrated. Expert l, howcver, is on average a factor 4-5 less informatir.e than expert 2.

Tabk 5.8 Experts' performance sclres as calculated with the classicaL model.

Calibration G Gl< inlbrmation score 1, rlormance
all items seed items

0.24

2.4 t0'| 0.92 2.2 l0-l

14 1.0 l0r 0.48 0.92 9.2 t 0-3i

The first column lists the experts by number. These are the same randomly attributed
numbers, which were used in Figure 5.6 through Figure 5.9. In the remainder of this
document, the experts will be addressed by their number only. The second column
shows the calibration scores for each expert. The global information scores, based on
the delault intrinsic ranges (see appendix C.l), are in column 3. Finally, the
performance, product of calibration and information, is displayed in the last column.

From the experts' assessments, four diflerent decision-makers were calculated. Their
scores are shown in Table 5.9.

Tabk 5.9 Perfotmance scores of-four dffirent decision-makers.

The first 4 columns in this table are simiiar to those in Table 5.8. The significance levels
in column 5 refer to the interpretation of each expert as a hypothesis. If an expert's
calibration score is belorv this sisnificance level, he is 'rejected' and hence does not
participate in the DM (column 6). More information can be Ibund in Appendix C.1.

The equal weight DM has a fair calibration score, but its performance is low as a result
of a low information score. The global weieht DM has an optimal performance for a
significance level, at which all experts but expert 2 are rejected. Hence this DM and the

LL
all items seed items

2.2 l0'l
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'best' expert have equal scores. The item weight DM is less inlormative than the global

weight DM, but due to a better calibration score, it outperforms all other decision-

makers.

Hence, the item weight DM will be used in the remainder of this chapter as the optimal
combination of the experts' assessments. The quantile values of this decision-maker are

shown in Figure 5.6 through Figure 5.9 in a graphical form and tabulated in
Appendix D.

In the elicitation sessions, highest priority was given to the quantile assessments. It
turned out that these assessments demanded the bulk of the available time and

concentration. Having completed thcir assignment on the quantile values, most experts

were reluctant to embark upon the assessment of the dependencies, which required

familiarizing with the concept of conditional probability and developing a strategy to

quanrily these probabilities.
It was felt that the acquired dependency values have insulficient basis to be analyzed on

equal terms with the quantile assessments. Hence, it was decided not to use the experts'

dependency assessments in the probabilistic inversion.

5.8 Probobilistic inversion

5.8.1 lntroduction

The aim of probabilistic inversion is to map the uncertainties that were assessed in the

expert judement study to the parameters in the heuristic model from Section 5.6. When
successful, this mapping process results in a (joint) probability distribution over thc

model parameters, expressing their uncertainty, which can be used in combination with
the heuristic model in building simulation.

The success olthe probabiiistic inversion is measured by the degree to which the expert

assessments (DM) in the 9 cases can be reproduced on the basis of the resulting

probability distribution over the model parameters.

Technically, the expert judgment study in section 5.7 resulted in probability

distributions over2= (LTo,6Tu;, AZ.) for 9 cases, specified2s by the value of x=(T*otr,
Qr,,T*,Q,n.,Qa.,). Wewillreferto 4and2ineachofthesecasesas qandy.j = 1,...,9.

In section 5.6, a model M for2 as a function of x was proposed:

u = M(x. rA (s.B)

Equations (5.12), (5.13) and (5.15) deline the model M with parameter vector

d- (a0,...,at, ac,bo, ..., bt). For a given value of d, M canbe usedin each case to obtain
an estimate l, fo. I,, '

21r In fact. only partial information on x was used to specily the cmes, but this is immaterial to the
discussion in this section.

r21
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(s. r 6)

The aim of the probabilistic inversion is to find a probability distribution over d such
that

rs. r 7)

where - means ' has the same distribution as'. As already mentioned in section 5.7.7,
the expefis' assessments on the dependencies between the elements of2 will not be used

in the probabilistic inversion, which implies that (5.17) is equivalent to:

i,i - lii , i= | (AT,,u,) ,2 (T";,) or3 (4T,,,,) and 7= 1,...,9

In thejargon ofprobabilistic inversion, the elicitation variables2, assessed by the experts
are called 'observabies' and the space they span is analogously referred to as the
'observable space '. The elements of the parameter vector are the 'target variables' or
'targets' forming the 'target variable space'. In this study, the dimensions of observable
space and target variabie space are 27 and 1 1 respectively.

Methods for probabilistic inversion problems with more than one target variable were
developed by Cooke (1994), Hora and Young (see Harper et al., 1994), and Kraan and
Cooke (Kraan and Cooke, 1996, 1997, 1999 and Kraan, 1999). The PARFUM-method
by Cooke (PARameter Fitting for Llncertain Models) was designed for small problems
with e.g. two target variables, and is unfit for the problem in this study. The
PREJUDICE-method by Kraan and Cooke (PRocessing ExpertJUDgment Into Code
paramEters) is based on the technique by Hora and Young. As it can deal with large
problems (more than 2 or 3 targets), it is used in this study.

5.8.2 Solution scheme

The PREJUDICE-method for probabilistic inversion is based on the following solution
scheme:

l. Sampling from the target variable space (model parameter space).

2. Propagation of the samples through the model to obtain corresponding samples in
the observable space.

3. Distribution olthe probability mass over the samples in the obsenable space ro
match the given quantile values for each obser-v'able. As each sample in the
observable space uniquely corresponds to a sample in the target variable space, this
step also yields a distribution of the probability mass over the target variable space.

4. Representation of this joint probability distribution over the target variables in terms
of marginal distributions and (rank-) correlations.

Each of the steps in the scheme will be briefly discussed here.
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Figure 5.10 lllustration 0f the steps in the heuistic aLgoithm to identtjt a regiln of the target uariable

spacefrom which samples will be draun. To enable a graphical representation, both the obsenable space

and the targetuiable space are chosen 2-dimensional. The kfiJr7u" shous the scenaios as poinls in

the obseruable space with an indication of the method that has been used t0 generdte them. From an

optimal modelfit to each scenaio in the sense 0-f (5.1 B), conesponding points are generated in the target

taiable space, as shou.tn in the ight figure. Around each of these points a ceLl is defined from ruhich

samples are taken.

Sompling from lhe lorget vorioble spoce ond propogotion (Step l, 2)

In most practical applications, the target variable space is so large that sampling has to

be heuristically guided to obtain good results with a tractable number of samples and

hence an acceptable amount of computational ellort. These heuristic algorithms

basically seek a suitable region in the target variable space, over which the probability
mass will be distributed. An illustration is shown in Figure 5.10.

First, a set ol ff 'scenarios', i.e. combinations of realizations for the observables, is

defined. Two methods to generate scenarios were applied here:

1. For a given vaiue of g e [0%, 100%], this method generates a scenario by

combining the DM's q quantile values of all elicitation variables. Common choices

for q are 5n/o, 25o/o, 50o/o, 7 5o/o and 950/0.

2. For each elicitation variable, one of the DM's 5o/o,25n/o,50o/o,75o/o or 95o%

quantile values is randomly selected. These independently selected quantilc values

are combined to form a scenario.

For the scenario with index k, k = 1,...,K,'best' estimates for the target variables it &
are calculated as the solution of;

minma*(ir(d*)- rr,*)' (s.18)

where 2a1* is the value of7; in scenario ,(.

The idea is that in step I of the scheme samples are only drawn lrom sections of the

target variable space in the vicinity of the values 4),, obtained from the fits of the model
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to the selected scenarios. To enable this, PREJUDICE defines hlpercubes or cells in the

target variable space around the dr's. Sampling only takes place from those cells.

There are no rules for an optimal size or confisuration of the cells in the target variable
space. Hence, this configuration is determined by trial and error. Further research is

ongoing in this area (Kraan, 2000).

From each of the cells in the target variable space, a suitable number of samples is
drawn to generate a feasible optimization problem (see step 3) and ascertain a

sufliciently smooth distribution ol the probability mass over thc target variable space at

acceptable computational loads. As samples may be generated in physically inadmissible
areas of the observable space, each sample has to be checked after being propagated
and rejected if physically unrealistic.

Disiribuiion of the probobility moss over lhe somples (Sfep 3)
The aim of this step is to distribute the probability mass over the samples in the

obsen.able space to match the DM's quantile assessments. Figure 5.ll shorvs a nvo-
dimensional obsen'abie space. The DN['s quantile assessments define a grid in the space,

which is shown by the dotted lines. The crosses rc'prescnt the propagated samples. Thc
total probability mass of all samples in the consecutive columns ol cells in the grid
should equal 0.05, 0.45, 0.45 and 0.05 respectively. For variable 2, the probability
masses should be likewise distributed over the consecutive rows in the grid.
Generalization to observable spaces of larger dimension is straightfor-ward.

sampling from target variable space (, and propagation to observable space (/
,l
+

target 1

Qs"z" Qso"z" Qgs"z"

observable 1

Figure5.ll lllustrationhousamplesaredrawnfromcellsinthetargetuariablespaceandsub.tequentllt

propagated to the obseruable space. In this example, 5 sample.r are talunfrom each cell. The gnd in the

obseruable space is defned b1 the DM's quantile assessments.

In general, there may be many distributions matching the DM's quantile assessments. If
more than one solution exists, the distribution is chosen, rvhich has minimum
inlormation (Appendix C.1) with respect to a uniform background measure. This
distribution can be interpreted as the solution of a constrained Non-Linear
Programming (NLP) problem (see Kraan and Cooke, i999).

i* *
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II'no solution is found, this mav have two causcs.

l . The samples do not provide suflicient coverage of the obsen able space. This may be

resolved by either drawing more samples fiom each cell, eenerated by the heuristic

algorithm, or by enhancing the number ol scenarios to enlarge the region in the

target variable space lrom which samples can bc drarvn.

2. No solution exists (problem is infeasible). In this case, reduction of the dimension ol
the obscn.able space mav be an option. If the original obsen'able space has

dimension n, n sub-spaces oldimension n-1 can be delined. If a solution is found in
each o1' these n spaces of' lower dimension, an approximation to thc rcquested

distribution over the targr:t variables can bc obtained by ar''eraging the z

distributions3o, found from the solutions in the sub-spaces. If thc problem is still

infeasible in one or more of thc- sub-spaces, further dimension rcduction can be

applied.

Joint probobility disrribution over the torget voriobles (slep 4)
Step 3 assigns a probability mass to the samples in the obsen,able space. As each sample

in thc observable space corresponds to a sample in the target variable space, step 3

implicidy provides a joint samplc distribution over the target variables. To make the

distribution practicablc as input to lurthcr analyses. it is necessary to represent it in a

more amenable Ibrmat. A common represcntation ofjoint distributions is in the form ol
marginal distributions and a (rank-) correlation matrix.

5.8.3 lmplementotion in lhe study

The implcmentation of the solution scheme in thc current study is stcp-wise discussed in
this section.

Sompling from the lorgel vorioble spoce
Bv means ol thc methods, describcd in the prer,.ious section, 230 sccnarios were
generated. For each scenario a corresponding point dk, k = 1,...230, in the target

variablc spacc was found as a solution ol(5.18). Around each of these points a separate

hypercube was constructed, rvith extreme corner points 0.5 ch and i.5 dr. From cach of
these 230 hypcrcubes, 1000 samplcs r'vere drawn and propagated through the model.

Propogolion of the somples
The obsenable space in this study has 27 dimensions. This is too large to enable

sufficient coverage with a tractable number of samples. A computational compromisc
was found by dividing the obsen able spacc in three separate observable spaccs ol'
dimension 9 each. This division was perlormed along natural boundaries: one

observable space o1'dimension 9 was created fior the AZ,,r's in all 9 cases, one lbr the

Z.i,:s and one for the AZ",'s. The 230 000 sampies, drawn from the tarset variable spacc

were propagated to each ofthese observable spaces.

rr" Aver:rging yields a combinecl distribution with respect to u'hich the z distributions are minimally
informative (see Kraan and Cooke. 1997).
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To filter out physically inadmissible samples, intrinsic ranges were defined for each

observable on a heuristic basis. Samples with a value outside the intrinsic range for one

or more of the obsenables were rejected. No restrictions were imposed on combinations

of values for the various obsenables. About 112 000 of the 230 000 samples were

rejected.

Actually, about 5 106 dilibrent observable spaces oldimension 9 can be created from an

originai observable space with 27 dimcnsions. Strict application of the solution scheme

would have required solution of the NlP-problem in each of these obsenable spaces

and subsequent averaging of the acquired probability distributions o\.er the target

variable space. Theoretically, this is possible, but to keep the problem computationally
tractable, only three 9-dimensional obserr,,able spaces were considered here.

Distribution of the probobility moss over lhe somples
In two of the observable spaces, i.e. for the LT,,is and the AZ,*'s, the NlP-problem was

feasible and a distribution of the probability mass over the samples rvas established,

which matched the experts' assessments. In the observable space, spanned by the Z;:s,
no solution could be found. As attempts to augment the number and selection of
scenarios and the number ol samples did not alleviate the problem, it was decided to

consider the problem inleasible . Consequently, a probabiliry distribution over the target

variables was calculated as the average of the distributions obtained lrom the NLP-
solutions obtained in the two other observable spaces.

5.8.4 Results

Figure 5.12 through Figure 5.16 and Table 5.10 show the results of the probabilistic
inversion.

Elicitotion voriobles
When the joint probability distribution over the model parameters, obtained in the

probabilistic inversion, is propagated through the model in the 9 cases that were

presented to the experts, distributions over the elicitation variables (observables) are

obtained as shown in the following three sets of figures. As a reference, the 5olo, 50o/o

and 95oh quantiles from the DM are also shown.
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To use the joint sample distribution over the target variables, resulting from the
probabilistic inversion, in further analyses, it must be cast in a more amenable, yet
approximate representation. A common representation in terms of marginal
distributions and rank correlation matrix is shown in Figure 5.15, Figure 5.16, and
Table 5.10.

The information that is lost in this representation is estimated by a comparison of the
marginal distributions over the elicitation variables, calculated {rom the approximate
distribution over the targets) with the original marginals from the probabilistic inversion.
For each case and each elicitation variable, both marginals are shown in Figure 5.12
through Figure 5.14. The approximated marginals are based on the propagation ol l0i
samples, drawn from a minimaliy inlbrmative joint distribution over the targets
satisfying the specified marginals and rank correlation matrix.

oo
o
o

_q

=E
f

1

0.8

0.6

0.4

0.2

0 0.005

al cc/w)
0.010

5
o
!o
o
o

.Q-
E
=

5
E!
o
o
o

-g
f
Ea

,l

0.8

0.6

0.4

o.2

1

0.8

0.6

0.4

0.2

0
-0.02

Figure 5.15 The margtnal distributionsfor the cofficimts of (5.12) and (5.15), resultingfom the

pro b abilistic ina ersion.

1

0.8

0.6

0.4

0.2

1[

neI'
L

0.6 [

ooI
o.z l-

L

oL
0



Probabilistic inversion 13t

563
o
o
o

-g
f
E
f

1

0.8

0.6

0.4

0.2

0.4

0.2

booo
o
o
o
=E
=

5o!
o

@

.Ea
E
f

0.4

0.2

1

0.8

0.6

0.4

0

b2 cc/w)

0 0.005

b4 (oclw)

0.2

0
-0.005 0.010 0.015

Figure 5.16 The marginal distributionsfor the coeficients 0f (5.13), resultingJrom the probabilistic

inuersion.

Table 5. 1 0 Rank correlation matrix of the target aaiables.
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5.9 Discussion qnd conclusions

The study reported in this chapter consists olthree main clcments, i.e. the postulation of
a (heuristic) model, assessment of the uncertainty lt.v means of cxpert judgment, and
probabilistic inversion. In section 5.6.5 a brieldiscussion was devoted to the modeling.
\\re it''il come back to this subject at the end of this section. First, the expert judgment
study and the probabilistic inversion r,vill be addressed.

Expert iudgmenl study
As mentioned in section 5.7.3.1 , some potentially relevant information, which is

available in a building simulation context, rvas omitted in the specification o1'cases l-9
for practical reasons. This information concerns:
o the initial conditions
o the surface temperature distribution over the enclosure of the space

The rationalcs olthe cxperts, participating in the item rveight DM, shorv that this lack of
knowledge causes only a small contribution to their uncertainty. Exceptions are cases I
and 3, in which other sources ofuncertainty are virtually absent. This corroborates the
assumption that this information was not essential for the assessment of2.

The lair calibration score of the optimal decision-maker indicates that his uncertainty is
a suitable measure of the uncertainty, which has to be considered in values of2 assessed

on the basis of existing,/generic data in the availablc time (about 2.5 days lor all cases).

However lor the cases 1-9, the experts' rationales shor'v that results from experiments
directly comparable to the cases at hand could hardly be found. Moreover, the experts
had diificulty in finding suitable quantitative data and models to guide or back up rheir
intuition on the impact of several unknolvn lactors. This forced them to increase the
uncertainty in their assessmcnts.

Most of them felt more lamiliar with the assessment of the seed variables (cases A-E),
which they could back up with a rclative abundance of available experimental data
and/ or models.

Hence, it is likcly that the obscrved uncertainty in cases 1-9 rvould have been smallcr il'
more experimental data would have been available on simiiar confisurations. Whcther
extension of the available time would have had a similar ellect is unclear. One o1'thc
exPerts claimed that if hc had had the time and resources to carry out a sct of systematic
CFD-experiments, this w.ould have significantly reduced his uncertainty. It would
requirc another cxpert .judgment study, though, to establish thc size ol'this reduction
and invcstisate its eflect on the calibration score. Such a study would cost a multiple of
the resources that rvere disposable in this experiment.

Probobilistic inversion
For several ol'the cases Figure 5.12 and Figure 5.14 show dcviations between the DII's
quantile assessments on the one hand and the marginal distributions over the elicitation
variables resulting from the probabilistic inversion on the other hand. These deviations
occur despite the fact that in the obsenable spaccs both for the AZ,t's and the AT,,.'s
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probabiliry- distributions rvere found, rvl-rich exactly match thc DII's qlrantile

assessments. Horvever, these distributions werc obtained in trvo separate NlP-problems
and hcnce correspond with tr,vo diflerent probability distributions over thc target

variables. The final probability distribution or,'er the target variablcs rvas calculated as

the average of those two distributions. Apparentlv, the probabiiity distributions over the

elicitation variables, calcr-rlatcd r,rith the averaged distribution over the targets, do not
cxactly match the DM's quantiles, although the agrecment is fair.

In establishing the probability distribution over the samples, the DN'I's assessments on

f,; u,ere not used, as the NlP-problcm appeared inleasible in the obsen'able space for
the I,,'s. Nevertheless, for most cascs the match between the marginals resulting from
the probabilistic inversion and thc DN'['s assessmcnts on Tu;, are acceptablc. The two

salient exceptions are cases I and 3, where the model completeiy fails to cxplain the

uncertainty olthe DN'I. This can (partly) be explained lrom a combination o1'trvo effects.

First, in situations as in cases I and 3, where both thc ventilation heat llor,r' and the

convecti\re heat gain is insignificant, the model structure results in an air tempcrature

2,,, which is highlv insensitive for any of the parameters. Hencc it is hardlv possible to

model the uncertainty in L,; in those cases in terms of parameter uncertainties.
Second, the rationales show that expert 2, participating in the item weight DM,
cxplicitly included measuring uncertainty in his assessments (see Wit, 2001). This is a

logical step in vierv ol the lact that the experts \\rere not informed which ol the variables

nere the seed variables. Consequently, expert 2 considered each ol'the variables in the

questionnaire as a possiblc sced variable, which might be used to score him on the basis

o1' a measured value. As this measured value would most likely be affected by
measurement uncertainty, he included this uncertainry in his assessmcnts.

Conscquently, the uncertainties in the elicitation r.'ariables were ausmented as a result ol
an artilirct in the elicitation. For most cases, this 'parasitic' contribution to the

uncertainties could be folded into the parametcr uncertainty to a lair degree, but, as a

result of the model structure. this did not work for cases 1 and 3.

Figure 5.12 through Figure 5.14 enable a comparison olthe original marginals for the

obserr,-ablcs and the marginals obtained lrom propagation of the approximate joint
distribution over the target variablcs, i.e. the distribution represented by the marginals
and rank correlations only. T'he latter marginal distributions are ge ncrally less

inforrnative (broader) than the original ones. The main deviations occur lor cases 2, 5
and 6. These deviations are the price for the (inevitablc) data reduction in the joint
distribution over the target variables.

For most of the model parameters no values Irom the literaturc are available, which can

be used as a reference lor the values obtained from the probabilistic inversion. An
exception is the heat transfer coefficient oq.. For oQ, the 5o/o, 50o/o and 95o/o quantile

values are 1.1,4. 1 and 7.6 W/m2K respectively. The median value is quite realistic in
vierv olthe available experimentai data (sec e.g. Section 3.2.7). Honever, the central
90o/o confidence interval, i.e. the di{Ierencc between 950/o quantile and 5olo quantile is
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quite laree, compared to the range that was estimated in the crude uncertainlv analysis

in Chapter 3 on the basis ol-the literature.

For luture application of probabilistic inversion with the PREJUDICE-method in
similar problems, it is recommended that a better method is dcveloped to filter out
physically unrealistic samples. In this study, the uncertainty/consequence analyst

created this filter. However, the design of such a filter actually bclongs to the domain ol
the experts. A first step could be to ask the experts to give additional 0% and 100%

quantile values for the elicitation variables. Experience in other cxpert judgment studies

however shows that experts are olien reluctant to state these valucs. This is

understandable as a single realization or-rtside their [0o/o, l00o/o] range lor only onc of
the elicited variables implies a calibration score of 0. Nlorcover, these intervals would
not enable detection of physically unrealistic combination.s of values for the obsenables.

Giring more attention to the dependcncies between the variables in the elicitation stage

could reduce thc likelihood that such combinations are taken along in the probabilistic
inversion. These dependencies could be used in the heuristic algorithm to generate

scenarios, rvhich are physically more meaningful than the random combinations of
quantile valucs, which were used in this study.

Finally, ll'ith the exception ol T"i, in cases 1 and 3, the DM's uncertainty has been

captured in the model parametcrs quite fairly. Although improvements can be made

(see comments mentioned above), the PREJUDICE-method provcd to be a practicable

approach to the probabilistic inversion of the uncertainty in the obsen'ables to
parameter uncertainty in this study.

Conclusions
The study has resulted in a model with an associated joint probability distribution ove r
the model parameters, which sufficiently captures the uncertainty in the relevant aspects

of the air temperature distribution, which was elicited from a panel of experts. This
Ieads to the following conclusions:
o The selected approach, outlined in section 5.5, has proven to be feasible, although

improvements can be made in various aspects as discussed above.
r The model can be used to account for the uncertainty in the air temperature

distribution in the uncertainty analysis olbuilding perlormance. The model has been

specifically developed for the building space described in Section 5.2.
o In the study, a prior appraisal of the uncertainty in the phenomena to bc modeled

was used to estimate the required level of sophistication and detail in the modeling.
Thc expert .judgement study, in which the unccrtainty in the model output was

establishcd in carefully selected cases, combined u,,ith the probabilistic inr-ersion

shor.ved that the resultins model was sufficiently detailed. Indeed, the uncertainty in
the model output could acceptably be represented by uncertainty in the model
parameters.

However, two things should not be overlooked. Firstly, the only solid empirical control
on the model resulting lrom this study, apart lrom the fragmentary experimental data
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that rvere used in the development olthe heuristic model, was obtained through the seed

variables in the expert judgment study. The lact that the model to a lair degree

reproduces the experts' assessments, which were given without prior knowledge of the

model structure, is encouraging. However, an underlying model structure with more
empirical (or theoretical) underpinning would increase the confidence that the model

also adequately captures the uncertainty in cases over which the experts were not
elicited. Moreover, the concomitant experimental data would give experts more grip in
possible future expert judgment studies.

Secondly, this study provides us with a model to assess the uncertainty in2 for a given 4.

This is the uncertaingv in 2 without knowledge of previous values of2. However, in a

simulation \\,'e are actually interested in the uncertainty in2 conditional on the history of

2. In lact,-2 can be considered a stochastic process, driven by the uncertain boundary
conditions, which are also stochastic processes. As a result o1'the (unknown) statistical

dependencies betrveen the boundary conditions in consecutive time-points, the

successiveJ's are also dependent.
For example, thc experts included uncertainty in their assessments due to the unknown

configuration of the iurniture in the building space. However, if this configuration
becomes known at a certain time-point in the simulation, it is not likely to be much

diflerent at the next time-point. This introduces statistical dependency between the

time-points.
The results of this study do not provide any information about this dependency. In
sampling terms this implies that no information is available whether a single sample

should be drawn from the distribution over the model parameters once and used

throughout the simulation, or that the distribution should be re-sampled each hour, or
anything in-between. For practical reasons, however, we will use fixed parameter values

in the uncerlainty propagation in the next chapter.



6 Propogotion ond implicotions
of uncertointy

6.1 lntroduction

The previons chapters in this thesis report on subsequent stagcs in an uncertaintl'
analysis. The locus of the analysis is a specific aspcct of thc perlbrmance of office

buildings, i.e. their performance with respect to thermal comlbrt in the office spaces.

The assessment ol this performance aspect in the design stage ol' a building, e.g. to
support design decisions, is commonly based on (computer) simulations of thc indoor
climate ir.r the building. As a result of incomplete information, botl.r about thc building
and relevant external lactors, these performance assessments arc unccrtain. The
uncertainty analysis aims to quantify this uncertainty in the building performancc ar-rd to

identif those factors that contribute most importantl,v to this uncertainry.
The setting of the uncertainty analysis in this thesis is a single case study. The case,

concernins a low-rise, naturally vcntilated ofiice building in the Netherlands, is

described in detail in Chapter 2. This chapter also addresses the approach used to build
the simulation model, and the definition ol'thermal comlort performance. In Chapter 3,

a crude assessment has been made ol tl-re uncertainties in the modei parameters. These

uncertainties have been propagated through thc model to obtain a lirst estimate of the

uncertainty in the building performance. In a subsequent sensitir..ity analysis, the

parameters have been ranked in the order of decreasing importance. viz. contribution to

the overall uncertaintv.
Two sets ol parameters have been selected lbr lurther analysis from the top of the

ordered parameter list resulting from Chapter 3. The uncertainty in the first set,

consistine of the rvind pressure (diflerence) coeflicients, has been thoroughly quantified
in Chapter 4. Thc assessment of the uncertaintyin the other set ol'parameters, acting in

the submodel lor the temperature distribution in the indoor air, has been carried out in
Chapter 5.

In the current chaptcr, Section 6.2, the uncertainties that har,'e been identified and
analvzed in the previous chapters, are propagated through the model to assess the
resulting uncertainty in the building perlbrmance aspect olinterest.
An evaluation of this urrccrtaintl on its own merits may give an intuitive idea ol'its
significance and the rclcvance to account Ibr it in design decisions. The oniy way,
however, to lully appreciate these issucs is bv evaluation of the impact of uncertainty
information on, or rather its contribution to, a desien decision analysis. Hence, in
Section 6.3, the uncertainty in the building performance is introduced as input to a
fictitious decision problem, in which a decision maker is lacing the choice of whether or
not to implement a cooling system into the design. The decision problem is analyzed
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according to the principles of Bayesian decision theory and illustrates the role and
significance of uncertaintv in the decision problem.
In Section 6.4, particulars of both the propagation and the decision anaiysis are

discussed. Furthermore, a discussion is included on the total uncertainty analysis, which
has been used as a vehicle throughout this thesis. The chapter closes with a briel
summary. Conclusions and recommendations are presented in the next chapter.

6.2 Propogotion of the uncertointy

6.2.1 lntroduction

The uncertainty in the modcl output, i.e. the thermal comfort pcrformancc, is

investigated in three staees. Firstly, in Section 6.2.2 the uncertaintr. in the building
perlbrmance rcsultins from only the wind pressure difi'erence coefficients is studied. The
uncertaintv ir.r the r.vind pressure coefficients has been studied thoroughlv in Chapter ,l

and it is northr,vhile to studv its eflect on the building performance. Secondll,, the elI'ect

of the uncertaintv in thc indoor air temperature distribution, rvhich rvas explored in
depth in Chaptcr 5, is addressed separately in Section 6.2.3. Finally, in Section 6.2.4,

the uncertainty in al1 model parameters is propagated through the modcl.

In propagating the uncertainties through the model in order to assess the uncertaintt' in
the model output, N{onte Carlo simulation was used, based on simple random sampling.
The parameters from the parameter sets, rvhich were studied in Chapter 4 and 5,

required specific attention, as these paramcters are dependent. Their dependencies were
modeled in terms of dependence trees of rank correlations. Sampling o1' these

parameters was done with UNICORN (Cooke, 1995), an uncertainty analysis tool,
which is particularly suitable for dcaling w'ith this t,r,pe of dependency modeling.

6.2.2 Wind pressure difference coefficients

The uncertainty in the wind pressure coefficients v'as assessed by means ol experl
judgment in Chapter 4. It is quantified in terms of marginal distributions lor 12 rvind
directions, each 300 apart, and thcir dependencies. The marsinal distributions are

shou,n in Figure 4. 15. The dependencies are represented eithe r in terms ol a

dependence tree with rank correlations (Appendix C) or a rank correlation matrix
(Table 4.7). These marginal distributions, togethe r with the dependerrcies, Ibrm the joint
distribution over the wind pressure coefficients, which we will relbr to as the distribution
Ibr the decision-maker or simply the D\,{.
In Chapter 4, two scts of r'vind pressure diflerence coeflicients wcre assessed. The first set

(coellicients ACpr) is related to nvo openings in opposite lacades at 1 m belolr,'rool'ler,el
(sce Figure 4.3). The second set pertains to two similar openings at a height of 6 m,
which is about half the building height. In thc propagation of the uncertainties through
the model, we will use the data from the first set, which arc relcvant for an o{Iice space

at the top floor oi'the building.
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Figure 6.1 and Figure 6.2 shorv the propagation results. These figures are based on 500

random samples from the joint distribution over the ACor-coefficients. This is a

suiiiciently large number to obtain an accurate estimate ol' mean and standard

deviation. All parameters other than the wind pressure difference coefficients were kept

at fixcd base values. For most of these parameters, the base value was set to the mean

value. For the dependent parameters in the model for the air temperature distribution
(see equations 5. I l, 5.1 2 and 5. I 4), base case values were selected diflerently. For these

paramcters a set of values was assessed, which rcproduced the DM's mcdian values (see

Figure 5.7 through Figure 5.9, or Appendix C.2) as closely as possible in the sense of
equation 5.17. The uncertainty propagation rvas carried out i,vith the BFEP-

implementation of the building model (see Section 2.3.7), conditional on the scenario

(weather data and occupant behavior) that was also used in Chapter 3 (sce Appendix
A2).
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A comp:rrison of the fisures shows that the results lor thc static and thc adaptive comlbrt
perfbrmance indicators are similarboth in loczrtion ol'the distribution and in sprcad. For

both irrdicators the cocflicient of r.'ariation is zrbout 0.,[, indicating that the unce rtaintv
rcsultins lrom onlv thc rvind pressure di{Ie rt-'n< c coeilicients is alrcady significant.

To gct an idea ol'thc dependencies betrvccn the wind pressurc difl-erence coellicicnts
mutuallv and betu,ecn these coe{ficients and the performancc indicators. Cobu,eb-plots
(Cooke and Kraan, 1996) were madc. Tr'vo cobr,veb-plots lor the model viclding the

static TO-indicator as output are shou,n in Figure 6.3. Plots lbr the adaptive TO* arc

similar.
Each line in thcse Cobu.eb-plots ('onnects thc realizations ol all r.vind prcsslrre

coefficients and tl'rc rcsulting TO-indicator n'ithin a single sample. A11 r,arial;lcs ;rre
scaled on the same interval [0, 1] bv plotting thcir cluar.rtilc-ranks rather than their
actual valucs. l3y selecting only thosc lines, rvhich p:iss through a narro\\r interval of
quantilc vah-rcs lor a single variablc, a visual impression of'the dependencv betu,een this

variablc and the othcr r-ariables is obtained. In contrast to global dependc-r-rc,v lrcasures

like (rank) correlation, this depcndencv has a local cl'raracter as the Cobrveb onll. locuses

on a narro\\,range ofvalues liir a single variable. Ifvalucs in another ranqcr are selected,

a dillercnt dcpendency structure ma,v shou'. Ii'or an illustration ol this ellect see the

Cobr,r,cl>-plots in the next subsection.
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Figure 6.3 ()ohuteb pLots of the resuLts.ftm the propagation through the modelfor the statir: lterftmtance
indicator TO. Tlrc lefi Cobueh on[' slutu's sampks, u;hich jeLd TO-aalae.t in exces.r o/ its 0.9

quantile, u,thereas the ight Cobaeb is rcndilional on To-,:aluer belou its 0.1 quanlile.

The Cobwcbs in Figure 6.3 shor'v that lor,r, r'alues Ibr TO corrt'spond to pressure

di{Iercncc coellcients that arc high in absolutc value and r-ice versa. This makes good

scnsc as incrcasing (absolutc) pressure coellicicnts correspond to incrcasine ventilation
rates. Furthermore, thc plots do not indicatc an increased dcpcndcncl' betu'een the

perlormance indicator TO and the lr,ind prcssure coe{ficients ficr the prevailing r,vind

dircctions in The Nethcrlands (southu,est, corrcsponding to 300"-330" in Figure 6.3).
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6.2.3 lndoor oir temperoture distribution

The uncertainty in the paramcters of the model for both indoor air temperature

distribution and the heat exchange between indoor air and the enclosing wails was

assessed by means o1'expert judgment in Chapter 5. It is quantified in terms of marginal

distributions for the 1 I parameters and their dependencies. The marginal distributions

are shown in Figure 5.15 through 5. I 7 and tabulatcd in Appendix D. The dependencies

are represented in terms ola rank correlation matrix (Table 5.1 l).
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Figure 6.4 and Figurc 6.5 show thc rcsults of the propaeation of only thc uncertainty in
the paramcters of thc model lor the air tempcraturc distribution (see equations 5.11,

5.12 and 5.14). The fiqurc is bascd on 500 random samplcs, which r'vcre drau,n lrom the
joint distribution over these parameters as identilied in the probabilistic inversion in
Chaptcr5 (see Figure 5.15 and 5.16 or Appendix D for the marginal distributions and
Table 5.1 1 for the rank corrclation matrix). This is a sulficiendl, larse number to obtain
an accurate estimate of mcan and standard deviation. All othcr parameters than these

parameters in thc model fcrr tl-re air temperature distribution werc kept at basc values.

For the wind pressure difl'erence coeflicients, these u,ere set to thc median valucs of the
distributions lor the decision-maker (see Figure 4. 15 or Appcndix C). For the other
parameters the mean valuc rvas chosen. Again, the sccnario dcfined in Chapter 3 (see

Appendix A2) rvas uscd. The simulations '"verc carried out with the BFEP-
implementation ol'the building model (sce Section 2.3.7).

As in the prcvior:s subsection, the resulting distributions for thc static TO-indicator and

the adaptivc TO*-indicator are quite similar, although thc TO*-values are somervhat

lorver over thc wholc ranee. Figurc 6.4 and Figure 6.5 show that most of samples yicld
indicator values in a rclatively small range, but a limited number of'outliers is found
with r.'ery hish values. To analyzc the origin ol this 'hear,y tail' ol the distributions, a

cobweb plot was madc to see il the high values for TO and TO* would shor,v a
pronounccd depcndcncy with onc of'the individual paramctcrs in the model for the air
temperaturc distribution. The rcsult for the TO-indicator is shon'n in Figure 6.6 (1e1t). It
is clear that high valucs lor TO (above 0.95 quantile) correspond exclusivelv with values

of the heat trans{br coefficient o(. beiou, its O.05-quantile value, while other paramctcrs
do not show a pronounced dependence. A similar result is found for the adaptivc TO*.
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Figure 6.6 Cobweb plots oJthe resultsJiom the propagation through the modelfor the static performance

indicalor TO. The left Cobweb onll shous sarnpLe.s which jeld To-ualues in excess of its 0.95

quantile, u;hereas the ight Cobrueb is conditional on TO-aalues below its 0.05 quantiLe.

TO and 0(.are not as closelv tied up for all values of TO. Figure 6.6 (right) shou,'s that
for thc lower end ol the distribution of TO the dependency is much less pronounced.



Propagation olthe uncertainty

This nature of the dependency between TO and the heat transler coefficient also clearly

shows lrom a scatter plot (see Figure 6.7).

lt has already been mentioned and discussed in Chapter 5, that the range for the heat

transfer coeflicient resulting from the probabilistic inversion is quite large, compared to

values that ha'u'e been found from experimental observations. Figure 6.7 shows that

especially values of 0(. < 1.1 W,/m2K (its 5% quantile vaiue) do have a large effect on the

model output TO.
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6.2.4 All porometers

For the parameters, other than those addressed in the previous sections, we interpret the

ranges identified in Chapter 3 as central 95oA confidence intervals and assume that all

parameters are normally distributed. Where necessary, these normal distributions are

truncated to avoid physically infeasible values.

An exception is made for two parameters. i.e. the wind reduction coefficient and the

correction of the meteo-value for the ambient temperature to the local ambient

temperature. In the discussion of Chapter 3 it was mentioned that the ranges applied to

these parameters, probably do not cover the uncertainty in their values to the same

extent as for the other parameters. Hence it was decided to consider the ranges for these

parameters as only central 700/o confidence intervals.

Figure 6.8 and Figure 6.9 show the results of the propagation of the uncertainty in all

parameters. The figures are based on 500 random samples and the scenario as specified

in Chapter 3 (see Appendix A2).

It is clear lrom both figures that the uncertainty in the indicators for thermal comfort
perlbrmance is quite pronounced. This finds expression in e.g. the coefficient of
variation (standard deviation divided by the sample mean), r,vhich is 0.6 for both TO
and TO*. This is a moderate increase compared to the value of 0.5 that was obtained
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in the crude uncertainty analysis in Chapter 3. The implications olthis uncertainry are
the subject olthe next section.
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6.3 lmplicotions for design decisions

6.3.1 lniroduction

The previous section shows that significant uncertainry exists in the values ol the
performance indicators TO and TO*, which are assessed on the basis ol information
typically available in a design context. An important question is what the implications of
this uncertainty are lor design, or rather for building physics advice in design.
In Chapter I we stated that the building physics expen participates in the analysis ol
those decisions in the design process, which concern measures or consequences of' a

200 300 400

TO (hours)
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building physics naturc. His advice aims to improve the decision-maker's3r

understanding ol' the dccision problcm lacing him. How could information on

uncertainty contribute to this understanding? This question is addressed in the next two

sections.

6.3.2 Advice on the bosis of 'best' estimotes

Within the paradigm of current advice practice 'bcst'point cstimates of performance are

delivered as basis for decisions. From our vieupoint about thc aim of a decision anaiysis

and the role of perlormance in such an analysis these approaches arc questionable .

lndced, imagine a decision-maker, r.vho is faced with the choicc r,vhcther or not to
intcgrate a coolins svstem in the design of the buildins that we havc been studying

throuehout this thesis. In the particular context, he prefers to implement the cooling-

system if thc TO-performance value of the building (without cooling) rvill exceed, say,

150 hours. To assess the performance, he has a simulation studv done. Thc br-rilding

physics consuhant performing the study uses one of the de{aulting approaches discussed

before, rvhich happens to be succcssful in the sense that the simulation result is close to

rhe most likelv valuc according to Figure 6.8, i.e. 100 hours. This value is rveli belorv the

threshold value of 150 hours and the decision-maker comfortablv decides not to
implement the cooling systcm.

Suppose norv that thc consultant had not just provided a point estimate, but the lull
information in Figure 6.8 or Figurc 6.9. Then the decision-maker should have

concluded that the perlormancc is not at all well below the threshold of 150 hours. In
fact, the probability of getting a building rvith TO in exccss o1'150 hours is about I in 3.

In other words, his perception of the decision problem would have been quite di{Iercnt

in the light of the extra inibrmation. This in itself is a clear indication that the

uncertainty infonnation is relevant for the decision analysis. Hence, the adr,-ice should

convey this uncertainty in some form.

However, it may not be clear to the decision-maker how to decide in thc presence of this

cxtra information. It is no longer sufficient to simply compare the outcome of the

perlbrmance assessmenr with a threshold value. To use the inlbrmation constructively in
his decision analysis, the decision maker needs to weigh his prel'erenccs over the possible

outcomes (performance values) against the probability oltheir occurrence . This requires

a more sophisticated approach.

A suitable lramework is o{Iered by Bayesian decision theory that we r,vill discuss in the

next section.

6.3.3 Boyesion decision onolysis

This section aims to illustrate, in a simplified example related to the case that has bccn

used throughout this thesis, how a greater and more explicit knowledge of uncertainty

tl Note that the terms 'DM' and 'decision-maker' in Chapters 4 ancl 5 are often used in the sense of
'probability distribution for the decision-maker'. i.e. the combination of the experts' assessments. In this

chapter'decision-maker' consequently refers to a (hypothcticall persrn.



146 Propaeation and implications of uncertaintl

could be sensibly incorporated in decision making. It will do so on the basis of Bayesian
decision theory. Pioneerins work undelpinning this theory was done by De Finetti
(1937), Ramsay (193 1), Von Neumann and Morsenstern (1943) and Savage (1954)
among others. A comprehensive introduction and bibliography can be found in e.g.
French (1993).

In concordance with the point ol view we adopted in Chapter I on the purpose ol a

decision analysis and the role of advice in such a process, Bayesian decision theory is a
normative theory. It describes how a decision-maker should decide if he wishes to be

consistent r'vith certain axioms encoding rationalism. It is not a prescriptive tool, but
rather an instrument to analyze and model the decision problem.

The theory embeds rationality in a set of axioms, ensuring consistency. \Ve will assume

that the decision-makers considered here in principle wish their choice behavior to
display the rationality embodied in these axioms. If not, a decision analysis on Bayesian
grounds is not useful: it will not bring more understanding. Moreover, we assume (.as wt:
have done implicitly throughout the thesis) that the decisions are made by a single
decision-maker. Choice behavior by groups with members of multiform beliefs and or
prelerences can not be rational in a sense similar to that embedded in the axioms
mentioned before.

First, in the next subsection, we will address the basic steps in a Bayesian analysis of a

decision problem and briefly introduce the notions that come into play in such an
analysis. Subsequently, the approach will be illustrated in a simple example of a decision
probiem involving thermal comfort performance. Qualifications and generalizations of
the example to decision problems that may be encountered in real design contexts are
discussed in Section 6.4 in broad terms. Section 6.5 closes the chapter with conclusions
and recommendations.

Problem formulotion
Suppose a decision-maker is concerned with the quality of the working environment in
the o{fice building under design. He may consider several alternative actions: leave the
design as it is (say, as described in section 2.2), integrate a cooling system in the design,
reduce the glass-area in the faEade, improve the lighting system, etc. \Ve shall not dwell
on the process in which such a Iist of alternative actions is generated, we just assume that
it exists.

Once the Iist of possible actions has been established, the central question in the decision
problem is how to choose between these actions. In order to make this choice, the
decision-maker evaluates the actions in terms of their achievements on his objectives.
For a certain decision-maker, the list of resulting objectives might look like: minimize
investment costs> maximize the occupants' content, maximize the building's
architectural allure, minimize environmental impact, etceteras.
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Now, for cach of these objectivcs, it would be convenient to identily an atttibute or

perJormance r.vith a quantitativc scale to directly indicate thc degree to r,r,'hich the

corresponding objective is achieved. Lct us attempt to do this lbr the objectives of our

example decision-maker. A direct attributc for the first objective, i.r:. 'minimize

investment cost', \ ,ould obviously bc the investment cost itself, with a scale in units ol'

e.g. one thousand Dutch guilders. For thc second objective 'maximize occuPants'

Content', horvevcr. there is no obvious scale on which to measure the degrcc o1-

achievement. Tn'o problems are evidcnt. First, there are many firctors that may aflect

the occupants' content, such as thermal asPects, visual aspccts, ergonomic aspects etc.

Hor,r, can thcse lactors be jointly captured in a single attribute? Second, ibr each {actor

there is still no self-er.ident scale. We shall address these problems subsequentiy.

The first problem, i.e. the selection of a single attribute or scale, rvhich captures several

factors underlying a single objective, is discussed in Keeney (1981). Basicallv, he

describes t\,!'o t)?es of solutions. The first solution is a further decomposition of the

objectives until all relations between objectives and attributes are one-to-one. An

alternative solution is the construction ol a scale, which combines all eflects in some

balanced rvay. An example of such a constructed scale to measure an occupant's

satislaction with the indoor environment32 is presented in Cox and Rolloos (1995). We

will adopt the first approach here and consider a sub-objective "maximize occupants'

contenr with thermal aspects of indoor climate"; for a discussion on the implications and

problems associated rvith both approaches see Keeney (1981).

The second problem concerns the absencc of an obvious attribute rvith associated scale

Ibr a given objective. This is a dilficulty encountered in many decision problems. In

thcse circumstances it is common to :use prlx) or ind.irect attributes (see also Keeney,

lgBl). Examples of proxy attributes lor the thermal aspects of the occupants' content

r,tith the building are the TO and TO* performance indicators, which were introduced

in section 2.4.3 and have been used throughout this thesis. The validitv ol proxy

attributes in a decision anaiysis rests on the decision-maker's assumption that such an

attribute is highly correlated r,vith the eflect that is actually to be measured. \Ve will

come back to this in the discussion.

Along the same iines of reasoning, (proxy) attributes can bc associated with the other

(sub-) objectives that have been identified. The attribute scale related to the building's

architectural allure could e.g. depend on the proportion ol glazing in the fagade, the

energy consumption by HVAC-systems in the building might add to the attribute level

for environmental impact, etceteras.

Assessmenl of lhe consequences
In this stage of the decision analysis, an assessment of the consequences of each action

under consideration is carried out. These consequences are expressed as attribute levels

(or performance values in the tenninology we have been using in the previous chapters).

Thc assessment olperformances including their uncertainty has been the main topic of
this thesis so we will not dwell on this subject here. It is important to note, though, that

our earlier choicc to represent of uncertainty in terms olsubjective probability has been

32 Note that this is not a scale to measure the occupant's satisfaction with abuikliry
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based on the lact that this representation is one of the cornerstones of Bavesian decision
theon- (see e.g. Sar,'age, 1954).

Modeling of preferences
Especially in complex decision problcms involving muitiple attributcs r,vith uncertainty
in their value, it is commonly a difficult task to rank the various actions in order of
prelbrence rvithout a s),stematic approach to deal with the problem bit b1. bit. Bayesian
decision theory ollbrs such an approach.

The crux of this theory is that if a decision maker adopts the rationality encoded in its
axioms, it can be proven that the preferences r'lf the decision maker can be numerically
represented in terms of a function over the attribute levels, the utiliQ {unction In a case

that each action leads to a set of attribute ievels lvithout uncertainty, the actions can be
associated rvith a singie vaiue of the utility flunction, and the action with the hiehest
utility is preferred. N{oreover, if the attribute levels resulting from the acrions are
uncertain, an action with hieher expectud utility is preferred over one r,vith a lower
expected utiiity. Hence , the optimal action is the one with the highe st expected utility.

Let us illustrate this with actions that can be expressed in terms of a sinsle attribute X.
Consider tr'vo actions ar and ay Action ar gives rise to attribute level rr, whereas action
ar leads to attribute level rz. The consequences or attribute levels xr and 12 are
uncertain. The decision-maker associates probability distributions to these

consequences, expressine his degrees o1'beliefin their occurrences. The utility function
represents the decision-makers preferences over the (uncertain) outcomes of the two
actions and hence over the actions themselves:

at 2 u if and only il' E{U(xr'1\ > E\ti(xz))

where I means 'is at least as prefbrabie as', U(.) is the decision maker's utility function
and E{.} denotcs 'the expected value of.
The utility function is unique up to positive affine transformations. This basicallv means
that we are free to choose the origin and the scale of the utility function without
changing the preferences it reflects.

The practical importance of the utility function as a quantitative model for the decision-
maker's preference is that the function can be assessed by obserwing the decision-
maker's choice behavior in a number of simple reference decision problems. After this
assessment, he can use the function to rank the actions in the actual decision problem in
the order of' expected utiliry. He may directly use this ranking as the basis for his
decision or explore the problem further e.g. by doing a sensitivity analysis for
assumptions made in the elicitation of either uncertainty or utility, or by a comparison
of the expected utility ranking with an intuitive ranking hc had made on beforehand.
N{oreover, a systematic assessment of the utility functions helps the decision maker to
clarily and straighten out his own prelbrences, includine the climination of possible
inconsistcncies.
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The next section illustrates the use of the utility function in an example.

6.3.4 Exomple

lntroduclion
In this example we consider the situation that only two actions are of concern to the

decision-maker, i.e. he either leaves the design as it is or he integrates a modest cooling
system in the design:

Tabk6. I Ouentiewofpossibleactionsconsideredintheexampledecisionproblem.

actlon mbol

leave delknas it is (see descrip-llglcalq i! qecliglr ?
intesrate cooiins svstem in a)

Furthermore, he has only two (conflicting) objectives, i.e. "minimize investment cost"

and "maximize occupants' content with thermal aspects of indoor climate". To measure

the achievement on the first objective he uses the investment cost itsell, which, we

assume) can be assessed with negligible uncertainty. The scale of the investment cost is

in thousands of Dutch guilders. As proxy attribute for the second objective the TO is

selected, the building performance indicator lor thermal comlort as defined in Section

2.4.3.'fhe TO is the number of office hours per year that the operative temperature in
a carefuliy selected space exceeds 25.5 "C under a specific scenario. We will denote the

attribute 'investment cost' by X and its level by r, whereas the symbol for the TO-
indicator is ltwith-l as its value. So, summarizing:

Table 6.2 Objectiaes and attributes (perfomances) used \t the decision maker.

Table 6.3 shows the consequences of the two actions:

Tabk 6.3 Consequences of the tu-to possible aclions in terms oJthe attibutes.

actron x

q 0 see Figure 6.8

a2 400 0

According to the table, the

installed as this system will
TO-indicator will have value y = 0 in case the cooling is

be dimensioned to achieve this. The possibility of failure of

VC 4nbu!e--- --
It vgllryqt ! qq,1

TO-indicator

mbol unlts

mrnlmlze lnvestment cost {
r

I03 Dfl
maxlmrze occuDant content hours
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this system is not considered here. The investment cost of the system is set to 400 103

Dutch guilders (Dfl), based on the reasonable amount of i 30 Dfl pcr m2 floor area.

The question in this example is rvhich ol these actions the decision-maker should
choose. According to the expected utiliq' rule, the optimal choice for the decision-maker
is the action with maximum expected utility. Assessment of thc expected utility requires
assessment of the subjective probabilities over the attribute levels and his utility function
over these levels.

Assessmenl of subiective probobility
The example decision-maker only considers uncertainty in -l'under action ar. The
previous chapters and the preceding section have addressed the assessment of this
uncertainty in a way that a rational decision-maker would have minimum objections to
adopt these assessments as his own. So lve will assume here that the sample distribution
in Figure 6.8 reflects the decision-maker's subjective probability densitl. function over .l'
under action ar.

Elicilotion of uiility function
A first step in the actual elicitation of the utility function is the assessment ol the

(in)dependence structure of this function. The dependence structure indicates in u'hich
way the decision-maker's preferences on one attribute depend on the levels of the other
attributes. Here rve r,vill assume that the decision-maker holds the attributes additiuel2

independent, which implies that his utiliry function can be written as:

[i(r,)) = br U\x) + bt Lifit) + bo (6.1)

Llr and [/r are cal]ed marginaL utilities over .Y and lt French (1993) briefly addresses the

elicitation of (in)dependency structures and gives references. We wiil not go into that
subject here: less strons assumptions about independence Iead to similar lines of
reasoning as we will follow here although more elaborate.

The next step is to assess thc marginal utilities over X and f. Like the elicitation ol
subjective probabilities discussed in Chapters 4 and 5, proper elicitation of (marginal)

utilities requires some sophistication. It is however not the aim of this example to go into
details and possible pitlalls of the elicitation; we only indicate its basics to illustratc thc
use of utility in decision analysis.

Let's start with attribute l'. As a first step, the decision-maker considers a choice between

the two actions sketched in the decision tree in Figure 6.10. Action I yields a building
n'ith a TO-value l = 100 hours for sure. Action 2 results in a building with either

_l = 300 hours if the pointer of the wheel in Figure 6. 10 ends up in tl.re sl.raded area aftcr
a single spin, and in a building withT = 0 hours otherwise.

Both actions only differ in attribute I and are identical on all other attributes. Which
action would he prefer? The decision-maker considers the situation and concludes, say,

that he would choose action 2. Subsequently he estimates how big the shaded area on
the wheel should be to make him indiflerent between action I and action 2. Let's say
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that he would require the expected'cost' of both actions to be approximately the same:

the shaded area should cover about 1,/3'd of the wheel.

y = 100 hours

y = 300 hours

) = 0 hours

Figure 6. l0 Simpk decision tru (left) and probabiliE wheel (ight), both used in the elicitation of a

decision maker's utiliE function.

With this inlormation the decision-maker's utility forlt = 100 hours can be calculated.
As mentioned in the previous section we are free to choose both origin and scale of the

utility function. We take:

U(o; = s (6.2)

Ur(300) = -1 (6'3)

From his indifference between actions I and 2 when the shaded proportion ol the

probability wheel is I /3'd we can calculate with the expected utility rule that:

U(100) =2/3x Ud0)+ l/3xU\300)=2/3x0 + l/3x-1= -l/3 (6.4)
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The utilities for a number of other values of I can be assessed along a similar line of
working. The result of the elicitation for the example decision-maker is a linear marginal
utility function as sketched in Figure 6.11. A proper elicitation procedure could include
cross-checking to incur and/or verily consistency in his preferences and the absence of
various biases but we will not go into these issues here.

Elicitation of the decision-maker's marginal utility function over the investment costs

could take a similar form. We assume in this example that this function is also linear.

Now that the marginal utility functions have been elicited, the joint utility function over
X and T can be assessed. Given the linearity of the two marginal utilities, equation (6. l)
can be rewritten as:

tl(rJ)=c2x*c11t*66 (6.s)

Asain we use the fact that we can arbitrarily set the origin and scale of the function and
take:

Lr(0,0) = I

t{400, 300) = Q

(6.6)

(6.7)

To fix all three constants in equation (6.5) the decision-maker has to make a trade-off
between X and T. We assume here that he prefers to implement the cooling-system if
and only il the TO-performance value of the bui-lding (without cooling) will exceed 150

hours. Hence, he holds:

U(400,0) = t(0, 150) (6.8)

expressing his indi{ference between an investment of 400 103 Dfl and a TO-indicator
value of zero on the one hand, and a zero investment in combination with a TO value
of 150 hours on the other. Note that this is a preference statement over a trade-off
between attributes in the absence of uncertainQ. It is exactly the type of statement the

decision-maker will have to make in most current design situations, where each

alternative action (design) is labeled with a single TO-value as if this value were known
without uncertainty.

Equations (6.6), (6.7) and (6.8) enable the calculation of the constants in equation (6.5)

and we obtain

L/@,1) = -8.3 l0-1 x - 2.2 10-31 + 1

as the utility function olthe decision maker.

Colculotion of expected utilities
His expected utility is then:

(6 e)
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E{L\Q)\ =-8.3 l0-4 x -2.2103 80,} + 1 (6.10)

as the investment cost "r is considered to be known without uncertainty. As a result of the

Iinearity of the utility function of this specific decision-maker, we need only limited
inlormation on the probability distribution over jr, i.e. only the expected value, to
calculate the decision-maker's expected utility.

On the basis of equation (6.10) we can calculate the expected utilities for both actions ar

and ar:

Expected utility of action 1:

Expected utility of action 2:

-8.3 10-1 x0 -2.2 10-3 x 137 + I = 0.70
-8.3 l0+ x400-2.2103 x0+ 1=0.67

where we used the inlormation from Table 6.3 and the mean olthe values in Figure 6.8.

These results suggest that action I is the most preferred action of this decision-maker,

barring the result of any further analysis the decision-maker might consider.

A risk-overse decision moker
Before we go over to a discussion of several issues that were delerred in the previous

sections, it is interesting to investigate the result of the analysis for another (imaginary)

decision-maker. He not only has an identical perception of the decision problem, but
also shares his preferences with the first decision-maker in the example, except for his

marginal utility for attribute 1' (TO-indicator).

-0 100 200 300 400 500

y (value of TO-indicator in hours)

Figure 6. 12 Marginalutilit2function of the second example decision-maker ouer the leael of attibute f
(aalue of TO - indicator in hours). This decision-maker is isk auerse. As a relference, the marginal

utilitlt function of the first decision maker is also shorun. The lines cross at the coordinates (0,0) and

(300,-1) as the marginal utiliryfuncion isfixed at these points b2 equations (6.2) and (6.3).

To elicit his marginal utility over { he is also asked to consider the choice between the

actions in Figure 6.10. Unlike his colleague, he prefers action l. His line of reasoning
might be that buildings with a value of the TO-indicator of I00 hours or Iess are

reputedly good buildings with respect to thermal comfort and he is not willing to take

f

=
6
,Eg
(g
E
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much risk that he would end up with a building with 7 = 300 hours. This decision-
maker is risk aaerse.

Further elicitation of his marginal utilities yields the function shown in Figure 6. 12.

Following the same approach as for the lirst decision makcr we arrive at the utility
lunction:

6. il)

Calculating the expected utilities \'ve get:

Expected utility of action 1: 0.+7

Expected utility of action 2: 0.50

Hence, with a reser-v'ation lor the output of a sensitivity analysis, this decision-maker
wouldpreferaction l,whereashiscolieaguetendstoaction2. Initselfitisnotsurprisine
that two dccision-makers with dillerent preferences make different choices in the same

situation. However, the two decision-makers in this example would have preferred the

same decision in the absence of uncertainty. It is soleiy as a result of the introduction of
uncertainty into the problem that they tend to di{Ierent choices.

6.4 Discussion

Figure 6.8 and Figure 6.9 show the results ol the propagation o1'the uncertainty in ail
parameters. As these results are subsequently used as input to a decision analysis, the
suggestion might arise that this thesis satislactorily covers all aspects of the uncertainty
analysis that was initiated in Chapter 3. Many issues have not been addressed, though,
or deserve lurther qualifications. We will discuss several of them in this section.

Assessment of poromeler uncerlointies
Firstiy, in Chapter 3, five parameters (or rather parameter sets) were identified as

important, i.e. their joint share in the overall uncertainty was estimated to be about
85%. The uncertainty in only two of these parameter sets has been thoroughly assessed

in Chapters 4 and 5 by means of expert judgment. Through the samc method as in
Section 3.4.2 it can be estimated that the uncertainty in these two sets accounts for
about 500/o of the variances that can be calculated lrom Figure 6.8 and Figure 6.9. This
implies that the author's crude assessment of the parameter uncertainties in Chapter 3

form an important, but non-calibrated contribution to the uncertaintics displayed in
these figures.

Moreover, the results lrom the expert judgment studies, reported in Chapters 4 and 5,

deserve some qualifications. As these issues are discussed at length in the discussion

sections of these chapters, we will not go into them here.

[-r.zsro'
u(x. y)= {

[-r.zsro'

x+ 1.0

x-1.010 2y+2.0

0 ( .v ( 100 hours

y > l00hours



Discussion t.r.)

Uncerlointy resulting from proxy oitributes
In Dutch design practice, thc pcrformance indicator for thermal comfort TO and

relatcd indicators have devcloped as more or less standard attributes. In the section oI-r

problem lormulation in Section 6.3.3, thcse pcrlbrmance indicators hat'e heen

introduced as proxy or indirect attributcs. Proxy attributes, in contrast to direct
attributes, do not directly rreasure the achievement on thc decision-maker's objcctives,

but arc assumed to be strongly correlated with this achicvcment. They are uscd in cases

where no direct attributes can be found.

The statcment that the performancc indicators and objcctives are correLatel implies

uncertaintv. As this uncertainty is not explicitly assessed or analyzed in a decision

analysis, it clouds the decision-maker's preference assessments, lvhich is at odds rvith the

goal of a decision analysis. Hence, it is desirable to keep the attributes as direct as

possible. To increase the'directness'of the TO-indicator, the followins three sources of
uncertainry need to be reduced.

The first source of uncertainty is related to the choice ol a scenario. Up until no\\' we

considered the performance indicators as a function of the occupant thermal sensation

that w'ill occur under a given scenario (specifying e.g. a time series of outdoor climate

conditions and characteristics ofoccupant behavior). It is reasonable to assume though,

that performance indicators obsened under the actuaL ottdoor climate and occupant

behar,-ior will correlate better to a decision maker's objectives than indicators calculated

under a fictitious scenario. Hence, although the uncertainty in e.g. future climatic
conditions and occupant behavior does not emergc as uncertainty in the value ol the

performance indicator (attribute) in the current approach, it adds to thc uncertaintv in

thc preferences of the decision-maker. It would contribute to the clarity of'the decision

problem, and thus further the goal of the decision analysis as a whole, if uncertainty in
the variables and processes in the scenario would be explicitly addrcssed in the

uncertainty analysis ofthe attribute Ievels.

A similar line olreasoning can be upheld for uncertainty in the thermal comlbrt models.

Both the TO and the TO* performance indicators, quantifying the number ol hours

that the (operative) temperature exceeds some critical value, actually aim to model the

time that more than 10% olthc people will be dissatis{ied as thev conceive the indoor

climate as 'too warm'. The relation between the indoor climate and the occupants'

sensation is incorporated in the thermal comfort models underlying the indicators.

Uncertainty in these models has not been considered in the uncertaintv analysis (see

discussion in section 3.2.4) and hence does not contribute to Figure 6.8 and Figure 6.9.

Again, explicit account for this unccrtainty in the decision analysis rvouid contribute to

clarity.

The last source of uncertainty arises Irom the relation bctween the actual achievemcnt

on the decision maker's (sub-)objective and the number of hours that'more than 10o/o of-

the occupants will be dissatisfied' as a result of a too warm indoor climatc. It e .g. the

decision-maker u,ould also be thc futurc uscr of' the building, he might zrctually be
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interested in maximizing the productivity of the future oflice workers. In that case, the

(unccrtainty in) loss of productivity givcn 'dissatisfaction' rvould be of spccial interest to
him (for a recent revierv on the relation between indoor climate and productiritv see e.g.

Sensharma et al., 1998).

Anothcr dccision-maker, in another contcxt, might be planning to lct thc building. His

objective could bc to maximizc the rcntal income over a rclcrencc pcriod. In his utility
assessments, he experiences uncertainty in the rclation between the degree to rvhich the

{uture users of' tl're buildins can deduct rent and their dissatislaction (fbr an example
along this line of thinking in case of dissatisfaction with building r.ibrations see

Vrouwenvelder and Van Oosterhout, 1996).

As a final example, consider a situation in which the decision-maker is under
contractual obligation to surrender a building with a certain target performance. In that
case, target performance, performance indicator, scenario and probably the method to
measure the perforrnance would be specified in the contract. Hence, the decision-maker
would only have to consider modeling and specification uncertainties as mentioned in
chapter 3, and possibly measurement uncertainty in the assessment of the actual
performance of the building after completion.

Procticol relevonce
It has not been part ol this thesis to study the decision making process in current
building design. It is postulated that design evolution proceeds along iterative cycles of
creati\re dcsign generation, separated by instances of'distinct design decision making,
such as choosing between two design alternatives.
Although the prer.ious sections only scratch the surface of (Bayesian) decision theory and

its opportunities lor decision analysis, many may already wonder r'vhcther arr approach,

which requires so much fuss for such a relatively simple decision problem, does have any
practical relevancc. Indeed, real-world decision problems will commonly be much more

compiex, lvhile time and resources to do a decision analysis are limited. Yct, even in
those situations, or rather especialQ in those situations, thc principles of Bayesian decision

making are valuable. Obviously more assumptions will have to be introduced and the

assessments of e.g. uncertainties and utilities will be more crude. Hor,r'ever, once a

decision maker (or his consultants) gets acquainted with the notions and motions of a

Bayesian decision analysis, he will be able to better prioritize those elements ol the

analvsis, which resolve his most pressing vaguenesses in the decision problem and n'hich
check his most notorious intuitive biases and inconsistencies, in short: lvhich most

efEciently improve his confidence that he can make a well-considered, rational decision.

6.5 Summory

The current chapter concludes the uncerlainty analysis that was initiated in Chapter 3.

The propagation of all uncertainties through the model to obtain the uncertaintl in the

comfort performancc indicators is reported and discussed. Subsequently, it is illustratcd
how thc unccrtainty in a comlbrt perlormance indicator can constructivcly be used in a
design decisiorr analysis. An example is elaborated, in whicl.r a decision-maker is

confrontcd with a choice between two design alternatives.



7 Closure

7.1 Summory ond conclusions

Evaluaticins ol thermal building perlbrmance at a timc that the building is still undcr
design, implicate uncertainty. Quantitative appraisal of this uncertaintv can contribute
to more rational design decisions. Moreover, it gives guidance in the development and
sclection of methods to assess building performance .

In current design practice, uncertainties in performance assessments are not explicidy
quantified. In the literature on building performance simulation these uncertainties have

received some attention, but several questions have been left open. Firsdy, it has been

acknowledged that manv of the uncertainties cannot be estimated by straightforr,r,ard

statistical analysis of available data. This raises the question by which method these

uncertainties could be assessed and whether such a method would be applicable in
design practice. Secondly, although intuitive arguments have been put lorward to
emphasize the relcvance of quantitative uncertainty information for design dccisions, no
attempts have been made to show /zoro a decision maker could use this inlormation to
improve his decision.

In this thesis, an uncertainty analvsis is pre sented for a specific perlormance aspect ol'a
specific building under design. Expert judgmcnt is uscd to quantif.v r-rncertainty that
cannot bc estimated on a statistical basis. The intcgration of quantitative unce rtainn'
assessments in a design decisior.r analysis is illustrated in the context of'Ba,vesian decision
theory.

The building, u,hich u,as sclccted lor the analysis, is a iow-rise, naturally vcntilatcd ollicc
building in The Netherlands. Thcrmal comfort in the building in summer is the
pcrformance aspect that r'r,as investigated. To quantify this aspect o1'perfbrmance, two
indicators, TO and TO*, r,r,ere used. Both indicators aim to reflect the number of hours
per year that more than 10o/o of the people would consider thc indoor climate as

uncomfortabiy warm. The two indicators difler in the underlying comfort models,

though. The TO-indicator is based on the static comfort model by Fanger (1970) with
default values for air velocity, humidiry, clothing level and metabolism as recommended
in ISSO (1994). The TO*-indicator starts from the adaptive comfort model b1'De Dear
aad Brager (1998).

The indicators were calculated on the basis ol numerically simulated tempcraturcs in
the building. In the development of the building simulation model, a mainstream
approach was applied with an extension for the air llow modeling.

In this thesis, uncertainty is represented in terms of subjectir,'e probabilities.
Uncertaintics from four sources are distinguished, i.e. specification uncertaintr, sccnario
uncertainty, modcling uncertiiinty, :rnd numcrical uncertainty. Specilication uncertaintr
ariscs lrom the lack ol'in{brmation in the design specilications about the building as it
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will be delivered. Scenario uncertainty implies that the external lactors, to n'hich the

building is exposed during the perlormance assessment, are not preciselY known.

Modeling uncertainty stems from assumptions and simplifications in the de'"'elopment of
the physical building model. Numerical uncertainty may be introduccd in the

translation of'the (physical) building model into a (numcrical) comPuter model and in

thc simulations with this model.

Sccnario uncertainty was not addresscd in this thesis, nor was numerical uncertaintr'.

The uncertainties lrom the other two sources were assessed by the author on thc basis o{-

data in the literature, and propagated throush the building simulation model. The

resultins uncertainty in the indicators for comfort perlormancc rvere found to be

significant, as expressed by a coefficient of variation (ratio of standard deriation and

mean) of 0.5. Both means and standard deviations ol'the two indicators TO and TO*
rvere similar.

The research presented in the first part of this thesis concentrated on a cr-ude

uncertainty analysis. The uncertainties were assessed by the author on the basis of data

from the literature. The uncertainty analysis revealed various model parameters for

which the uncertainty had to be quantified on an ad-hoc basis. For these parameters

insuflicient data could be found, the available data were conflicting, or the va,lidity and

relevance of these data could not be established. The uncertainty in two sets ol'these

parameters rvas Iurthcr analyzed. These parameter sets were identified as significantly

contributing to the uncertainty in building performance.

The first parameter set contains the r,lind pressure diflerence coe{ficients, relating the

local wind velocity to pressures diflerences over the building faqade. These pressure

dillerences drir.e the ventilation flows through the building. The uncertainty in these

coefficients was quantified in an expert judgment study with a method lrom Cooke and

Goossens (2000). In this study, six experts assessed the uncertainty in 24 wind pressure

diflerence coefficients on the basis ofgeneric knowledge and data. For each coeflicient, a

rveighted average of their assessments was calculated Ibr use in the uncertainty analysis.

Each expert's weight rvas determined lrom a statistical comparison of their assessments

with measured values of the pressure difference coefficients, which had been obtained in
two separate wind tunnel experiments.

The expert judgment study proved to be successful. The statistical comparison showed

that the experts' combined assessments are well-calibrated, i.e. thev are suitable

measures of the uncertainty in predictions ol the wind pressure diflerence coe{ficients.

Moreover, the expert judgment study pointed out to the participating experts that the

amount oldata in the literature, which can readily be used as a basis for the prediction

of r,l.ind pressure coefficients, is limited. This was taken up as an incentive to improve

this situation (Surry, 1999).

Finally, the expert judgment study turned out to be more expensive than a wind tunnel

study, while the resultine uncertainties were larger. An obvious measure to cut back the

costs through the reduction of the number of participating cxperts, is unattractive.

Indeed, only two of the six experts turned out to be well-calibrated in the comparison of
their assessments with the measurcd data.

Closure
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Expert judgment rvas also applied to quantily the uncertainty in the indoor air
temperature distribution in Chapter 5. An important di{Ierence with the expert
judgment study on wind pressures was thc lack of a suitabic model for the indoor air
temperature distribution. This created the opportunity to address the model
der.elopment in tandem with the uncertainty analysis. Anticipating significant
uncertaintv in the air temperature distribution, given the infbrmation on boundary
corrditions in a building simulation context, a coarsc hcuristic model was proposed with
a limited number ol' empirical paramcters. The uncertainties in the relevant
characteristics of the air temperature distribution were assessed Ibr 9 dillbrent sets of
boundary conditions, by mcans of expert judgment. The same method r,r,as used as for
the u'ind pressure coeflicients. Subsequently, probabilistic inversion was applied with the

PREJUDICE technique developed by Kraan (2000). Probabilistic inversion attempts to
find a joint probability distribution over the model parameters, such that the model
produces uncertainty estimates, which comply with the experts' combined assessments.

The conclusions from this expert judgment study were very similar to those obtained
from the prer.ious one. Again the experts' combined assessments shor,ved a sood
calibration score, when compared with measured data. Moreover, both the assessments

and the calibration scores varied significantly between the experts. Furthermore, the

cxpcrts experienced a lack of relevant data in the literature to underpin their
assessmenls.

The results of the probabilistic inversion showcd that a distribution over the I 1 model
parameters could be found, rvhich reproduced the experts' assessments for 25 out of the

27 elicitcd variables with sufficient accuracy. The lailure of the model to properly reflect
the experts'uncertainties on the remaining 2 variablcs might, on the basis of the experts'
rationales, be attributed to a flaw in the elicitation o1'the cxperts. This indicates that the

level oldetail olthe proposed model for the air temperature distribution is nell-chosen,
or morc prccisely put: not too crude. It is possible that a simpler model nould have

perlbrmed equally r'vell. This could be verificd on the basis ol the same expert data, as

these were collected independently of the model.
Probabilistic inversion has been found to be a power{ul tool to quantitatively verify
r,vhether the selected level of model refinement is adequate in view of uncertainty in the

process, which the model aims to describe. However, it is costly in terms of computation
time and in its current form it requires a skilled operator. Hence, the technique is not
suitable in the context ofdesign practice.

In the first part of Chapter 6, the uncertainties in all model parameters, including those

obtained from the expert judgment studies, were propagated to find the resulting
uncertainty in the thermal comfort performance. Both for the TO and the TO*
indicator a coe{llcient of variation of 0.6 was obtained. This is a moderate increase

compared to the value of 0.5, which r.vas obtained in the initial uncertainty analysis in
Chapter 3.

Finally, it is illustrated horv Bayesian decision theory can be applied to constructively use

the quantitative in{brmation about thc uncertainty in a design decision analysis. An
example is described, in which two (lictitious) decision makers face the same choice
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whether or not to integrate a cooling system in the building design. The example shorvs

how the decision makers, who would take the same action in the absence of uncertainty,

tend to diflbrent actions in the presence ol uncertainty as a result of their dillbrent
attitudes toward risk. This underlines thc importance of explicit uncertainty inlormation
to rational design decisions.

In conclusion, the'nvork underlying this thesis analyzes how perlormance predictions can

be deployed in design decision analyses in a rational wav. The focus is on the

uncertainties which are inherent in these predictions: which part should they,plal in a
decision analysis, hor,v can they be assessed, and are they significant enough to be

considered at all? These questions are addressed in the context ofa specific case, u.hich
concerns the performance of a four story, naturally ventiiated o{fice building rvith
respect to the thermal comfort of its occupants. The study indicates that the uncertaino'
in the thermal comfort performance, assessed in the design stage of a building, can be

significant. Furthermore, expert judgment, in combination with probabilistic inversion if
necessary, has pror.en to be a sound instrument to quantily uncertainties in building
model parameters, which cannot be assessed on the basis of a straightfonvard statistical

analysis. The method is expensive though and, in its current form, requires users who
are skilled in the elicitation and processing of subjective probabilities. Hence, it does not
yet seem a useful tool for routine application in building design practice. Finally, it has

been demonstrated how uncertainty in building performance assessments can be used

in, and is essential to, rational design decisions.

7.2 Recommendotions

The work in this thesis shows that uncertainties in building model parameters, which
cannot be assessed by statistical analysis of generic data, can suitably be quantified by
means of expert judgment. However, this method is too costly lor lrequent application
in design practice . It may be a useful tool in specific, non-standard design-situations, but
the question arises how regular building physics consultancy could profit from the results

of this thesis.

Firstly, the bottom line ol this work is that uncertainty in building performance should

be taken into account. Hence, if 'crude' uncertainq- analyses, in which the building
physics consultant assesses all uncertainties, would become more common in buiiding
design practice, this would be a significant step forrvard. In this approach, a consultant
may directly profit from the material that was collected on building model parameters in
this studv, both from the Iiterature and the tlvo expert judgment studies. A necessary

requirement for the adoption of uncertainry analysis in practice lr,ould be the

enhancement ol the functionality of most building simulation tools to facilitate

uncertainry- and sensitir,.ity analyses.

Secondly, a consultant's uncertainty assessments could gradually improve iI' he was

occasionally scored in a similar way to the experts in this study: by statistical comparison

of his assessments of seed variables with measured data. Hence it lvould be useful if
libraries with suitable seed variables could be devcloped, e.g. by branch-orsanizations.
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Thirdly, if in future research more expert judgment studies ',vould be carried out on

building model components, experts in the associated domains would become more

skilled in the assessment of uncertaintics and more involved in building simulation'

Hence, their domain expertise would become more readily available to the building

simulation community. Moreover, the inlormation about the uncertainties that result

could be used to review whether the level of refinement in the current mainstream

modeiing approach, which is implemented in most building simulation tools, is in
accordance lvith the level ofuncertainty.

Chapter 6 explained how an individual decision maker can use uncertainty infiormation

in a Bayesian decision analysis to make an optimal decision. This approach, however,

requires a drastic change in design decision making. It would be desirable to find an

intermediate way in rvhich the essence of decision making under unccrtainry is

preserved, but rvith minimal changcs to the current process ol design decision making.

The essence o[ clecision making under uncertainty, is balancing consequenccs against

the probability of their occurrence. Current design decisions are based on comparisons

of single valuecl assessments against deterministic criteria. The limit state approach, as it
is commonly applied in structurai mechanics, combines these trvo lvorlds and might be

an option to investigate.

In this thesis it has been assumed that thc thermal comfort pertbrmance indicator TO
(or TO*), possibly calculatcd on the basis of a standardized scenario, is one of the

yardsticks for the decision makers objectives. Indeed, this indicator is commonly used in

current design analyses. However, Iittle rescarch has been done to in"'estigate how this

comfort performance indicator or other indicators correlate with thc actual objectives a

decision maker might have. Research in this lield could significantly contribute to the

rationality in design decisions concerning issues of thermal comfort'
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Appendix A

A.l . Model doto

Figure A. 1 shows the plan of the top floor of the building under study. The dashed line

encloses the modeled building section.

-------+ N

Figure A. I . Plan of the top Jloor. A cotridor separates the truo rows of ofice spaces at the longJagadu.

The crosses at both ends of the buildingindicate the stairuelk, which are separatedJrom the corridors b2

airttghtfire doors. The orfuntation of the buildingis indicated. The dashed rutangle encLoses the part of
the buiLding that is modeled in detail.

Spoce I (eost office spoce)

0.30 m
0.20 m
0.25 m

0.85 m

5.4 m

Figure A.2. Ofice space I with dimensions (l x w x h) 5.1m x 3.6m x 2.7 m. Cross-uentilation of the

space talces place through a canileaer window in thefagade and a rectangular uent in the opposite wall.

The wall components are numbered. Wall component 6 is the missing separation wall.
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Properties wol I componenls

Table A. l. Wall components space I
nr. description wall type

(see Figure A.2) (see Table A.8)

I window

2 parapet 2

3 separation wall left .)

4 seoaration wall back 3

5 door 4

6 separation wall risht 3

7 floor 5

B ceiline/roof 6

Tabk A.2. Wall components space I, continued. The ualues behaeen brackets appQ when the sunblind

is dorun.

where
o",int internal convective heat transfer coefficient
ok,.*, external convective heat transfer coe{ficient
zs solar absorption factor
t, solar transmission factor
e emittance of external suface (=absorptance, gray radiator).

Veniilotion

Tabk 4.3. Ventilation openings space I

13 Values are only specified for wall components, which are part ofthe building envelope.
rla Absorption of solar radiation is assumed to be equally divided over the two windowpanes.

nr. ok.int o"..*,33 2.33 1,33 t33 vieufactors33

l\{/m2Kl M/m2Kl l-l t-l l-l sround buildinss skv

I 2.5 25 (8) 0.1534 0.7 0.9 0.4 (0) 0.2 (0) 0.4 (0)

2 2.5 25 0.65 0.0 0.9 0.4 0.2 0.4

3 2.5

4 2.5

5 2.5

6 2.5

7 3.0

8 2.0 25 0.6s 0.0 0.9 0.0 0.0 1.0

Location T' Cross-sectional area coefficie nt

cantilever window 0.18 m2 0.7

separation wall vent 0. 18 m2 0.7
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Tabk A.4. Properties of the external sunblind. For details on the olteration see 'Scenaio data'.

CQ...*,33 a.3i t.33 viewfactorsoL.iur

V/m2K
€33

t-l

sunblind 12

/m'{l [-] _[-]
30 0.5 0.18

und buildines s

0.9 0.4 0.2 0.4

Solor rodiotion

The cavity between the sunblind and the window pane is ventilated with outdoor air at

a rate of 0.5 m3ls.

Tabk A.5. Dishibution of solar radiation in the space

Description Value Reference

Solar radiation entering the space:

r dir.,ision of absorption over furniture/enclosure l0%o / 90o/o

r distribution olabsorption over enciosure 1000/o at floor ISSO, 1994

Spoce ll (corridor)

2.7 m

3.2 m

FigureA.3. Space II utith dimensions (l xw xh) 3.2 m x 3.6 m x 2.7 m. Cross'uentilation of the

space takes place through ttuo rectangular aents in the vparation u,alls with ffie spaces I and III. The

ruall components are numbered.

Ventilotion

Tablt A.6. Ventilaion openings space II

@

\
rl

Location T Cross-sectional area Discharse coe{ficient

ation wall east vel!
vent

0. 1B m2 0.7

0.7wall west 0lB-r,

li Values are only specified for wall components. which are part ofthe building envelope.
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nr. description
(see Figure A. 1)

wall tlpe number
(see Table A.8)

0Q..i't

l\{/m2Kl
separation wall east 3 2.5

2 door east 4 2.5
3 separation wall west 3 2.5

4 door west 4 2.5
5 floor 5 3.0

6 ceilins 6 2.0

Properties woll componenls

Tabk A.7. Wall components space II

Spoce !ll (west office spoce)

Identical to east o{fice space (space I).

Woll types

Table A.B. Properties of wall Epes, attibutud to u.tall-componenh in Table A.I en Table A.7.

rJr; Layers are numbered from the outside of the space towards the inside. Layers in separation walls
between an office space and the corridor are numbered from the outside ofthe olfice space.
rj7 This combination of values represents a thermal resistance Rt= 0.17 m2 K/W.
:Jrr This combination of values represents a thermal resistance Rt = 0.20 m2 K/W.

Wall rype Layer36 description 1"

lW/m Kl
pc

l|lm3 Kl
d

[ml
I I elass pane 0.8 2. I 106 0.004

_ 2 airlayer3T __ _*lg 0

3 
_ 
glpll paqe 0.8

0.t7
2.\

2 I rabat 1.2

__ 0.11

06 0:0.9!

06 0.02

2 insulation 0.04 2.9 0+ 0.12
5 underlayment 0.23 1.3 06 0.0t
+ insulation 0.04 2.9 01 0.1 2

_ 5 p.laster _* 0.70 __ 8.4

3 I sand-lime 1.0 1.7

0' g.q_u

06 0.10
+ | internal door 0.17 1.2 06 0.04
5 1 concrete 2.0 2.0

2 carpet._ " 9.07 5.9

6 i roofins 0.2 1.8

06 0.22

q5 o.oo4

06 0.004
2 insulation 0.04 2.9 04 0.12

J concrete 2.0 2.0 06 0.22
4 cavity3s 1.0 0 0.20
5 ceiling 0.2 1.0 106 0.02
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where
l" conductivity
p density
c specific heat

d thickness

Generol doto

Table A.9. General data

Descriotion Value Reference

location buildine site The Netherlands

albedo 0.2

densiw of air l.2ks/rrt3
snecific heat ofair 1000 l/ks K
wind reduction factor 0.7 (urban terrain) Liddament, 1986

pressure coefficients set sheltered, flat roof, aspect Uddament, 1986

ratio offloor plan 2: I

model for sky radiant
temperature

Unsworth and Monterth,
197 I

ground parameters

conductivity
heal capacity
thickness

1.3 W/m K
1.3 106 J/mzK
I.2 m
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A.2. Scenorio doio

The scenario contains the external conditions under which the responses olthe building
(model) are observed.

Climote doto
. April through September in the Test Reference Year for De Bilt, The Netherlands

(Lund, 1985)
o Isotropic sky radiance distribution
o Ground temperature at 1.2 m depth: as default in ESP-r (ESRU, 1995b)

Operotion of the building
o O{Iice hours from 8.00 18.00, 7 days per week
. Internal heat load3e in spaces I and III (see Figure A. 1): 20 W,/m2 during oIfice

hours
r Internal heat load in space II equal to 0

Control
o Internai office doors closed at all times
e Automatic control of the solar shading (threshold level at 250 W/m2 at the faqade

(ISSO, 1994).
o When (dry bulb) air temperature in either space I or space III tends to drop below

20"C, an (idealized) heating system is activated, which keeps the air temperarure at
exactly 20,,C until it rises again.

r Empirical control Iaw for window opening according to Gids (1995):
window opening R in percentage of the maximum opening:

R= Rr;r;,* Ru^l

with
Ruin,t= I 0. 1 U
Run1,=0.2+7,,/25

where
[.r local mean wind speed at roof height (m/s)
I, outdoor ambient temperature (,,C)

Additionol doto for stolic Rgd-comfort model (see section 2.4.2)
o metabolism: 70 W/m2
r clothing resistance: 0.1 1 m2 K/!V
e relative humidity: 50o/o

r air velocity: 0.l0 m,/s

rJ1) Specified as load per m2 floor area in the space. It is assumed that all heat is emitted convectively to the
ambient indoor air.
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Tables with ranges, quantif,ving the specification uncertainties. In the uncertainty

analysis, 'Lorv', 'Base' and 'High' have been interprcted as 2.5o/o, 50'% and 97.5'%

quantile va.lues respectivel,v. The symbols and the numbers in the coiumn 'ReGrence'

are explained belorv the tablc.

Variable Low Basc Hieh Unit Relerence

Soaces

heisht 2.68 2.70 2.72 m t0
width .1..-).' 3.60 J.Ot m r0

lensth s.38 5.40 5.12 m t0

\Vall comoonent I lwindow)

Laver 1 (float slass)

4.8 5.0 5.2 mm I

0.760 0.955 1.15 \t /mK
)C t.85 2. 1t) 2.35 I/m3K alculated from 2

1\ 0.12 0. 13 0.14 Base:4, range: 10

t, 0.79 0.u 1 0.83 alcrrlated lrorn 5

0.8I 0.83 0.85

Lavcr 2 (air)

R, 0. l6 0.lB 0.20 m2K,/\\
Laver 3 (float elass)

t 3.8 4.0 4.2 mm I

l" 0 760 0.955 t. t5 W/mK 2

)C I.85 2. 10 2.35 106 T,/m3K Calculated from 2

a. 0.08 0.09 0.t0 Base:4, ranges: 10

ts 0.83 0.845 0.86 Calculated {rom 5

Wall comoonent 2 (parapet)

Laver 1 (rabat)

d IB 20 22 mm Rclatiit variation as plyrvc,od in 6

0.1 I 0.13 0.15 W/mK 6.7

)C 0.5 t.0 1.4 106 T/m3K lalculatcd lrom 7

0.60 0.65 0.70

0.82 0.88 0.94 i,6
[,aver 2 (insu]ation'

10.s t2 l3.s mm Relative variation as in 5

0.02+ 0.040 0.056 W/mK ),J
)C 0.8 2.4 4.0 t0r T/m1K lalculated Irom 6. 7
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Layer 3 (underlayment)

9 ii) ll mm Relative variation as plwvood in 6
0.21 0.23 0.25 \{,/mK l0

)C t.0 I.3 1.6 106 I/m3K 10

Layer 4 (insulation): See layer 2

Laver 5 (plasterboard)

d t1 t5 r6 mm A,bsolute r,ariation as in 5
), 0.14 0.30 0.46 W/mK ,7
Dc 0.70 1.05 1.40 l06 I/m3K lalculated from .t, 7

Wall component 3 (separation wali left)

Layer I (sand-limc lrrick)

I 98 100 102 mm Absolutc variation as lor brick
(inncr) in 5

0.92 r.00 I.0t] W/mK Basc: 4, relatir.e r.'ariation as for

brick (inner) in 2
fC 1.5 1.7 1.9 l06J/m3K Basc: 4, relative variation

calculated from 2

l'Vall component 4 (separation wall ]eft): see wall component 3

lVall component 5 (internal door)
.)o 40 +2 mm 10

)" 0.1 I 0.13 0.15 W/mK Based on plywood data in 6, 7

OC 0.5 1.0 t.4 106.|/m3K alculated from plpvood data in 7

\Vall component 6 (separation wall risht): see wall component 3

\\-all component 7 1l)oor,

Layer I (concrete slab'

d 200 220 240 mm Relative variation as in 5
T 1.40 1.65 1.90 W/mK '[ (reinforced concrete

DC t_7 1.9 2.1 106 I/m]K Calculated lrom 2, 4

Layer 2 (carpet)

I 3.0 4.5 6.0 mm 5

l. 0.045 0.075 0.100 \{/mK o

fC 1.8 .r.., 4.8 10r T/m3K Calculated from 5

Wall component B (ceiline/roof)
Laver I (roofins)

3.6 +.0 4.+ mm 10

l" 0.18 0.20 0.22 W/mK 10

)C 1.6 l.B 2.0 lQtr f /m:tK 10

t\ 0.80 0.8s 0.90 10

0.82 0.uB 0.94 5,6



Appendix B tB3

Laver 2 (insulation) : laver 2 in wall component 2

Laver 3 (concrete slab): see laver I in wall component 7

Laver 4 (air car.irv)

R. 0.ls 0.1B 0.21 m2K,/W o()

Laver 5 (olasterboard)

d IB 20 22 mm 10

)" 0.14 0.30 0.46 \,V/mK 4.7
DC 0.70 1.05 1.40 106 T/m3K 4,7

Ground
d 1.20 t.20 r.20 m Fixed

I 0.8 1.3 l.B W/mK ranse drv-wet in 4

Dc 1.3 1.5 1.7 106 T,/m3K 9

Sunblinds
2s 0.45 0.5 0.55 Estimated lrom 3
ts 0.16 0.lB 0.20 Estimated lrom 3
€ 0.u l 0.83 0.Bs t0

Windows
A.lI' 0.1 24 0.1 38 0.1 52 m2 0

Vents
A 0.t7 0.18 0.19 m2 0

Explanation references:

NEN 3265
Clarke et al. (1990)
rsso (197s)
ISSO (199,t)
Pinney et al. (1991)

Jensen (1994)
Lomas and Bowman (1988)
crBSE (1986)
Polytechnic Nmanac ( I 995)
Assumed

Explanation symbols:

l" conductivity
p density
c specific heat
d thickness
zs solar absorption factor
t. solar transmission lactor
t emittance (=absorptance, gray radiator)
Rl heat resistance
A opening area
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C.l. Combinotion of expert ossessments

lntroduction

In an expert judgmcnt study, quantile values are elicited from the experts for each

variable. The aim is to obtain a single (marginal) probability distribution over each

variable. This marginal probability distribution is relerred to as the 'distribution for the

decision-maker', or the 'DM'.
The calculation of the DN{ from the elicited quantile values takes two steps:

I . Construction of a probabiliqv distribution for each expert from his quantile values

2. Combination of the experts'distributions
For both steps Cooke (1991) proposes an approach, which is embedded in a solid
mathematical framervork. An outline is given in the following sections.

Consiruction of o distribution from quontile volues

lntroduction
Thc construction ol a probability distribution lrom given quantile values involves two
issues:

a) intrinsic ranges

b) minimallyinformatir.'e distributions

lnlrinsic ronges
In this stud,v cxperts assess 5oln, 50n/o and 950/o quantile values lor each variable. Their
5o/o and 950/o quantilc assessments bound 900/o of the probability mass. About the

location or distribution of the probability mass below the 5olo or above the 95% quantile
point however, no inlomation is provided by the experts.

To cope with this, lve assume that all probability mass is distributed over a finite
intenal, the'intrinsic range'. A common choice for this intrinsic range is the interwal

with 10% overshoot below and above the interval that is bounded by the smallest and
the greatest of all the experts' quantile assessments for the variable at hand (Cooke,

1991). In this study we adhere to this practice if no other constraints on the intrinsic
range are suggested or imposed by the context ofthe variable.

Minimolly informotive distributions
Defining an intrinsic range for a variable is equivalent with assigning values to the 0o/o

and 100% quantiles. For all experts the same 0% and l00o/o quantile values are used.

Hence, together with the elicited quantile values, a set of 5 quantile points is obtained
for each variable and each expert. This set does not uniquely define a probability
distribution: many distributions can be constructed, which satisly these quantile values.
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In this study we select from all these distributions that distribution, which has minimum

information relative to the uniform distribution on the intrinsic range.

In practice this means that we distribute the probability mass uniformly between each

pair ol successive quantile points. An illustration is given in Figure C. I .

1000/o

95o/o

5o/o

0
XOq" Xsok XSOozo X95o7o X166o7o

>x
Figure C.l. An expert's cumulatiue probability distribution oaer oariable X, corresponding to the gtaen

quantile aalues x, (r = )ok, 5ok, 500k, 95% and 100%) and minanaLl2 informatiue relatiae to the

untJorm distibution on the intinsic range [xs,r,, xt00,'/,J.

Fx (x)
A
| ,ooro

It can be shown (Kullback, 1959) that this distribution minimizes:

r(r.,)=!ra/9io. (c.lt

where ,f is the probability density function over the variable X, u ts the uniform
probability densiry function on the intrinsic range, and 1is the relative inlormation ofrf
relative to u. Looselv stated, l expresses what we learn fromrfif we initially believe z.

Combinotion of the experts' distributions

lntroduction
In this study, a single probability distribution for the decision-maker (DM) is calculated
as a weighted average of the experts' distributions. In deterrnining the weights, tr,vo

methods can be distinguished. In the first strategy, each expert receives the same weight.
The resulting equal weight DM is the arithmetic average olthe experts' distributions.
The second method uses performance-based weights. An expert's perlormance is

obtained lrom a comparison of his assessments and measured realizations on the seed

variables. Seed variables are those variables for which a realization is available to the

analyst but not to the experts, e.g. fiom unpublished measurements. This method is

applied in this study.
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The scoring of the experts to obtain their performances and the performance-based

combination of their distributions are carricd out according to the classical model,

developed by Cooke (1991). An outline is given in the following sections.

Scoring experts
In the classical model, an expert's perlormance is calculated lrom a comparison ol his

assessments with measured realizations of the seed variables. Performance can be scored

per variable (item), or globally. An expert's item performance ui on variable I is the

product of two measures, calibration C and inlormation score 1i:

wi =CeIi (c 2)

Roughly, calibration measures 'agreement with observations', whereas the information
score indicates how closely an expert's quantile assessments determine a variable.

Analogously, the global performance w of an expert is calculated from:

ZA=CI (c.3)

where his global informativeness 1is his average information score over all variables.

187

Colibroiion
For each variable, an expert assigns

quantile values. These quantile values

3 quantile values, i.e. the 5o/o, 50o/o and 95o/o

define 4 probability 'bins' (see Figure C.2).

Figure C.2. Illustration of the l probabiliE bins defined b1t the expert's quantile assessments. .Note that

no 'inhinsic range'is used in scoring the experts.

The probability mass function p over these bins is shown in Figure C.3. As an expert

assesses the same quantiles for each variable, all variables are assigned the same

distributionp over their associated bins.

When realizations become available, it is tallied in which bin they fall. In this way, a

sample mass function s is constructed. An example is shown in Figurc C.3. Obviously,

the more the sample mass function s resembles the probability mass function p, the

better the observed data support expert's assessments. As a measure of discrcpancy

between the mass functions p and s, the relative information I(s, p') of r relative to p is
used, which is defined analogously to (C.1). I(,t, p) = 0 only if s - p and higher values

correspond to a greater discrepancy.
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example of s

o 0.5
c
.Q 0.4
rU.N 0.3
E
E 0.2
ro 0.1
\o

vttt
(I,

E

E
5(,
-oo
o-

0.5

0.4

0.3

0.2

0.1

0

bin

Figure C.3. Illustration rf the probabilil massfunction p orer the l bins (left) and an example of a

sample distibution for an expert (nght) This expert is signficantfi oaerconfident (45% of the

reali4.ationsfalL outside bin 2+3, uthich constitute his 91ok-confidence interaak) and has a tendencll to

underestimate (80% of the realizations end up aboue his median aalues (the boundary between bins 2

and 3).

In scoring calibration, an expert is now regarded as the hlpothesis:

H: s resultsifrom indepmdent samplingfrom p.

To test this hlpothesis, the conditional probability is calculated that a sample mass

function s' would be obserued which diflers more from p than the actually observ'ed s,

the dillerence between two mass functions being expressed in terms of relative

information:

p!('' 
, p)> r(s, p)taj (c.4)

This probability is the expert's calibration score. Clearly, the value of the calibration
score is between 0 and I and higher scores are better.

To calculate this probabilify, the statistic 2 N I(.s', p) is used in stead of I(s', p) as it can be

shown that this quantity, which statisticians may recognize as a Iog likelihood ratio,

becomes 12-distributed with 3 degrees of freedom (the number of bins l) for a large

number of variables "M. Hence the calibration score C equals:

bin

c =t-yiQNr(s,p))

where 2 N I(s, p'1 can be calculated with a discrete version of (C. I ):

(c.s)

(c.6)
4s

2NI(s. p)= 2N) s, lna
i' P1

In practice, a minimum value of i.10-a is used for the calibration score. This prevents

that a badly calibrated expert (with a score say 1.10-5) would dominate an very badly

calibrated expert with a score of e.g. 1 . 10-6.
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Acalibration score is related tothe plwer o1'the calibration test, i.e. the elfective number
of variables from which it is calculated (cf. classical hlpothesis testing). Il calibration
scores from two experiments with a diflerent number of seed variables are to be

compared, it is important to reduce the powcr ol'the test rvitl-r the highest number of
variables to the same level as the powcr of thc other test. This can be achieved by
introducing an extra factor B in expression (C.5):

c =t-x1(zBr",r(s, p)) (c.7)

where the lactor B = )it/Jt t(-,\'! <.\l), the ratio betwecn thc numbers of seed variables in
the two cxpcrimcnts.

lnformotion
The inlormation score (or informativeness) is the degree to which an expcrt's probability
distribution defines thc value o1'a variabie or item. It is scored per item i as the relative

inlormation ol'the probability mass function 1 to the uniform distribution on thc
intrinsic rangc:

.+

1, = ln(x, o - *,.0 )+ L, ,tn
j=1

IC.B)

In this equatiott, x4 , 
j = 0,...,4 are the expe rt's 0%, 5o/o, 50%, 95% and 100% quantile

assessments respectively on variable i. I cxprcsscs what rve learn lrom the assessments of
the expert if we initially believe that variable I is unilormly distributed on the intrinsic
range lxr.i.o, xr.t.l) .

Information scores are always positive and all othcr thing beine equal, higher scores are

preferred.

Combinotion of the experls' distributions
The expcrts' distributions are combined to obtain, lor each variable, a single (marginal)

distribution. This distribution is referred to as the distribution for thc decision maker, or
simply DM.
Combination of thc cxpcrts' distributions according to the classical model uses lincar
pooling, which means that the resultins distributions are wcightcd averages o1- the

experts' distributions. This reduces the problem of combining cxpcrt.iudgments to the

problem of dcterminins the expert weights.

Two types of'perlbrmancc bascd weights can be wed, global or item rveights. When
global weights are uscd, each expert is assiened a single weight, which is applied in thc

construction of the DM's marginal distributions for all variables. In case of combination
on the basis ofitem weights, an expert rcceivcs a separate weight for each variable. Both

techniques are briefly discussed here.
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Global rueights

For each expert /, the non-normalized global lr,eight G, is equal to his global

performance score, modified by an indicator function:

G" =C"1"1,(C")

In this expression, C and 1" are the expert's calibration and information score

respectively and the indicator function

l"(c")=
C")ct

otherwise
Jr

lo

(c.e)

(c.10)

(c.11)

is used to express whether an expert (who is regarded as a statistical hypothesis) is

rejected at the significance level a or not. In other words, ifan expert's calibration score

is belor,v the significance level, to be set by the analyst, he receives a zero weight. The
analyst can adjust the value of the significance Ievel to optimize the perlormance of'the
DM.

In combining the experts'assessments, their weights must add up to 1, so the

normalized weight g, for each expert is given by:

G
6" - r

\c"
e=l

where -E is the number of experts.

Item weights

Item weights are also calcuiated analogously to (C.9):

G,"=C"1,"1,,(C") iC.l2)

where the weights are item-specific. For each variable, the weights have to sum to l, so

the normalized weights are calculated analogously to (C.1 1).

Although the performance score is composed of two elements, calibration and

information, it is the caiibration score, which predominantly dillerentiates betrveen

experts. Calibration isalatrlyJrut function, i.e. on the basis of say 10 realizations we can

distinguish lour or more orders ol magnitude in calibration. Informativeness, on the

other hand, is comparatively slow. A variation in information score ol more than a

factor 5 is rarely found. Therefore, the inlormation score mainly serves to discriminate

between experts, who are more or less equally well calibrated.

It can be shown (Cooke, 1991) that both the global and the item weights or scores are

asymptotically strictly proper, which means that experts on the long run receive the

highest weights if they state assessments according to their true beliefs.
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C.2. Results expert elicitotion

This appendix lists the experts' assessments. The full rationales of the experts can be

found in Wit (1999).

Experl I

le assessments

onentatlon variable quantiles
5oh 50o/n 95o/o

0o ACpt

ACot

0.24 0.44 0.64

0.04 0.24 0.44

30u ACpt

ACn
0.13 0.s3 0.93

0.01 0.41 0.8I
60u ACpt

ACr,
0.04 0.++ 0.84
-0.07 0.33 0.73

90. ACpt

AC,.
-0.30 0. 10 0.50

-0.30 0. l0 0.50

120,, ACpt

ACo
1.21 -0.81 -0.41

t.32 -0.92 -0.52

150,, ACpr

AC",
1.58 -1.18 -0.78

t.7 4 -t.3+ -0.94

180,, AC1,r

AC,,
1.48 -t.28 - 1.08

r.66 - 1.46 -1.26

2 I0,, ACpr

AC"t
1.48 - t.l8 -0.88

r.64 -t.3+ - 1.04

2+0,, ACpr

AC,t
1.1 1 -0.81 -0.51

t.22 -0.92 -0.62

270,' ACpt

ACnt

-0.20 0.10 0.40
-0.20 0.10 0.40

300" ACpt

ACot

0.07 0.37 0.67

-0. 10 0.20 0.s0

330. ACpt

ACnt

0.0 0.40 0.80
-0.18 0.22 0.62

as.t e s.rm.ents k o nrhhona I

Arc Deoendencv Arc Deoendencv

I 0.25 7 0.95

2 0.60 B 0.95

3 0.85 I 0.50

4 0.85 l0 0.25

5 0.85 I r 0.30

6 0.85

191



I92 Appendix C

Expert 2

assessments

onentatlon variable quantiles
50h 500h 9s%

0,, ACpt

ACn,

0.40
0.40

t.00
t.00

20

30

30' ACpt

ACnt

0.30 1.00

0.30 1.00

40

30

60' ACpt

ACnt

0.10
0.20

0.70

0.30
0.80
0.50

90" AC1,t

ACnt

-0.60
-0.30

0.00
0.00

0.60
0.30

t20. AC1,t

ACnt

-0.80 -0.40 -0.20

-0.70 -0.40 -0.30

t 50. ACpt

ACot

1.35

1.45

1.10

1.20

-0.30

-0.50

lB0. ACpt

ACn
1.35 -1.10 -0.75

I .45 - 1 .20 -0.85

2 10,, ACpt

ACrt
1.20 -0.90 -0.5s
1.20 -0.90 -0.60

240,' ACpt

ACrt

- L00 -0.60 -0.20
-0.90 -0.60 -0.30

270" ACpr

ACn,

-0.60
-0.40

0.00
0.00

0.60
0.40

300. ACpr

AC,,''

0.10
0.05

0.40
0.30

10

00

330,, ACpt

ACn
0.20
0.10

0.60
0.60

+0

10

assessments )
Arc Dependencv Arc Dependencv

0.10 7 0.95

2 0.80 o() 0.95

3 0.75 9 0.55

+ 0.6s t0 0.20

5 0.75 t1 0.20
6 0.7s
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Expert 3

lile assessments

onentatron variable quantiles

5oh 50% 95o/o

0,, ACpt

ACr't

0.4 1.0 l.+
0.0 0.9 t.+

30,, ACpt

ACo,

0.+ 1.0 l.+
0.0 0.9 1.1

60,, ACpt

ACrt

0.3 0.7 1.1

0.0 0.5 1.0

90,, AC1,t

ACp
-0.3 0.0 0.3

-0.3 0.0 0.3

120,, ACpt

ACnt

1.3 -0.9 -0.s

1.3 -0.9 -0.5

150,, AC1,t

ACu
1.5 -1.2 -0.8

1.3 -1.0 -0.7

180. ACpr

ACrt

1.5 -t.2 -0.8

1.3 -1.0 -0.7

2 10" ACpt

AC,t
r.5 -t.2 -0.8

r.3 -1.0 -0.7

240" AC1,t

ACot

1.3 -0.9 -0.5

L3 -0.9 -0.5

27 Ou ACpt

ACO,I

-0.3 0.0 0.3

-0.3 0.0 0.3

300,, AC1,t

ACnt

0.3 0.7 1.I

0.0 0.5 1.0

330,, ac1,t

ACN:

0.4 1.0 1.4

0.0 0.9 1.4

a.s se s.rmen ts k onh tt ona I

Arc Deoendencv Arc Dependenc\

I 0.5 l 0.9

2 0.8 o() 0.9

3 0.75 9 0.6

+ 0.8 l0 0.5

5 0.75 1l 0.5

6 0.75
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Expert 4

assessments

onentatron variable quantiles
5%o 50o/o 95%o

0,, AC1,t

AC,,t

0.3 0.7 1.3

0.3 0.6 0.9
30o ACpt

AC,,
0.3 0.8

0.3 0.8

+

+

60n ACpr

ACu
-0.5 0.5

-0.5 0.s

2

2

90,, AC1,t

AC,I
-0.6 0.1 0.7
-0.6 0.1 0.7

r 20,, ACpt

ACnt

t.2 -0.5 0.3

t.2 -0.s 0.3
150,, ACpt

ACo't

1.5 - 1.1 -0.6
1.7 -t.2 -0.6

180,, ACpt

ACny

1.5 -t.t -0.6
t.7 -r.2 -0.6

2 10,, ACpt

ACN,I

1.5 -1.1 -0.6
t.7 -t.2 -0.6

240" ACpt

ACnz

1.2 -0.5 0.3

t.2 -0.5 0.3

270" ac1,t

ACnt

-0.6 0.1 0.7

-0.6 0.1 0.7

300. ACpt

ACN,

-0.5 0.5

-0.5 0.s
.2

.2

330. ACpt

AC,,
0.3 0.8

0.3 0.8

4

+

as s es sments h onditional,

Arc Deoendenc'u Arc Dependencv

0.4 7 0.8

2 0.7 o() 0.7
.) 0.9 9 0.6
4 0.9 10 0.4
5 0.9 1l 0.4
6 0.9
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Expert 5

assessments

onentatron variable quantiles

SYo 50% 95%o

0, ACpt

ACnt

0.55 0.80 1.05

0.40 0.70 1.00

30,, ACpr

ACu
0.55 0.7 5 0.95

0.35 0.65 0.85

60,, ACpt

ACnt

0.3s 0.60 0.85

0.25 0.55 0.85

90,, AC1,t

ACnt

-0. ls 0.0s 0.25

-0.15 0.05 0.25

120,, ACpt

ACn',,

r.20 -0.85 -0.50

r.20 -0.85 -0.50

I 50" AC1,r

ACn':,

1.50

1.55

10 -0.70

15 -0.75

180,, ACpr

ACnt

1..rJ

1.+5

10 -0.8s

20 -0.95

2i0' ACpt

ACnt

t.+5
1.50

10 -0.75
r s -0.80

240" ACpt

ACot

I

I

5 -0.85 -0.55

5 -0.85 -0.55

270" ACpt

ACov

-0

-0

0 0.05 0.20

0 0.05 0.20

300,, ACpt

ACn
0.35 0.60 0.85

0.20 0.50 0.80

330,, ACpt

ACov

0.45 0.65 0.85

0.30 O.ss 0.80

ASSCSSMCNIS

Arc Dependency Arc Dependency

1 0.20 7 0.60

2 0.80 B 0.70

3 0.80 9 0.55

4 0.80 10 0.30

5 0.90 11 0.40

6 0.95
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Expert 6

assessments

onentatron variable quantiles
5%o 50% 95o/o

0,, ACpr

ACn't

0.69 1.59 2.49

0.69 1.59 2.49

30u ACpt

ACn't

-0.41 0.49 1.39

-0.41 0.49 1.39

60,, ACpt

ACn:t

0.02 0.37 0.72

0.02 0.37 0.72

90,, ac1,t

ACN:,

-0.30 0.0 0.30
-0.30 0.0 0.30

120,, AC1,r

AC,,
-0.67 -0.+7 -0.27

-0.67 -0.+7 -0.27
150,, AC1,t

AC,,
1.09 -0.94 -0.79
L09 -0.94 -0.79

180,, ACpt

ACN,I

r.30 -1.15 -1.00
1.30 -1.15 -1.00

210,, ACpt

ACot

1.09 -0.94 -0.79
1.09 -0.94 -0.79

240" ACpr

ACnt

-0.67 -0.47 -0.27

-0.67 -0.+7 -0.27

270" ACpt

ACn,

-0.3 r -0.01 0.29
-0.31 -0.01 0.29

300. AC1,t

ACN,I

0.12 0.42 0.72

0.12 0.42 0.72

330" AC2t

ACn't

0.1 1 0.46 0.BI

0.1 I 0.46 0.81

assessments (condiilonal

Arc Dcpendencv Arc Dependencv

I 0.40 7 1.00

2 0.50 8 0.60
3 0.90 9 0.60
4 0.90 r0 0.2s
5 t.00 11 0.40
6 1.00
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Globolweight DM

assessments

orientation variable quantiles
soh 50% 95Yo

0,, ACpt

ACnt

0.40
0.40

r.00
r.00

.20

.30

30,, ACpr

AC,I
0.30 1.00 1.40

0.30 1.00 1.30

60u AC1,r

ACnt

0.10 0.70 0.80

0.20 0.30 0.50

90,, ACpr

AC,,
-0.60 0.00 0.60
-0.30 0.00 0.30

I 20. ACpt

ACn,

-0.80 -0.40 -0.20

-0.70 -0.40 -0.30

I 50. ACpt

ACnt

-1.35 -1.10 -0.30

-1.45 -1.20 -0.50

lB0. AC1,r

AC",

1.35 - 1.10 -0.75

r .45 - I .20 -0.85

210,, ACpr

ACn:t

-1.20 -0.90 -0.55

- r.20 -0.90 -0.60

240" ACpt

AC^,;

-i.00 -0.60 -0.20
-0.90 -0.60 -0.30

270,' ACpt

ACr,t

-0.60
-0.40

0.00

0.00

0.60

0.40

300', ACpt

AC,,
0.10 0.40
0.05 0.30

10

00

330" ACpr

ACt,t

0.20 0.60
0.10 0.60

+0

l0

as se s sments (c onditional

Arc Dependencl Arc Deoendencv

0.r0 7 0.95

2 0.80 o() 0.95

3 0.75 9 0.55

+ 0.65 i0 0.20

5 0.75 ll 0.20

6 0.75
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C.3. Wind tunnel results

This scction presents the results ol the wind tunnel tests in more detail than in
Chapter 4. For more information on the set-up of the experiments see Wit (1999) or
Willemsen (1998) for the test in the DN\LLST or Soerensen (1998) Ibr the experiment
in UWO-BLWTI.

Low speed Germon-Dutch wind tunnel (DNW-LST)

Figure C.4 shows the pressure coe{ficients, mcasured at the taps la, lb,2a and 2b and
the corresponding pressure diflerence coelficients as a function o1'the wind angle.
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Figure C.4. Results of the pressure measurements in the DJ\W-LST. The drnwn lines show moaing

aaerage.t, obtained by conaolution of the measured .rignals with a gaussian proJik with a standard

deuiation of 1" (corresponding to I seconds at the anguLar uelocitl of the tttmtabLe of 1,,,/s). 71u

realiTations, used lo .rcore the experts, were takenfrom the.re mot'ing at\eras? run'a.



C.3. \'Vind tunnel results

For pressure data from thc other taps see Willemsen (1998).

Boundory loyer wind lunnel UWO-BLWTI

Figure C.5 shows the pressure coefficients, measured at the taps la, lb,2a and 2b and

the corresponding pressure dillerence coefficients as a lunction of the wind angle. For

comparison, the moving average cunes of thc DNl,\Lresults are also shown.
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Figure C.5. Wind atnnel re.ruLt.sJrom both DII{W-LST and DWO-BLItr.TI tunnels. The slmbol.r are

the 30s aaerages, measured in the LIWO htnneL. The draun lines shoa moring acerage., of the Di\W-
result (see Figure C.4).

For pressure data from the other taps see Soerensen (1998).
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Discussion qnd conclusion

The pressure coefficients measured at UWO seem negatively biased compared to the
DNW-values for all 4 taps under study, whereas the pressure difference coefficients
agree fairly well. This suggests that there may be a bias in the static pressure
measurements between both experiments. This is supported by the observation that in
the DNW experiment the pitot-static tube was used to measure the background
pressure, whereas the fIWO-experiment obtained this pressure from a floor tap.

The main deviations in the wind pressure di{Ierence coefficients between the tests occur
for the 'isolated' wind angles. At these angles the pressure diflerences are most sensitive

to the characteristics of the simulated boundary layer.

The foilowing realizations were extracted from the data as reference material lor the
expert.iudgment study.

Reali4tions used in the expert judgment expeiment.

Wind angle
(degrees) ACot

DNW-LST
ACrz

UWO-BLWTl
ACt,r ACoz

0 0.39 0.31 0.46 0.36

30 0.44 0.35 0.41 0.36

60 0.32 0.+7 0.34 0.38

90 0.03 0.01 0.00 -0.03

120 -0.36 -0.40 -0.39 -0.47

150 -0.88 - L07 -0.80 -0.94
I80 -0.95 -0.99 -0.91 -0.95
2t0 -0.87 -1.10 -0.73 -0.95

2+0 -0.35 -0.49 -0.34 -0.45

270 -0.01 -0.02 -0.03 -0.02

300 0.30 0.3 r 0.3+ 0.36

330 0.77 0.64 0.63 0.54



Appendix D

D.l. Air lemperoture profile in noturol convection regime

In the literature, data on the eflect ofconvective heat sources on the temperature profile
are mainly available from studies on t\,vo types of configurations:
. Spaces with displacement ventilation
o Radiator heated spaces

Displocement venti lotion
Linden, Lane-Ser{f, Smeed (1990), quoted in Cooper and Linden (1996), perlormed a

theoretical study on a displacement ventilation system, driven by one single point source

of heat. They show that the vertical temperature diflerence AZbetween the upper and

lower regions of the space depends on the convective internal heat gain, i.e. the

convective heat flow from the heat source Qas:

^T 
-Q,,, (D 1)

Cooper, Linden (1996) and Linden, Cooper (1996) generaiize this result for multiple
point sources (non-interferingplumes). In that case Qin (D.1) represents the sum of the

convective heat flows from the sources.

In another study (Chen, 1992), the temperature field, the velocity field and the

contaminant concentration distribution are studied numerically as a function of various
parameters. One element in the study concerns the vertical temperature profile as a

function of the total convective heat gain, while all other parameters are kept at a fixed

value.
6

5
(J

4
Eq

FJ
I

e2
6iF1

0

100 200 300 400 500 600 700

Total convective heat gain Q (W)

Figure D. l. The air temperature dffirence between 2.0 m and 0.5 m aboue theJloor as afunction oif the

total heat gainfom both intemaL heat sources and (solar) heat gainfrom the utindou; as reported in the

Chen (1992). The circles show the Computational Fluid Dlnamics results. Tlte drawn line is the best

ft of (D.1) to the data.
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Figure D.1 shows the temperature diflerence between 2.0 m and 0.5 m above the floor
as a function of the total convective heat gain in the space. \,Vith (D.1)a close fit through
the data points can be obtained as shown by the drau,n line. This suggests that (D.1)

might also be applied in situations n'ith heat sources olfinite dimensions.

Rodiotor heoted spoces
Maalej (1994) presents a comprehensive experimental study of vertical air temperature
di{Ierences in spaces heated with radiators. He varies the location ol the radiator in
reference to the (cold) window, the tlpe of radiator and most importantly for this study,

the convective heat flow from the radiator. He concludes that for a given configuration
(rype and location of the radiator) a the vertical temperature diflerence AZ between
2.4m and 0.lm above the floor can be well modeled by a power law Iunction o1'the

convective heat load Qlrom the radiator+0:

LT = aQ' (D 2)

where a and D are empirical constants, which depend on the configuration.

The results o{'these studies suggest that the eflect ol convective heat sources on the air
temperature diflerence between two verticaily separated locations in a space can be
modeled by a power law in Q where Qdenotes the total convective heat gain. In each of
the studies the form of the vertical temperature profile does not significantly depend on

Q which implies that:
e the vertical temperature diflerence between any two points with arbitrary but fixed

height within the space will closely lollow a power larv in Q
. Z*,*, the level above the floor at rvhich the temperature is equal to the mean air

temperature, will be fairly independent of Q
Hence, in the one-dimensional approach of the temperature profile, the power law
model can be applied to LTuut =T(2,,) T(z**) and LT*t =T(.2.*) - T(2,u,,5, where

2,,,= 0.7 m, half the height of a sitting person.

D.2. Cose structure

The values and ranges ofthe case-structure variables are discussed per variable.

Air flow role <Du

The ventilation flow through the spaces are mainly driven by wind-induced pressure

differences between windward and leeward facades. Under suitable assumptions for
wind reduction factor and wind pressure coeflicients, the 90'70 quantile value lor the

pressure difference betr,veen rwo opposite facades was estimated at B Pa in the reference

year 1964. This pressure difference induces a volume flow rate of approximately 2.1 10-t

m3ls, il the flow crosses two identical spaces w'ith specification as in given in
Appendix A, one at the windward laqade and one at the leeward faEade with an

+0 A similar result was found for the differe nce bctrveen air temperatures at LBm and 0. I m
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corridor in-benveen. This value was adopted as the

in this study.

Tr.vo other values were used Ibr Or,, i.e. 2.8 l0-2 and

change rates of 2 and 5 hr-l respectivcly. These are

simuiations (ISSO, 1994).

maximum value considered for @r,

7.0 10-2 m3ls, corresponding to air
commonly used values in building

lnternol heol goin Q"...
NOVEM (1992) reports on a study, rvhich investigates the influence o{'various design

parameters on summer comfort conditions in office buildings in The Netherlands. One

of these parameters is the internal heat gain. The report indicates that it is quite a

challenge to maintain comfortable conditions in a naturally ventilated space with an

internal heat gain of 30 W/m2. This corresponds to a gain of'approximately 600 W in
the case at hand, lvhich is chosen as the maximum value considered for the internal heat

gain in this study. It is assumed that all heat is emitted convectively.

The minimum value of the internal heat gain is set to 0, representing the situation that
the space is unoccupied.

Solor heot goin Q"o, ond conveciive froction Q"o,..

With a maximum total solar gain of 900 W/m2 on the faqade fian der Lindcn, 1996),

the solar gain entering the space through an external solar shading is 500 W or less. This

value is adopted as the maximum vaiue ol the solar gain Qa. The minimum value is set

to 0 lor obvious reasons.

The fraction fur., which is absorbed by the furniture and convectively emitted to the

air, is set to the 10ot of Q,,z in all cases. This is a commonly used value in building
simulations (ISSO, 1 994).

The temperolure of lhe incoming oir, T,n

This variable is a balancing item in the case structure design. In the model , Tin only

occurs in the temperature di{Ierences Tu,-Tni, or Ti,-Tu,t. From a rangc of simulations of
the temperature in the space for diflerent scenarios, it appears that in about 90?o of the

cases, T;,-7,,; lalls in the range l-7'C, +4'C]. These simulations were performed nith
the delault assumptions of uniform air temperature, a convectivc heat transfer

coefficie nt ol 3 W,/m2 "C and for a range of possible internal heat gains.

Hence it was decided to assign values to 7,, which yield values of Tr.Tuu in this inten'al
under the samc default assumptions in each of the cases.

Due to the structure of the models lor LT*t and LT.,, equally many cases were selected

snth T;uT";. > 0 as with T*-Tuo < 0.

Meon surfoce lemperolure of the enclosure I*o//

The physical processes determining the airflow are highly insensitive to the absolute

:"u1::.u,"." 
level in the space. Therefore Tu,,,t was set at a fixed value of 23"C in all
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D.3. Results expert elicitotion

Expert I

ntile assessments on seed variables

Case

Tr.+*-To.r.("C)
5%o 50% 95o/o

Tr.;. (,,C)

5o/n 50oh 95oh

A
B

C
D
E

- 1.0 0.+ 2.0

-1.0 0.8 3.0

-2.0 0.8 4.0

-2.0 0.4 4.0

2.0 5.1 9.0

7.0

8.0

7.0

7.0

8.0

9.6 23.0
9.6 22.0
9.7 23.0

9.9 23.0

l0.B 24.0

antile assessments on elicitation variables

Case

T,,r,-T";. (t'C)

5o/o 50%o 95%o

Tui. (,,C)

5o/o 50% 95oh

T,n..-Tui, ("C)

5o/o 50%o 95%n

1

2

3

+

5

6

7

o

I

- 1.0 0.0 1.0

0.0 1.6 4.0

-1.0 0.2 1.0

-1.0 1.5 +.0

0.0 2.5 s.0
0.0 t.7 3.0
-0.3 0.2 0.7

- 1.0 0.2 r.0
- 1.0 0.4 3.0

2t.0 23.0 2s.0
23.0 24.6 26.0

21.0 23.1 25.0

18.0 20.0 22.0

23.0 25.3 28.0

22.0 23.+ 2s.0
20.0 21.s 23.0

25.0 26.+ 28.0

15.0 19.3 2r.0

- 1.0 0.0 1.0

-2.0 0.0 2.0

- L0 0.0 1.0

-3.0 0.0 2.0

-2.0 0.0 2.0

-2.0 0.0 2.0

- 1.0 0.0 1.0

- 1.0 0.0 1.0

-2.0 0.0 2.0

Depende elicitation variables

Case

Variable I

T,;,
Variable 2

T,,ut-Tni,

Variable I

Tr..-Toi.
Variable 2

T,,r,-Tri.
I

2

3

4

5

6

7

o

9

0.5

0.3

0.3

0.4

0.35
0.35

0.45

0.45

0.45

0.75

0.75

0.75

0.65

0.6

0.55

0.55

0.60
0.55
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Expert 2

Depende elicitation variables

antile assessments on seed variables

Case

Tz.+--To.r.("C)
5o/o 50oh 95o/n

Tr.:. (,,C)

5%o 50% 95oh

A
B

C

D
E

0.7 1.3 2.0

1.3 2.6 +.0

r.0 2.0 3.0

0.0 0.5 L5
2.0 3.6 5.0

r 9.s 20.5 2r.5
20.6 21.0 23.5

20.4 21.+ 23.2

I8.9 19.9 20.9

19.0 20.0 21.0

antile assessments on elicitation variables

Case

T,,u.Tui. (nC)

5%o 50% 95%o

T,r. (nC)

5o/o 50%o 95oh

Tu..-T,,;. ("C)

sok 50oh 95o/n

1

2

.)

4

5

6

7

B

9

0.0 0.s 1.0

0.9 1.6 2.9

0.2 0.4 t.2
0.2 0.7 2.1

1.2 2.t 3.6

0.2 0.6 2.0

0. I 0.4 r.1

0.5 0.9 t.7
0.1 0.3 0.9

22.0 23.0 2+.0

2+.1 25.5 27.5

22.2 23.2 24.2

1 9. l 2t.2 22.4
24.3 26.2 28. r

23.1 24.t 25.t
20.0 21.6 22.6

23.9 25.7 27.0
16.8 19.6 22.0

-0.5 -0.3 0.0

-1.5 -0.8 -0.4

-0.6 -0.2 -0.I
- I .0 -0.4 -0. I

-1.8 -1.0 -0.6

- 1.0 -0.3 -0.1

-0.6 -0.2 -0.1

-0.9 -0.4 -0.3

-0.5 -0.2 -0.1

assessments on ellcrtatlon va

Case

Variable I

Tui.

Variable 2

T,,ut-T"i.

Variable I

T,,..-T.i.
Variable 2

Turt-T'.i.

1

2

3

+

5

6

7

o

9

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.25

0.25

0.25

0.25

0.2s
0.25

0.25

0.2s
0.25
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Experl 3

ntile assessments on seed variables

Case

Tz.+ --To.r n,("C)

5o/o 50o/o 95o/o

Tr.;. (,,C)

soh 50% 95%o

A
B

C
D
E

0.20 1.10 2.00
0.60 2.30 4.00
0.50 1.50 2.60
0.10 0.70 t.25
5.60 9.80 14.00

20.60 21.00 21.s0
2t.+0 22.50 23.70

2t.20 22.+0 23.50
20.00 20.50 21.00
23.40 23.90 2+.40

antile assessments on elicitation variables

Case

Tuu,-Tui, (oC)

5o/o 50oh 95oh

Trt,.(,,C)

5oh 50o/o 95o/o

T,,,..-T,,i,. ("C)

5%o 500h 95%

I

2

3

4

5

6

7

B

9

0.

0.

0.

0.

0.

0.

0.

0.

0.

r0 0.60
)s 0.53

t0 0.60
t0 0.60
t0 1.00

r0 0.60
t0 0.60
r0 0.60
t0 0.60

.zJ

.00

.25

.25

.90

.25

.2s

.25

.25

22.00 23.00 24.00

24.00 25.25 26.s0
22.50 23.50 24.50

21.00 22.00 23.00

24.50 26.30 28.10

23.10 2+.t0 25.10

20.7s 21.75 22.75

2+.90 26.30 27.60

18.00 19.3s 20.70

-0.60 -0.30 -0.05

- 1.50 -0.90 -0.30
-0.60 -0.30 -0.05
-1.90 -l.20 -0.50
- r .50 -0.80 -0. 10

-1.00 -0.75 -0.s0
- 1.40 -0.80 -0.30
-0.60 -0.30 -0.05

-0.60 -0.30 -0.05

assessments on elicitation varr

Case

Variable I
T.i,

Variable 2

Tu,t-T.i,'
Variable I

T,,,.-T,,;.
Variable 2

T.,,r-Tr;,

I
9

.)

+

5

6

7

o(,

9

0.5

0.25

0.2s
0.4

0.3

0.4

0.+

0.2s
0.25

0.5

0.2s
0.25

0.+

0.3

0.+

0.+

0.2s
0.2s

ables
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Expert 4

antl assessments on seed variables

Case

Tz.+ --To.r *("C)
5o/o 50% 95%o

Tr.:. (,,C)

5o/o 50o/o 95%o

A
B

C
D
E

1.s0 2.00 2.50

3.00 4.00 5.00

1.80 3.00 +.20

1.s0 2.00 2.50
4.00 5_50 7.00

20.30 20.80 21.60

20.20 21.00 22.+0

18.90 20.00 21.00

14.70 17.30 19.20

17.50 19.80 2r.+0

ntile assessments on elicitation variables

Case

T,,,,,-T,,i, ("C)

5%o 50oh 95%

T,,i,.(oC)

57o 50oh 95%o

T,,..-T,ir (t'C)

5o/o 50o/o 95o/o

I

2

.)

4
E.t

6

7

o(,

9

-0.70 0.00 0.47

-2.tt -0.27 0.9s
-1.22 -0.07 0.48
0.00 1.96 5.91

-4.91 -1.33 0.07

-0.19 1.28 3.66

0.00 t.t7 3.34

-t .7 6 -0.38 0. 10

0.00 t.29 4.16

22.20 23.00 23.60

2+.20 25.90 28.10
22.t0 23.30 2+.10

18.20 20.40 22.10

25.10 27 .20 29.70

22.60 24.10 26.10

19.10 20.s0 21.90

2s.s0 27.00 28.30

16.20 18. l0 20.20

-0.22 0.00 0.30
-0.s6 0.05 l.0l
-0.30 0.01 0.54

-2.7 \ -0.20 1.51

-1.27 0.14 2.16

- 1 .93 -0. 18 1 .03

-1.63 -0.12 0.97

-0.54 0.04 0.BB

-1.98 -0.13 1.18

nclencv assessments on ellcltalron vanables

Case

Variable 1

T,,;,

Variable 2

T,,,,-T,,;.
Variable I

T...-Tri,
Variable 2

T,,ut-T.i.

1

2

.)

4

5

6

7

o

9

0.8

0.8

0.8

0.4

0.5

0.4

0.2

0.6

0.+

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

itation variable
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tile assessments on seed variables

Case

Tz.+ 
",-To.r .("C)

5o/o 50% 95o/o

Tr.;. (,,C)

5oh sooh 95o/n

A
B

C
D
E

-0.39 r.26 2.00

-0.7 | 2.21 3.97

-0.27 1.98 3.27

-0.4+ 0.50 1.96

2.00 3.80 8.55

8.92 20.19 2t.70
8.40 20.93 23.45

8.57 21.36 23.20

7.47 19.90 22.21

8.61 20.02 22.52

Item weight DM

Reolizotions on seed voriobles

Realizations on the seed variables were obtained from measurements by Frangois et al

(1993). The values are listed below.

Case Tr.+- To.r-(oCl Tt..-r- (,,C'

A
B

C
D
E

0.9

3.0

4.5

0.8

5.7

20.5

20.9

20.9
19.8

20.s

tile assessments on elicitation variables

Case

T,,,,r-T,,i, (oC)

5o/o 50% 95o/o

Toi. (,,c)

soh 50Yo 95%o

T,,..-T";. ("C)

5o/o 50oh 95o/o

I

2

.)

4

5

6

7

B

9

-0.58 0.+7 1.00

0.1 i 1.60 3.65

-0.60 0.39 r.19
-0.48 0.78 3.5+

0.10 2.18 +.70

0.10 0.77 2.76

-0.27 0.33 1.09

-0.83 0.78 1.68

-0.53 0.31 2.2t

2t.83 23.00 24.t7
23.09 2s.00 27.35

2t.97 23.20 24.33

18.26 20.81 22.38

23.27 25.97 28.10

22.22 23.96 2s.10
20.00 21.56 22.89
24.02 26.02 27.90
15.33 19.+3 2 t.BB

-0.54 -0.30 0.1+

- I .53 -0.80 -0.01

-0.63 -0.20 0.04
- 1 .30 -0.40 0.35

- r .82 -0.99 0.2 r

-1.07 -0.30 0.15

-0.83 -0.20 0.s6
-0.90 -0.40 -0.10
-0.60 -0.20 0.08



209

D.4. Morginol distributions torgel voriobles

quantile a, ar a2

xl0r, xl0-1 xl0,rJ,,c ,,crlw ,,(i/w

a3 al c[..

xl02 x 10,3 x100
q2lmr; ,)(1/W W/m2K

bo br b: b,t

xloo x l0-r x l0-3 xl02
,,(l 1'(l/Iyv {'clllyv q2lm'i

b+

x l0-r
,,c/w

0.002i -3.75 
- 

- 13.8 -94.8

0.0 I -2.519 -9.8I -50.2
|-.9_l_____:? 6.1_ _ I 3l _ :_1. 13* _ *!, t l.- --:! Ql
r.03 -21 .B 0.49 - 1 .03 -4.++ -14.51

0 r -9.0q
03 -8.50

0.02 1.80 9.62 .1 I .:) .03 -18.3 0.49 -0.B0 -3.96 -12.78 06 -4.39

0.03 1.39 -6.99 -23.+ 04 -17.9 0.66 -0.76 -3.59 -l l.6l 0B -4.03

0.0.t -0.77 -6.35 -5.93 .05 -),7 .3 0.79 -0.68 -3. 16 -10.60 11 -3.62

0.05 -0.53 -5.64 -4.65 .06 - 1 6.4 t2 -0.66 2.95 -10.5+ I .) -.1-/ I

0.06 -0.:12 -5.57 -4.65 .09 - 14.9 3l 0.63 2.62 l0 l5 -2.98

0.07 -0.47 4.96 .).f,o I 13.8 +7 -0.61 -2.36 -10.18 t7 -2.67

0.08 -0.46 +.27 .)-to 3 13.+ 5l 0.61 30 -9.75 r9 -2.38

0.09 -0.44 3.5 r 4 t3.0 .6',1 0.59 19 -9.29 2t -2.1.+

0 0 -0.41 3.06 3.18 6 -l2.3 .84 -0.57 II 9.0l 22 -r.94
0. I -0.41 2.7 4 3.0+ B -1 1.6 97 0.57 9+ -8.93 23 -t.7 4

0 2 -0.+1 2.7 4 2.68 9 1 1.0 .o'1 0.51 83 -8.79 25 - 1.41

0. 3 -0.31 -2.52 -2.39 .20 -10.6 2.16 -0.56 76 -8.31 26 -1.18

0. + -0.32 -1.89 -1.s9 24 r 0.4 2.27 0.54 63 -8.20 29 - 1.06

0. 5 -0.30 1.43 2+ -10.1 2.36 -0.53 s6 -8.20 3t 0.87

0. 6 -0.2i I.OB t.o7 .25 9.77 2.42 0.52 17 -8.20 33 -0.71

0 7 -0.23 -0.75 -\.07 27 -9.54 2.19 -0.51 39 -8.1 4 36 -0.60

0. B -0.22 -0.61 -0.73 .29 -9.27 2.52 -0.5r I 33 -7.76 38 -0.54

0.1 9 -0.22 -0.+7 0.30 30 -B.70 2.58 -0.50 24 -7.55 39 -0.46

0.20 -0. rB -0.40 0.83 .31 -8.36 2.62 -0.49 20 -7.25 +0 -0.46

0.2 l -0. l6 -0.40 r .2 r 3+ -8.14 2.68 -0.48 t2 7.t7 +2 -0.39

0.22 -0. lir -0.33 I.49 .36 -7.66 2.7 4 -0.+7 06 -7.04 ++ -0.32

0.23 -0.0 t -0.27 I .B l '1.0 7.42 2.8I -0.46 00 -6.94 +5 -0.24

0.24 -0.01 -0.24 2.0 I 12 1\) z.oo 0.++ -0.99 6.6l 4a) -0.07

0.25 -0.01 -0.2 I 2.1B ++ -6.99 2.94 -0.43 -0.95 -6.36 +7 -0.04

0.26 0.00 -0. I B 2.35 48 -6.77 3.01 -0.42 -0.91 -6. I 3 50 0.01

0.27 0.00 -0.r4 2.+7 50 -6..rr.11 3.08 -0.40 -0.90 -5.97 53 0.02

0.28 0.00 -0.04 2.7 5 53 -6.42 3.10 -0.39 -0.87 -5.8I 54 0.04
0.29 0.00 0.09 2.95 .54 -6.24 3. r 3 -0.39 -0.85 -5.57 57 0.05

0.30 0.03 0. l5 3.01 5rB -5.98 3.).7 -0.38 -0.83 -5.51 .61 0.07
0.31 0.0+ 0.20 3.27 .60 -i.63 3.22 -0.37 -0.8 r -5.42 .64 0. 10

0.32 0.05 0.2+ 3.+0 .61 -5.27 3.2s -0.36 -0.78 -5.26 .65 0.1 6

0.33 0.06 0.28 3.40 .62 -5.04 3.30 -0.36 -0.76 -5.20 .66 0.19
0.31 0.06 0.31

0.35 0.07 0.3+ +.20

.Q! :1,78 9,?Q :Q,?Q :Q,71 5.01

.67 -4.65 3.33 -0.32 -0.74 -4.95
.68 0.2 r

70 0.23

0.3_9 
_ _9.0.8_ _ _0.99_ _ _1,19

0.37 0.08 0.+2 4.7 +

.68" -"4._4_8 3.36 -0.28 -0.71 -4.80

.72 -4.22 3.+l -0.26 -0.69 -+.62 75 0.31

q,qq q.q9 q,4 1,q9
0.39 0.10 0.45 5.tl

74 -4,18 3_46 -0.23 -0.69 -4.54

7s -3.8s 3.s1 -0.20 -0.67 -.t.50
77

79

q.31

0.36

0.40 0 0 0.48 5.37 78 -3..58 3..55 -0 -0.63 -4.38 .B I 0.39
0.41 0. 0.53 5.69 78 -3.33 3.63 -0. -0.61 -4.30 .83 0.40
0.+2 0. 3 0.58 5.95 lB -2.95 3.70 -0. -0.59 -+.28 .87 0.50

0.43 0. 0.63 6.22 7B 2.71 3.75 0. -0.56 -4. r B 90 0.65
o.++ 0. 0.68 6.57 .80 -2.63 3.84 -0. -0.53 -3.96 92 0.69

0.45 0 5 0.7+ 6.8l 82 -2.++ 3.89 -0 -0.ir3 -3.82 94 0.87
0.46 0. 6 0.7+ 7.15 .83 -2.36 3.92 -0. -0.ir I -3.68 95 r.00
0.+7 0 9 0.76 7.69 86 -2.23 4.00 -0 -0.49 -3.53 98 1.25

0.48 0.20 0.78 7.87 .BU -2.12 +.0+ -0. -0.47 -3.46 98 l.3B
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quantiie a1) at z)

(continued) xl0" x 10'J x l0'r,,ti .c/\{ ,,c/w

aJ a4 CIc

x102 x l0-r xl0r)
s2lm(; oClW W/m2K

bo br bz b: b+

x100 x 10-5 x I0-r xl02 x l0-:l
,,cl ,,c/w ,,c/w s2lm(; "c/Il/v

0.49 0.22 0.83 B.3B 1.90 1.05 4.08 0. -0.45 -3.36 2.00 +2

0.50 0.24 0.BB 8.63 __ I.94
0..5r 0.25 0.90 9.10 1.98

J1"-"_312_- -0.

.BB 4.tB -0.

I -0.43 -3.3 I 2.01

0 -0.41 -3. I3 2.03

46

4B

0.94 9.57
?. 9"1

2.02

0._5*2- 0.28
0.513 0.32

0.91 9.35 .-80 4.23 -0.09 -0.38 
---*2:g 

l 2.0s

.7 1 +.27 -0.09 -0.35 -2.61 2.06

50

55

0.54 0.34 0.98 9.79 2.04 .6 r +.3t -0.08 -0.33 -2.54 2.08 6t

0.56 0.36
.03

.08

0.06 2.07
0.32 2.09

JJ 4.37 :0j97 -0.26 -2.35 2

49 4.+t -0.06 -0.22 -2.t7 2
I
+

69

BO

9.97 0.4
o.s8 0.43

ll
l5

o:3q ?:1? :
0.48 2.15

49 4.46 -0.05 -0.1 2 -2.03 2

42 1.53 -0.04 -0.09 -1.84 2
l

9l
0.s9 0.46 t9 0.73 2.19 30 4.53 -0.03 -0.03 -1.69 2.20 93

0.60 0.51 25 0.99 2.21 .24 +.53 -0.02 0.00 -1.55 2.22 99

520.61 U 26 1.27 2.25 13 +.53 -0.0 I 0.01 - l .48 2.24 .08

0.62 0.54 l.s2 2.26 .0+ 4.56 -0.01 0.01 -1.40 2.2+ 2 0

0.63 0.54 30 l.B1 2.28 -0.96 4.59 -0.01 0.02 -1.29 2.25 2 0

0.64 0.55 31 l.B3 2.31 -0.82 4.59 0.00 0.02 -t.l+ 2.29 2 o

0.65

0.66
0.67

0.51

058-
0.60

!,q!

t.3B

2

2

2.80 2.3+ -0.68 +.72 0.00 0.04 -0.82 2.+0 2

t!.?9- "?.3-L- :Q,QQ 1.Q? i!9: 0'Q2 :1,0Q 2'31
r2.s6 2.33 -0.68 4.65 0.00 0.03 -0.95 2.37

()

I
9

0.68 0.60 3.12 2.35 -0.66 +.77 0.06 -0.72 2.43 2.240.00

0.69 0.62 .)o 3.3s 2.35 -0.65 +.77 0.00 0.1 I -0.65 2.45 2.28

0.70 0.63 +2 3.75 2.38 -0.58 +.82 0.00 0. t 6 -0.60 2.+B 2.33

0.7 r 0.65 46 4.08 2.39 0.52 4.85 0.00 2.412.510.520.21

0.72 0.67 51 4.51 2.+2 -0.39 4.89 0.00 0.2s -0.+2 2.s3 2.44

0.73 0.ii7 52 2.:514.71 2.+4 4.96 0.00 0.28 -0.29 2.55-0.30

0.7.1 0.68 59 5.03 2.+5 -0.22 0.00 0.30 -0.22 2.it7 2.625.01

0.75 0.69 60 2.765.12.r;.39 2.+7 -0.02 0.00 0.34 -0.16 2.57

0.76 0.70 6+ 2.77r-r.65 2.+8 0.00 5.20 0.00 0.39 -0. l2 2.sB

0.77 0.1\ 67 5.79 2.52 0. 10 0.00 0.+2 -0.06 2.58 2.905.26

0.78 0.73 7o 2.985.35r5.84 2.s+ 0.31 0.00 0.45 0. t 7 2.60

0.79 0.7 4 77 6.10 2.5+ 0.+3 5.+2 0.00 0.+7 0.29 2.63 .r. t.)

0.80 0.76 ()., 6.66 2.56 0.57 0.00 0.52 0.41 2.63 3.205.46

00.8I 92 6.76 2.60 0.68 5.+7 0.00 0.62 0.5r I 2.63 3.21

0.82 0.80 95 7.35 2.61 0.76 5.51 0.00 0.68 0.61 2.67 3.36

0.83 0.83 1.98 7.8+ 2.63 0.82 5.55 0.0 0.76 0.13 2.69 3.57

"qg1 q, q 2.01
0.85 0.89 2.08

q.!? ?,Qi qlO slg 
"*_q,

9.1 7 2.67 0.96 5.65 0.0

9.82 2.69 1.00 5.80 0.0

q {q qzq_ 2.7q-**3.99
1.00 0.86 2.73 3.83

L00 I .02 2.7 + 4.03

0.87 0.95 2.t3 21 .33 2.7 0 .05 6.04 0.0 +.2400 l.r5 2.7+

O.BB 96 2.23 22.22 2.73 t2 6.23 0.02 +.+4T2 t.22 2.7 4

0.89 .00 2.28 23.90 2.7 5 0.036.31.2t L3+ 2.76 4.69T2

0.90 02 2.32 25.72 2.71 6.51 0.04 4.8939

0.91

0.92
0.93

.03 2.+B 27.85 2.79

.03 2.6-4 29.39 2.81

.09 2.97 30.89 2.85

40 6.74 "* 0.05
46 6.85 0.06
48 7.06 0.07

39 1.68 2.82 s.r3
39 2.66 2.85 5.33

39 435 237 5"64

0.94 l5 3.30 31.76 2.86 .55 7.+2 0.07 5.905t 5.95 2.90

0.95r 22 3.95 32.2+ 2.BB 66 7.60 0.09 2.00 9.+l 2.93 6.35

0.96 24 s.s6 35.87 2.89 .56 8.03 0. I I 2.03 I r.65 2.94 7 .53

0.97 49 7.33 39.22 2.9r 3.69 8.49 0. 15 2.19 15.71 2.9s g.s8

0.98 .83 9.79 41.09 2.94 5.22 B.7s 0.22 2.19 19.67 2.9s 1s.79

0.99 2.83 19.4 ++.ts 2.97 7 .36 B.B4 0.30 2.+7 22.28 2.97 15.79

0.997s 3.27 23.1 sr.99 2.99 18.64 9.19 0.54 3.95 +t.29 2.99 20.32



Symbols ond obbreviotions

Lower case

a absorption factor
cp specific heat ofair
d displacement height
d elementary eIlect
d thickness

d vector with model parameters
g non-normalized expert weight
k number of parameters

m sample mean

n general exponent
p pressure

p probability mass function
p number of grid levels

q heat flux
r number of replicates
s sample distribution
t time
t transmission factor
w expert performance score

z height
ZLt roughness length

Upper case

A art-a

C expert calibration score

C general constant
C heat capaciry
Ca discharge coefficient
Cp pressure coe{Iicient
DM probability distribution for the decision maker
E expected value
G normalized expert weight
GTO Dutch performance indicator for thermal comfort
H ceiling height
H obstacle height
I expert inlormation score

M model
P probability

a. heat gain
R heat resistance

R window opening



212 Symbols and abbreviations

S standard deviation
T temperature
TO Dutch performance indicator for thermal comfort, (static model)
TO* Dutch performance indicator for thermal comfort (adaptive model)
U mean wind velocity
U utility

Greek
0 heat transfer coefficient

0 significance level

Y wind reduction factor
€ emittance
l" conductivity
p density

E .tratification parameter

X2 chi-square distribution
@ air mass flow rate

Ov air volume flow rate

Subscripts

. m at . m height above floor
a ambient (outdoor)
c convective
e expert
env environment
ext external
in incoming (supply) air
int internal
occ occupant
out outgoing (exhaust) air
pot potential
r radiant
sol solar
srce heat source

w wall

Abbreviations
TRY test reference year
PMV predicted mean vote
PPD predicted percentage dissatisfied

HVAC heating, ventilation and air conditioning
ET eflective temperature
DM decision maker
ACH air changes per hour
NLP non-linear programming
CFD computational fluid dynamics



Somenvotting

In keuzes tussen ont\verpvarianten van een gebour'v spelen gebour,r,prestaties een

belangrijke rol. Deze grootheden vormen een kwantitatieve schaal lvaarop de beslisser

kan afmeten in hoeverre een geboulwariant voldoet aan dc cisen en doelstellingen. Bij
de bepaling van de gebouuprestaties in de ontwerylase moct rckening worden

gehouden met onzekerheden. Ku'antificering van deze onzekcrheden kan bijdragen tot
rationelere ontwerpbeslissingen en kan sturing geven aan de ontwikkeling en keuze van

methoden om de gebouwprestatie te berekenen.

In de huidige ontwerppraktijk rvorden bij het berekenen van gebourqrrestaties in de

meeste sevallen die onzekerheden niet gekwantificeerd. Dit geldt ook voor prestatics die

zijn gerelateerd aan de warmtehuishouding van een gebouw. In dc literatuur ovcr
simulatie van dezc prestaties wordt wel enige aandacht besteed aan onzekcrhcden, maar

verschillende vragcn blijven liggen.

Op de eerste plaats rvordt in een aantal studies onderkend, dat veel van de

onzekerheden niet zonder mecr kunnen worden bepaald op basis van een statistischc

anah'se van beschikbare gegevens. Dit roept de vraag op rvelke methode dan r,vel

geschikt zou ztjn om deze onzekerhe dcn te kwantificeren en of een dergelijke methode

ook in de onrwerppraktijk zou kunnen rvorden toegepast.

Daarnaast zijn op divcrse plaatsen in de literatuur intuitieve argr.rmenten te vinden, die

onderstrepen dat kwantitatieve inlbrmatie over onzekerheden van belang is voor
ontwerpbeslissingen. Nergens wordt ecl-rter uitgerverkt hoe een beslisser deze informatie
zou kunnen gebruiken om zijn beslissing te verbcteren.
In dit proefschrift is een onzekerheidsanalysc uitger,verkt voor een specifieke

gebouwprestatie, en voor een speciliek gebouw. Expertmeningen zijn gebruikt om

onzekerheden te bepalen die niet ''ia statistische wcs kunnen worden afgeleid. Hoe

kwantitatieve onzekerheden geintegreerd kunncn worden in (.1" analvse van)

ontwerpbeslissingen is geillustreerd in de context van de Baycsiaanse beslissingstheorie.

Het prestatieaspect dat voor de studie is gekozen betreft thermischc behaaglijkheid in de

zofi1er. Hct gebouw waar-van de prestatie is bestudeerd, is een kantoorgcbouw van vier
verdiepingen zonder koelinginstallatie of mechanisch ventilatiesysteem. Om de

gebouwprestatie te bepalen zijn twee indicatoren gehanteerd, namelijk TO en 'fO*.
Beide indicatoren voorspellen het aantal uren per jaar, waarin in het gebouw een

k-limaat heerst dat door meer dan l0o/o van de mensen zou worden beoordeeld als

'oncomlortabel warm'. De indicatoren verschillen echter in dc onderliggendc
comfortmodellen. De TO-indicator is gebaseerd op het statische comlbrtmodel volgens

Fanger (1970), terwijl het adaptieve comfortmodel van De Dear en Brager (1998) ten

grondslag ligt aan de TO*-indicator. De indicatoren zijn berekend op basis varr

numeriek gesimuleerde temperaturcn in het gebouw. Voor de onnr.ikkeling van het

gebouwsimulatiemodel is een standaardaanpak gevolgd met een aanvuiling voor de

modellering va n de I uchtstrominsen.
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Onzekerheid wordt in dit proefschrift eerepresenteerd in termen van subjectieve kansen.
Er wordt onderscheid gemaakt tussen onzekerheden uit vier bronnen. Deze worden
aangeduid als specificatie-onzekerheid, scenario-onzekerheid, modellerings-onzekerheid
en numerieke onzekerheid. Specificatic-onzekerheid ontstaat doordat de

ontwerpspecificaties het op te leveren gebouw niet volledig vastleggen. Scenario-
onzekerheid vloeit voort uit het feit dat de externe lactoren waaraan het gebouw wordt
blootgesteld, gedurende de prestatiebepaling niet volledig vasdiggen. Modellerings-
onzekerheid komt voort uit aannamell en r.ereenvoudigingen die wordcn
geintroduceerd in de ontwikkcling van het fysische gebouwmodel. Numeriekc
onzekerheid, tenslotte, kan ontstaan bij de vertaling ,,,an het fysische gebouwmodel in
een numeriek computermodel en bij de simulaties met dit computermodel. Scenario-
onzekerheid en numerieke onzekerheid zijn in dit proefschrift niet verder onderzocht.

Het onderzoek dat in het eerste deel van het proefschrift rvordt beschreven, concentreert
zich op een ru\ve onzekerheidsanalyse. De onzekerheden zijn door de auteur bepaald op
basis van sesevcns uit de literatuur en gepropageerd door het g;cbouwsimulatiemodel.
De resulterende onzekerheden in de prestatieindicatoren waren sisnificant blijkens een

variatiecoi:fIici€nt (standaarddeviatie gedeeld door gemiddelde) van 0.5. De rvaarden
voor zowel gemiddelden ais standaardder.iaties van dc beide indicatoren TO en l'O*
Iagen dicht bij elkaar.
De onzekerheidsanalyse legde verschillende modelparameters bloot, waar-voor de

onzekerheid op ad-hoc basis moest worden bepaald. Van deze parameters kon hetzij
onvoldoende inlormatie worden gevonden, of r,.u'aren de beschikbare gegevens

tegenstrijdig, dan wel onbetrour,vbaar. De onzekerheid in twee sets van deze parameters
is verder geanalyseerd. Deze parameters waren gerdentificeerd als belangrijk bijdragend
aan de onzekerheid in de gebouwprestatie.

De eerste set parameters betrof de u,inddrukverschilcobflicidnten, die de lokale
windsnelheid relateren aan de drukverschillen over het sebouw. Deze drukverschillen
vormen de drijvende lhctor achter de ventilatiestromen door het gebouw. De
onzekerheid in deze codlficidnten is gekwantificeerd in een expertmeningonderzoek met
een methode voleens Cooke cn Goossens (2000). In dit onderzoek hebben zes experts de

onzekcrheid in 24 winddrukverschilcoiifficiEnten bepaald op basis van senerieke kennis
en gegevens. Voor elke codfficiEnt is een gewogen gemiddelde van hun schattingen
berekend voor toepassing in de onzekerheidsanalyse. De gewichten van de experls zijn
bepaald uit een statistische vergelijking van hun schattingen met gemcten waarden die
waren verkresen in trvee ona{hankelijke windtunnelonderzoeken.
De expertmeningstudie bleek succesvol. De statistische vergelijkinsen toonden aan, dat
de gecombineerde schattingen van de experts goed gekalibreerd zijn. Dit betekent dat
deze schattineen geloolivaardig zijn als weerspiegelingen van dc onzekerheden in de

winddrukverschilcoefficidnten. Wel bleek het expertmenineonderzoek veel duurder te
zijn dan een windtunnelstudie, ter.wijl de resulterende onzekerhedcn groter u.aren. Een
voor de hand liggende maatregel om de kosten te drukken door hct aantal deelnemende
experts te verkleinen is niet aantrel,kelijk. Slechts twee van de zes experts in de huidige
studie bleken namelijk goed gekalibreerd bij vergelijking van hun schattingen met de

gemeten data.



Samenr.atting 215

Expertmeningen zijn ook gebruikt om de onzekerheden te bepalen in de

luchttemperatuurverdeling in de kantooncrtrekken (hooldstuk 5). Een belangrijk
verschil met de expertmeninestudie aan de winddrukken \{as het ontbreken van een

geschikt model voor de luchttemperatLrun/erdeling. Dit bood de mogelijkheid om de

modelontwikkeling parallel te laten lopen met de onzekerheidsanalyse. Anticiperend op

een significante onzekerheid in de luchttempcratuun'erdeling, gegeven de beperkte

informatie over de randvoonvaarden in de context van een gebouwsimulatie, is een

grof, heuristisch model geponeerd met een beperkt aantal empirische parameters. De

onzcke rheden in de relevante aspecten van de tcmPeratuurverdeling zijn r'ia

expertmeningonderzoek bepaald voor negen vcrschillende sets van randvoor-waarden.

Hicrvoor werd dezellde methode gehanteerd a-ls voor de winddrukken) maar deze keer

mct 5 experts. Daarna is probabilistische inversie toegcpast volgens de PREIUDICE-
methode van Kraan (2000). Bij probabilistische inversie wordt geprobeerd om een

zodanige kansr.erdeling over de modelparameters te vinden, dat de onzekerheden in de

modeloutput in overeenstemming zijn met de gecombineerde schattingen van de

experts.

De conclusies uit deze expertmeningstudie zijn sterk vergelijkbaar met die uit de vorige.

De gecombineerdc schattingen bleken weer gloed gekalibreerd en de schattingcn en

kalibratiescores wisselden sterk van cxpert tot expert. De probabilistische inversie was

succesvol: over de 1I modelparameters kon een verdeling worden gevonden, waarmee

de expertmeningen met voldoendc nauwkeurigheid konden rvorden gereproduceerd.

Dit geeft aan, dat het voorgestelde model voor dc luchttemperatuun'erdeling niet te grof
is gekozen.

Probabilistische inversie is een krachtig hulpmiddel gebleken om te toetsen of de mate

van modelverfijning in overeenstcmmine is mct de onzekerheid in het proces dat door

het model beschreven moet rvorden. De methode is cchter kostbaar in termen van

rekentijd en vereist in zijn huidige vorm r.'eel specilieke kcnnis van de gebruiker. De

techniek is dan ook niet geschikt voor frequent gebruik in de ontwerppraktijk.

In het ecrste deel van hooldstuk 6 zijn alle onzekerheden in modelparameters door het

gebouwmodel gepropageerd om de onzekerheid in de thermiscl.re behaaglijkheids-

prestatie te bcpalen. Voor zorvel de TO- als de TO*-indicator is ecn variatiecodfficidnt

gevonden van 0.6. Dit is een gematigde toename in vergelijking met de waarde van 0.5,

die in de initi€le onzekerheidsanalyse in hoo{dstuk 3 was gevonden.

Her tweede deel r.'an het hoofdstuk illustreert hoe Bayesiaanse beslissingstheorie kan

worden gebruikt om kr.vantitatieve informatie over de onzekerheden constructief in te

zetten bij een ontwerpbeslissing. Een voorbeeld wordt beschreven, waarin t"vee (fictieve)

beslissers onder dezellde omstandigheden de keuze moeten maken om r,vel ol geen

koelinginstallatie in het gebouwontwerp op te nemen. Het voorbeeld laat zien hoe de

twee beslissers, die in alrvezigheid van onzekerheid dezelfde keuze zouden maken, tot

verschillende beslissingen komen als gevolg van hun verschillende risico-attitude. Dit
onderstreept het belang van expliciete onzekerheidsinlormatie voor rationele

ontlverpkeuzes.

M.S. de Wit, Uncertainty in predictions of thermal comfort in buildings, Proefschrift

TUDelft,2001.



Donkwoord

Dit bockje gaat over onzekerheden. Dat is niets nieuws zult u zegeen: dat staat met grote

letters op de voorkant. Maar het zijn zeker niet alleen de onzekerhedcn uit de titel die dc

algelopcn periode hebben bcheerst. Veel andere Onzekerheden, met name omtrent de

aanpak, de richting, en zelfs de zin van het onderzoek staken regelmatig de kop op. Aan

het onder dc knie krijgen van zowel de onzekerheden als de Onzekerheden heeft een

groot aantal mensen bijgedragen. Ik kan hen niet allemaal noemen, maar een aantal

mag ik niet vcrgeten.

Op de eerste plaats noem ik Fried Augenbroe. Hij heeft me met raad en daad biigestaan

vanafde eerste schetsen van het onderzoeksplan tot de laatste lettervan het proefschrift.

Ik denk met vecl plezier terug aan de discussies die we hebben eehad, de vele deadlines

die we hebben scmist en ik ben hem erg dankbaar voor de onna'u'olgbare manier

waarop hij erin geslaagd is mij steeds weer te motiveren.

Ook Ton Vrouwenvelder was vanal het begin betrokken bij het onderzoek. Zijn
efliciEntie en grote inzicht ztn steeds een voorbeeld voor mij.

De trjd in de sectie GBT van de Faculteit Civiele Techniek was een bijzondere. Ik begon

aan het promotie-onderzoek a1s onderdeel van een driemensscl'raP, samen met Alex

Hogeweg en Marrit Pel. Het onderzoek had een moeizame start, waarin ik van Alex en

Marrit veel steun heb ervaren. Ook in latere fasen hebben ze mij stceds aangemoedigd

om door te zetten. Aan de tijd dat ik met Geert-Jan van Oosterhout op de kamer zat

heb ik een bijzonder prettige herinnerinq, niet in de iaatste plaats vanwege onze

'synergie'.

De dynamica-groep van TNO Bouw ben ik erkentelijk voor de ruimte die ze me de

afgelopen twee jaar hebben gesevcn om het proelschrift af te ronden.

Ook buiten de directe werkkrine heb ik veel steun gehad van verschillende mensen.

Peter Janssen van het RIVM dank ik voor de correspondentie over uiteenlopende

aspecten van onzekerheids- en gevoeligheidsanalyse en het ter beschikking stellen van de

software die als basis heeft gediend voor de onzekerheidsanalyses in dit werk. Bij Wil de

Gids kon ik altijd terecht met vrasen over ventilatie van gebouwen en aanvenvante

zaken. Met Bernd Kraan heb ik veel gediscussieerd over onzekerheidsanalyse en

expertmeningonderzoek. Maar bovenal heeft hij me bijsestaan met zijn kennis en kunde

om de probabilistische inversie in hooldstuk 5 tot een goed einde te brengen.

I want to extend my gratitude to the experts, who participated in the expert judgment

studies for a small lee. A special word of thanks goes to Dave Surry, who carried out a

wind tunnel experiment lree of charge for the benefit of my research.



Mijn familie en vrienden wil ik in het bijzonder bedanken. Zij hebben veel geduld met
me gehad steeds wanneer ik het liet afiveten omdat er aan 'het boekje' moest worden
gewerkt.
Martijn Baljon dank ik hartelijk voor het ontwerpen van de fraaie omslag.
Pa en ma, ik heb jullie niet aflatende belangstelling en steun bijzonder op prijs gesteld en
ben jullie daar erg dankbaar voor.
Ik weet dat jullie je vader te weinig gezien hebben, Bas en Roos, maar jullie hebben als

geen ander problemen in het onderzoek weten te relativeren door mij steeds weer te
laten ervaren dat er veel belangrijker dingen in het Ieven zijn.
Ang6lique, je zou in feite mede-auteur van dit boekje moeten zijn. Je hebt mij zonder
helder inzicht in planning en precieze vorderingen van het proefschrift steeds weer de

ruimte gegeven. Bij mijn verhandelingen over onzekerheden ben je steevast in slaap
gevallen, daarmee blijkgevend van een volledig vertrouwen. Maar als ik het had over de

Onzekerheden was je altijd 66n en al oor en heb je me er steeds weer doorheen eesleept.
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