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PREFACE

I
1
INTERNATIONAL ENERGY AGENCY {'

In order to strengthen coopefation in the vital area of energy policy, an
Agreement on an International Energy Program was formulated among a number of
industrialised countries in November 1974. The International Energy Agency
(IEA) was established as an autonomous body within the Organization for Economic
Cooperation and Development (OECD) to administer that agreement. Twenty-one
countries are currently mempers: of the IEA, with the Commission of the European
Comaunities participating under_special arrangement, ' ‘

As one element of 'the "International Energy Program the Participants
undertake cooperative activities in  energy research, development, and
demonstration. A number of new and improved energy techologies which have, the
potential of making signifiéant contributions to bur energy needs were
identified for collaborative efforts. The IEA Committee on Energy Research and
Development (CRD), assisted by a small Secretariat staff, coordinates'the energy
research, development, and demonstration programme.

ENERGY CONSERVATIDN IN BUILDINGS AND COMMUNITY SYSTEMS

The IEA sponsors research and development in a numper of areas related to
energy. In one of these areas, energy conservation in buildings, the IEA s
sponsoring various eﬁercises to predict more accurately the energy use of
buildings, including  comparison of existing computer programmes, building
monitoring, comparison of calculation” mpthods etc. The differences and
similarities among these comparisons haQe'fold.us-much about the stéte of the
art in building analysis and havewléd toAfurtﬁer IEA sponsored research.

ANNEX [I! RESIDENTIAL BUILDINGS ENERGY ANALYSIS

Energy conservation retrofits are an important part of the energy saving
plan in all [IEA countries. Ffor the individual home-owner as well as for.the
nation as a whole, it is vital that correct evaluations can be made of the
energy saving potential of different retrofits, Since most of the analysis and
installation of these retrofits are not done by architects and/or engineers,
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there 1is considerable concern that the retrofits will not be properly selected
nor perform up to expectations,

A1l IEA countries need to develop for the' marketplace simple, reliable
calculation methods. The calculated recommendations then need to be applied in
houses and tested for validity.

Recommendations may include new heating, ventilation and air conditioning
systems, new appliances, new insulating material, new glazings etc, Because of
the 1large number of possibilities of calculation types and recommended
retrofité. international co-operation will accelerate the resolution of the
problems involved.

The main problem, common to all, is how to generalize experimental resuits
from time to time, place to place, on the national level. If this probem is
solved, findings in one country could also be used in another, and consequently
extensive national research progrémmes could be reduced and retionalized.

]

In order to generalize experimental results two things are needed: A
reliable technique to observe and measure the conservation effect, and methods
for converting these data to other environments. The main effort in Task [III
has therefore been made at finding the limitations and the best use of a number
of calculation models that are currently used for predicting the energy
consumption of dwellings (Subtask A), and at collecting and summarizing guiding
principles concerning the design of experiments, instrumentation and measuring
techniques (Subtask B). Finally the results of these two subtasks have been
used when studying the energy conservation effect of a night-temperature setback
in dwellings (Subtask C).

] The participants 1in the TJTask are: Belgium, Denmark, Italy, the
Netherlands, Sweden, Switzérland, Turkey, and the United States.

This report documents work carried out under subtask B of this task. The
cooperative work and resulting report is described in the following section.
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EDITORS FOREWORD

The aim of this Report is to supply to technicians and scientists involved
in energy conservation in buildings the basis for setting an'experimentél
apparatus devoted to the.evaluation of retrofit effects, The word “retrofit"
represents every .operation on a building aimiﬁ§ at a reduction of its energy
demand.. Side effects, e.g., on indoor comfort, rising from retrofit actions,
are also taken into consideration. o

Itaf}; as the Lead Countr}, probosed to the other Participants the contents
of this Report in September 1979. 'Afterwards, the Participants of all
Countries, including the Lead Country, took upon themselves the respons%bility
for one or more items, according to their personal interest, field of research,
and to the experience of their Institutes and/qr QOrganizations. Every.
Participant _engaged himself to convey Report B material to competent
. organizétions in his own country, whenever the topic was beyond his specific
knowledge, in order to obtain advice and suggestions,

Since September 1981, when the first draft of this Report was completed
several meetings were held, both in the framework of Annex III, and specially
devoted to Subtask B, in which the contents of every single chapter were
discussed among - Subtask B Participants and in case revised. Suggestions from
other Annex III Participants have also been considered.

In September 19B1 the first draft of the Report was distributed to all
_Participants and to a number of experts from each Country. Their comments were
collected and delivered to the Lead Country by each Participant.

At the beginning of 1982 the lead Country member started the complete
rewriting and editing of the Report together with the Swedish Participant.
Overlappings were thus eliminated, the single Chapters were rearranged in such a
way that a better  _balance among the various items was achieved, The second
draft of the Report was therefore completed in April 1982 and delivered to all
the Participants of Annex II;.

At the last Working Meeting in June 1982, the Report was again discussed in
detail and new modifications were suggested. The Report was therefore revised,
and the third draft was ready by the end of September 1982, and delivered to the
participants of the Subtask for final comments. Thereafter the final draft wa%
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prepared by the Editors and sent to the Executive Committee of the IEA Energy
Conservation in Buildings and Community Systems f6r approval in February 1983,
whereafter the manuscript of this Report was written,

- The experiments about enérgy retrofits on buildings studied in this Report
are thought to be applied on a building level rather than on a national level as
a basis for large-scale energy conservation'plans.

No economical evaluations have been made, because that would have provided
1rrgcoverab]e discrepancies among the Countries and would have accelerated the
obsolescence of the Report. Moreover, even if a need for recommendations s
felt in many Countries, the Report does not provide standards for the
implementation of this kind of experiments. The principal idea was that every
experiment has its own validity once it has been correctly planned, even if the
available economic budget is not large and, copsequently, the experimental goals
are not ambitious. An effort has been made to describe a number of different
methods and techniqﬁes for every kind of measurement pointing out the related
advantages and disadvantages.

The buiiding is such a canpféx system that the applied measurement
techniques, expérimental designs, and methods. for evaluation have to be
collected from many different research fields, such as building physics,
meteorology, measurement technology, aerodynamics, statistics, mathematical
modeliing, social sciences etc, Particular ehphasis was set oﬁ the description
of the behaviour of occupants as regard to ehergy management and on how it can
affect the experimentq] results.

The Report has been divided into four Sections:

I.  BASIC PRINCIPLES

‘This Section describes the fundamental problems in planning experiments and
provides general theory about the energy related features of the building, the
environment, the heating system, and the occupants.,

Il. DESIGN OF THE EXPERIMENT
This Section provides a detailed analysis of different comparison procedures

adopted to efaluate the energy retrofit effect. Significant examples are given
to illustrate the procedures. ' '
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i1]. MEASUREMENTS ON BUILDING AND ENVIRONMENT

" This Section describes the measurement techniques and the guidelineé for sensor
installation and data acquistion for every measurement field related to the
Bui]ding (infiltration, heat flow across the envelope, heating system) and the
outdoor and indoor environments, ‘ '

IV. MEASUREMENT ANO OATA COLLECTION ON OCCUPANCY AND HOUSEHOLD ENERGY
This Section is.devoted to the study of the ocdupancy related terms in the

energy budget. In this case, statistical i nformation is provided, along with
measurement techniques.

All representatives of the Subtask B Countries have participated in the writing -
of this Report: '

Belgium P. Caluwaerts (CSTC - uSTB}

Italy G.V. Fracastoro (Politecnico di Torino)
Netherlands M. Dubbeid {TRO _ Delft)

Sweden . - . M.D. Lyberg (SIB})

Switzerland P, Favre {EPF - Lausanne)

USA D.T. Harrje . {Princeton University)

Contributions on specific topics have also been received from:

M. Cali (Politecnico di Torino, Italy)
J.B., Cooper (EUL =~ USA} : '
B.E. Erikson (SIB - Sweden)
M. Fehrm (SP - Sweden)
R.A., Grot (NBS - USA)
" P.J. Ham (TND - Netherlands)
H.A. Lofberg (SIB -~ Sweden)
D. Wyon (SIB - Sweden)
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I a The retrofit and the retrofit effect

- generalt introduction

The aim of this report is to provide the basis for the design and setup of

experiments for the evaluation of the effects of energy conservation measures in
residential buildings.

A number of methods can be applied to achieve this result, ranging from the
mere measurement of indoor-outdoor temperatures and energy consumption to the
must sophisticated monitoring techniques., Each method will produce an
information, the quality of which depends on the complexity of the experiment
and even more so on the gquality of its design.

This report will describe how to perform those field measurements aiming at

the determination of the energy flows through the building envelope. This
requires the monitoring of physical quantities giving rise to the energy flows
or describing the thermal .comfort of the building occupants, We will often
refer to these experiments as energy monitoring.

Field measurements, aiming at & quick check-up of the thermal performance
of the building, are also considered in this report. These experiments are
referred to as energy auditing.

This report, although its purpose is very specific, will therefore provide
useful information about measurements on buildings in general, such as auditing
and monitoring.,

The Report consists of four Parts. The..first one deals with general
ptanning of the experiment, basic principles of building physics, thermal
comfort and energy related behaviour of occupants. The second Part describes
the design of the experiment, that is the comparison on-which the evaluation of
energy savings is based. The third Part is devoted to measurément techniques,
data acquisition, and installation rules in the different fields 6f building
physics and heating systems. Finally, the fourt Part deal; with monitoring of
occupants and their energy related activities.
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- energy balance of a building

Buildings are complex systems, consisting of a great number of non-
 homogenous components. From the thermodynamic viewpoint they can be considered
as open thernodynami¢ systems, The general expression for the energy

conservation equation for this kind of system is:

ZQ+ ZW+ ZH = Al (1 a-1)

where

Q is heat exchanged at the system boundary {>0 when entering the system)

W is work exchanged at the system boundary (>0 when entering the system)

H is enthalpy, i.e., energy associated with mass fiows across the boundary
{>0 when the mass eaters the system)

U is the internal energy of the system (kinetic energy can be neylected}

when eq. I a-1 is applied to a building, the following steps should be
considered;

1) definition of the system boundary
This step is very important: what is contained in the buiiding and what
belongs te the environment? Is the heat generator a part of the system?
A nonambiguous definition of the system boundary 1S necessary.

2) definition of the energy fToE§ crossing the boundary

Energy flows between the building and its environment are radiative,
convective, and conductive heat transfers. Solar radiation, atmospheric
radiation,and infrared emission from the building envelope are examples
of radiative heat transfers, Convective heat transfers take place at
the external and internal surfaces of the building encliosure. Examples
of conducfive heat transfer are heat transfers to the basement, and to
the ground, across the building envelope.

3) definition of the work entering {or produced by) the system
Work enters the building as electric energy. Examples are: electricity
for appliances, illumination, cooking, and sometimes for space heat?ng.

4} definition of the mass flows across the boundary
Mass flows across the building envelope are: air flows in ventilation
‘system$ and air flow caused by infiltration, cold tap and sewage water,

N
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gas for cooking etc, If the neat generator is part of the system, fuel
and flue gases should be considered (the fuel enthalpy is'roughly equal
to its heating value}; if the heat generator is not part of the system,
“supply and return water to the terminals should be considered as mass
flows,

:

- the retrofit

A retrofit is defined as : .

a retrofit is an alteration of an existing system aiming at the
improvement of its performance with regard to its functiom, but not introducing
new uses of the system" '

Therefore, building retrofits may refer to any of the functions
accomplished by the building itself. However, in the context of this Report, a
retrofit will refer to actions E1m1ng at the reduction of energy consumption, or

at the improvement of thermal comfort in residential buildings, or both,

Side effects of retrofits must also bé taken into account and studied along‘
with the determination of energy saving, T7This, in its turn, shouid not, in
'principle, be achieved at the expense of human thermal comfort, which should be
in any case preserved or improved upon. An important question is therefore,
what degree in enerdy reduction can the retrofit programme achieve.

In general, retrofits automatically lead te the improvement of comfort:
for example, extra wall insulation and extra window glazing give rise to an
increase of inside surface temperatures if the air temperature is kept constant.
Such retrofits will also lead to a better insulation from external noise.
Window tightening will cause a reduction of indoor draughts close to the
windows, thus improving comfort, |

On the other hand, superinsulated houses will often be uncomfortable during
summertime and mid-seasons, due to the high amount of selar radiation and
internal heat gains which cannot be dissipated by transmission through the
envelope. Similarly, tightness of buildings should not be improved beyond a
certain Timit at which the natural removal of odours and pollutants fs
prevented. Typica1 retrofitting activities in house tighteming have resulted in
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10%-35% reduction in air leakage. Houses tightened may have an air change rate
by natural ventilation which "is less than 0.5 air changes per hour {ACH): in
some countries it may even be as small as 0.1 ACH. With this degree of
tightness mechanical ventilation is a necessity. If the air leakiness of houses
can be made very small, then air-to-air heat exchangers can be justified as an
additional energy conservation measure.

Other negative side-effects that have to be taken into account are, for
instance, the possibie appearance of moisture stains at the intersection with
interior walls, due to emphasized cold bridges when applying extra wall
insulation to the inside surface, Bad craftmanship will in some cases lead to
similar effects, ’

1t must be stressed that in central heating systems controlled through the
measurement of outdoor air temperature no energy will be saved if the retrofit
is not supported by a suitable readjustment of the control system.

Educational campaigns addressed to occupants must alsc be employed to
prevent a retrofit from giving only rise ¢to- higher indoor temperatures,
exceeding the comfort level. This can reduce the energy saving,

Little information has so far - been. gathered about side effects of
retrofits, in particular about those altering the human behaviour, It is the
task of the experimenter to investigate side effects produced by retrofits and
their influence on the energy savings.

Retro(its can be classified as follows:

- retrofits improving the theanphyéical properties of the building envelope

- retrofits improving the performance of the heating, 1lighting, tap water,

or other systems in the building.

Some example of retrofits belonging to the first cateqory are:
- window improvement
. adding of extra glazing .
. replacing the existing glazing or window with a more energy effjcient one
. adding of an extra window (storm window)
. sealing or weather stripping of the joints
. sealing or insulation of the roller blinds container



’

- extra wall insulation ' .
. insulation applied to the inside surface ( prefabricated panels provided -
‘Wwith gypsum board are commercially available) ’
. ‘insulation in the air space of cavity walls {foam or‘granulous substances
are poured or blown into it) ! '
. insulation applied to outside surfaces (finished with materials resistant
to thermo-mechanical stresses and watertight)

- roof insulation i
. pouring, blowing or taying insulation on the left floor
. placing the insulation layer below the ceiling
+ placing a watertight,.and thermomechanically resistant, insulation layer
directly over the Foof
- ground floor insulation N

. applying the insulation to the cellar or crawl space below the floor
Some retrofits belonging to the second category are:

~ improving the burner-boiler efficiency’

- extra insutation of domestic hot water storage tank

- placing insulating-reftecting panels behind the heat emitters
- replacing tungsten filament lamps with fluorescent lamps ‘
- zonfng of heated space

- night temperature set-back : T

- heat recovery from mechanically exhausted air

- heat recbvery from waste water

- placing thermostatic valves on heat emitters

- balancing of heating and ventilatfon systems

- installation of damper regufators

- installation of motorshunt vaIveS

- experimental evaluation of the retrofit effect

’ - i

A retrofit, as it was stated before, can produte both energy saviﬁgs ~and
the improvement of thermal comfort. The aim of the experiment is therefore to -

evaluate these twoféffects. Regarding the improvement of comfort, the effect of

- »
*

*



a retrofit cannotibe defined in a precise way, as there are many different ways
of qué1ifyjng the indoor climate (see ch. Ic and Illc).

The energy saving, which is the main reason for a retrofit, can be defined
as the variation of energy, consumption, due to the retrofit,itsé]f, over a
certain period (usually one heating season).

Therefore we define the retrofit effect as:
the retrofit effect is the amount of energy saved by a retrofit if all
factors are kept constant except for the retrofit itself, and changes in the

behaviour of the occupants induced by the retrofit.

Sometimes it will be convenient to combare the retrofit effect to, e.g.,
the average of the energy consimptions in the retrofitted and non retrofitted
buildings, The relative retrofit effect will therefore be defined as the ratio

of: - the retrofit effect to the average of the energy consumptions in the
retrofitted and the non retrofitted buildings.

The retrofit effect should not be confused with the observed enérgy saving,

This one will be influenced by differences in external climate, indoor climate,
and changes in the occupancy and behaviour of the occupants not due to the
retrofit. Knowledge of the impact of ‘the occupants™ behaviour on energy
consumption in residential buildings (see ch. Ie and Part IV) is still quite
scarce, and there is even less information about how occupants react to retrofit
actions. Moreover, the effect of the quality of craftmanship has seldom been
investigated.

These factors can only be partially ‘taken into account and correctly
iﬁtroduced in even the most sophisticated theoretical models of building thermal
behaviour. Yet, as experience shows, these factors are responsible :for marked

-differences between the expected and the measured results. Theréfore, there are
good reasonE why the evaluation of retrofit effects should be checked
experimentally on buildings where people actually live,

The experiment itself will consist in the. comparison of the  energy
consumption in retrofitted and non retrofitted buildings._ This comparisoen is
made difficult by the fact that energy consumption depends not only on the
"building thermal featurés, but also .on 'uncontroiléble' factors, i.e. the
occupants behaviour and the weather., Some facts that, should be " taken inte



account by the experimenter are:

- it will always be hard to separate the retrofit effect from the effect due to
the variation of the other factors .

- these types of experiments are expensive and time consuming: consequently a

- superficial or hasty planning could result in a great waste of time and money

- the building, the heating system, and the'occupants represent a complex and
hetérogeneous system which will react with different promptness and intensity
to changes such as retrofits

- performing more than one retrofit at a time will introduce uncertaint%es in
the evaluation of their individual effect. |

Some generat criteria for performing a good experiment should also be taken
into account by the researcher. They are contained in the following quotation:

"The requirements for a good experiment are that the ... comparisons
should as™ far as possible be free from systematic error, that they should be
made sufficiently precisely, that the conclusions should have a wide range of
validity, that the eiperimenta] arrangement should be as simple as possible, and
finally that the uncertainty in the conclusions should be assessable” {Cox
1958) .

Further details will be described in ch, 1I a. See also general texts on
engineering experimentation {e.g. Schenk 1961}

- planning of the experiment

In this section an outline of the whole planning of the experiment will be
presented.  The discussion below will be restricted to problems associated with
the scientific methodology. Questions concerning project management in a broad

sense will only be touched upon in a short way,.as the reader of this Report is
expected to be a researcher with some experience of performing field
experiments. '

It would seem Togical.to start the experiment by considering first the

workplan for the scientific part of the project, and from this draw conclusions

about the resources in time, money and people necessary for the realization of
the project. In reality, the situation is very often the opposite; it is not
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conveniqnt to make any detailed plans for the experiment beforé the available
resources for the project are known. However, the decision that the project has
to be performed may be received by short notice and it 1is therefore essential
that the project manager has in advance a hierarchy of alternative plans about
how the experiment should be performéd, related to what resources will be
allocated. Due_ to inevitable modifications in the available financial budget
and changes in the time schedule, the plans should be flexible, The time
schedule should also be fﬁexible, but some fixed deadlines for important stages

of the project should be established.

The team performing the experiment and the equipment are the two major
resources needed. At different stages of the project, the team may include
technicians for the desigh of the measurement equipment, computer specialists
for writing the data collection programs, a monitoring crew for the
installation, surveillance and maintenance of the eguipment, psychologists and
social scientists for the evaluation of the behaviour of the occupants,
scientists for the analysis of the results and for the writing of the final
report, and finally project managers. For further details about this topic see
Day, 1983.

The experiment can be considered as consisting of eight connected steps,
the most relevant of which will be further discussed in ch. 1la, IIla and !llg:

- task

- aim of the jnvestigation

- evaluation of the problem

- description of the system

design of the experiment and choice of the model
- planning of measurements

- measurement campaign

- analysis of data '

O ~ O N B W N e
'

1. Task

The first step in the procedyre will often be a request made to the
experimenter by a customer {an administrative authority, a superior, a public
utility etc,) to solve a general problem as “what is the energy saving which can
be achieved through a certain retrofit?* This request_uil! establish the main
limitations, and objectives, of the investigation in detail. The financial
budget and the availtable time will generally be proposed by the customer at this
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stage. The task assigned to the researcher will consist of questions requiring
target-directed, ~ practical and generalizable answers; according to the
customer”s purpose. ' '

2. Aim of the investigation

The problem, qualitatively defined at the previous stage, has now to be
clearly defined. ' Although the problem has been presented in general terms, it
is now necessary to choose, a specific sample, if this has not been chosen
previously. Practical circumstances will 1imit this choice., MNevertheless, the
object(s) of the investigation should be chosen s0 that no large systematic
errors are introduced in the experiment, Different approaches are possible.
The two extreme cases are: '

- a singfe apartment, house, or building can be chosen, representative of a
certain population of buildings and occupants
- a larger sample.-can be used to minimize the influence of uncontrollable
variables

The smaller the sample to be investigated is, the more complex the experimental
apparatus'will have to be, '

3. Evaluation of the problem

At this stage the experimenter must check if he can solve the problem using
existing knowiedgé. If the reply is affirmative, there is no need for an
experimental evaluation, Otherwise, he will have to make 2 rough estimate of
the energy sévings ~using a simple, static model, neglecting the effect of
occupants, making use of typical meteorological data and taking into account the
characteristics of the control system. Once a rough estimate of the energy
savings has been made, it should always be verified whether the uncertainties
are still so large as to require an experimental evaluation,

4, Description of the system

The next step is to construct a descriptive model of the system to be

investigated. First of all, the system boundaries must be defined. The enrergy
flows across the boundary and those coming from fnternal sources are desribed.
Their- importance will depend on weather factors (W), on the required indoor
climate {(I), on the thermal performance of building components (B), and on
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energy related activities of the occupants (0). Therefore, the researcher must
now decide what interactions have to be considered between B, 0, W, I and what
building components are involved in the energy dynamics. For further discussion
of this topic see ch., Ila.

5.+ Design of the experiment and choice of the model

The design of the experiment and the choice of the model are the very heart
of the planning of the experiment. The design of the experiment is the
procedure used to compare the retrofitted and non retrofitted buildings, It
should reduce the influence of some uncontrollable factors, such as 0 or W, on
the energy evaluations. The design of the experiment is limited by practical
reasons, such as time and money.

Along with the design of the experiment a model is constructed. In it, the
energy flows of the system are formally described by a set of equations. If the

relations appearing in the model are well known, and reliable records of OQ-or
W-related factors already exist, a theoretical calculation would be preferable
to an experiment.

If, on the other hand, only one building component is involved in the model
and the influential factors can be reproduced under controlled conditions, a
laboratory experiment can be performed.

Otherwise a field experiment will be preferable. The time reéolution, the
required accuracy and the resolution of the measurements are dec{ded at this
stage, as well as the course and duration of the experiment. For further
discussions, see ch. Ila and II]a.

6. Planning of the measurements

\

At this stage the technical questions related to the measurements have to
be solved. The measurable quantities pertain to different disciplines

(meteorology, engineering, social sciences etc,), and therefore different
methods of measurement, such as direct measurements, observations, surveys,
etc., have to be employed (see Chapter IIla). Furthermere, the determination of
the quality of craftmanship during the implementation of the retrofit, should be
planned at this stage.
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The whole measurement system from transducers to data storage has to be
planned ({see ch. [1Ig).  The sensors will be chosen along with instaliation
rules and techniques {see ch. [IIg). The accuracy of the measurement chain can
now be established and compared with the expected resolution of the model., If
© it turns out to be insufficient to match the model requirements, other
measurement technigues should be chosem, or the model should be modified.

" At this point, programs for on-line elaboration and surveillance of data
should be prepared, data storage planned and the sampling time for every
measured quantity chosen.

v

7. Measurement campaign

The first action in the measurement campaign will be the instruction of the
monitoring crew. Then, the monitoring equipment should be installed in situ,

without causing unnecessary disturbance to the occupants activities, The
occupants will have to be instructed about what to do in case they
unintentionally damage the apparatus or detect a malfunctfdn.

The whole system should be tested before starting the measurement campéign.
The monitoring crew should be given time to learn how to operate the measurement
equipment and collect _experience on how to treat freauently occuring
mal functions, there ‘should be a “running- in and tearning period" for the

-

monitoring crew,

If all'the previous steps have been carefully considered, during the
measurement campaign only routine operations should be required, aiming at the
prompt detection of any possible system malfunctions., These should be expected
in this kind of experiment because of the complexity of the experimental
apparatus and due to the fact that the occupants interfere with it., -

Once the measurement campaign has started no alterations "a posteriori" of
the previous points 5. and 6 should be made.

8. Analysis of data

After the measurement campaign has been terminated, every experiment
requires the analysis and the interpretation of data, without which the whold

procedure is meaningless.
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First of all, bad data, stemming from previously undetected malfunctions,
should be rejected from the data collection. The reasonable data should be used
to estimate the numerical value of the parameters of the model. The model in
its turn, is validafeq by checking the consistence of the values of the

parameters with those provided by previous experience or knowledge. If aill
checks are positive, it will be pessible to use the model as a predictive model
and therefore to apply it to other - similar - buildings.

The experimentar should always write a report describing how he faced and
solved the questions posed at each stage of the experiment and how the data were
collected,

The results should be presented by using graphs and equations, as well as
tables or statistical figures. If the task was to establish the retrofit
effect, the model should now be used to correct the result from the effect of

uncontroiied variables,
1 }

- Example

The following example will cover, step by step, the procedure described in
the previcus section: it has no other particular aim than the description of
the suggested procedure.

1. Task: evaluate the energy saving by installing thermostatic valves,

2. Rim of the investigation: The aim is to evaluate the energy savings
obtained by installing thermostatic valves having a 20% set point on the
radiatars of a water-fed gas-fired heating system. The object is a multifamily
building in a suburban area.

3. Evaluation of the problem: Ffrom previous knowledge on similar
buildings, the average indoor temperature is estimated to 229C, Therefore, if a
previous energy bill Q. and the related degree-days DDx are known, the
retrofit effect R could be estimated by:

R=q.(1- DDx—z/DDx ) {la - 2)
where
x is the reference indoor temperature for the calculation of the degree-days

iy
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4. Description of the system: The energy flows in the system which are
taken into consideration are: '

- the heat delivered to the building from the heating system.

- the heat introduced in the building by solar radiation impinging on the
windows facing south.

- the energy introduced by occupants through their presence, use of appliances,
and opening of windows,

- the transmission heat loss through the building envelope.

- the heat loss due to air infiltration

- the heat stored in the building structure

5. Design of the experiment and choice of the model: Since the effect of
occupancy variations has to be avoided, an experiment is chosen in which the
same bﬁi]ding is examined before and after the retrofit (before- after design of
experiment, see ch. [I «c). The assumption is made that occupancy is
independent of time, but that it may be influenced by the retrofit, The chosen
model is, according to step 4.:

a*Q; + b*Qg + ¢ - d*(T, - To yno-eral, . =0 (la - 3)

where: . ‘

a represents the average efficiency of the boilter over the period

b is a constant of proportionality to southwards vertical solar radiation
c is the "energy effect of occupants" X

d is a constant of proportionality to fnside-outside temperature

difference, taking into account transmissionm and fnfiltration losses

e is the heat capacity of the building

n is the length of the time interval between two measurements
Qc is the energy corresponding to the amount of gés burned, Vg
Qg is southwards vertical solar radiation

T; is indoor air temperature

To is outdoor air temperature

Tint 1s the average temperature of the buflding structure
ATipt s the difference in T between two readings
The minimal time resolution (n) of the model is one hour

6. Planning of the measurements: the quantities to be measured are

Tint With a time step of one hour
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Tij,Tg with a time step of ten minutes

Qs,vg with a time step of one minute

- e is measured once by letting the temperature drop after the heatipg system
has been sﬁitched of f

- a and b are known from previous experience

- ¢ and d are parameters to be determined by a fit to data

On-line integration is required for Ty, T4, Qs» Vg. Data are recorded with a
time step of one hour. The experimental apparatus will be composed of

a gas flow meter for the measurement of V

g
- resistance thermometers (RTD) measuring the average temperature of the

building structure (RTD"s are placed in internal walis}

- RTD"s for the measurement of indoor air temperature (in the living room of
every dwelling)

- solarimeters {pyranometers) placed on the wall facing'south

7. Measurement campaign: After the “running - in and ltearning” - period

of the monitoring crew, the experimental apparatus is installed and tested. The
first measurement period starts and goes on for a whole heating season. . Before
the next heating season begins the thermostatic valves are placed in every room,
The experimental apparatus is tested again. The second measurement period
starts and continues for the whole heating season.

B. Analysis of data: BDuring and after the first campaign the parameters
of the model are assessed by a fit to experimental data, the model for the
non-retrafitted building is therefore:

a*Qc1+ b*Qeq + ¢y - d*(?“-'—rm)*n - e*ATint,1 = 0 (I a- 4) ‘
the terms without subscript are assumed to be constant during the measurements
After the second measurement campaign we will find:

a*Qcz + b*Qsp + cz - d¥(Ti2-Toz)*n - e¥aTypy,2 = 0

If the value of the parameter d is different from that of the non- retrofitted
building, this is an indication that the model is not a good one. From the eq.
[ a- 4 we get:

Qct = (-D*Qg - g+ a*(Tyy=Toy)™n + e*aType 4) / 2

similarly, from eq. I a- 5 we get
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Qez = (-b*Qgp - cp + d*(Typ-Top)*n + e¥4Tjpg,p) / a
Therefore, define ’

L = _
Qegr= (-DMgq - cp + d*(TypTo)*n + eXaTipy y) / @
Finally, the retrofit effect R is given by:

| - -
R = Qc‘] = ch = (C2 - C‘] + (T11-T1»2)*n ) / a
It should be observed that this result coincides with the rough estimate in eq.
1 a-2, provided the variation in the influence from the occupants is neglected.
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I b Interaction between building and external environment

- general introduction

The external enyironment exerts different kinds of influence on a building,

such as acoustic, mechanical, thermal, hygienical, etc., Here we are interested.

in those external factors which modify the thermal budget of the building and/or
the thermal comfort of its occupants. These factors are referred to as the
meteoroiogical factors. The set of meteorological factors defines the outdoor

climate.

On the other hand, the indoor c¢limate will be defined by the human

requirements for thermal comfort (see ch. Ic for an introductory discussion and
ch., Illc for the measurement of indoor climate). -

The difference between indoor and outdoor climate produces mass and energy
flows across the building envelope, the magnitude of which will in general
depend on the climate difference and on the performance of the building
envelbpe.

There are other contributions to the thermal budget of a building, such as
the heat produced by household app]ianCES! cold and hot tap water use and the
metabeolic heat released by the occupants {see ch. Ie and Part IV). The heating
system contribution 1is, of course, the most important one of the factors
influencing the thermal balance (see ch. 1d and IIIf).

This chapter is devoted to a general description of the interactions
between the building and the external climate. Measurements will be dealt with
in ch, 1IIb. '

A building can be considered as an open thermodynamic system, the
boundaries of which coincide with the building physical envelope. The heat
transfer across the envelope is determined by a-combination of all the three

components of heat transfer:

- radiation from internal and external surfaces of the envelope to the
surroundings ' ’ :
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- convection to indoor and outdoor air
- conduction through the envelope

Mass flow takes place both in the form of air flow and water flow across
the building enclosure. Air flow, naturally induced or artificially forced into
the building, will result in an enthalpy flow, thus contributing to the energy
budget of the system. The same applies to water flowing in the sanitary plant.

- meteorological factors

The meteorologica} factors can be divided into two components: the first
is strongly deterministic and somehow predictable, being Tinked.to the relative
motion of the Earth and the Sun, while the second one, superimposed on the first
one, is highly stochastic though of the same order of magnitude as the other.
For instance, one can easily recognize the deterministic component in air
temperature records obtained as an average of a great number of days or years,
as the stochastic component is removed by the averaging procedure. On the other
hand, the deterministic component will hardly be recognized if the records for a
single day or year are analyzed.

Only a few typical weather parameters are generally used in the thermal
design of buildings, but when trying to simulate the thermal behaviour of a

building, a large number of meteorological factors turn out to be infiluential.
Simitarly, a number of meteorological factors should be monitored when trying to
assess experimentally the energy budget of a building.

We will here give a list of influential meteorological factors, aiong with

their definition and reciprocal relations:

- air humidity {AH}

- air temperature {AT)

- atmospheric pressure (AP)

- atmospheric radiation {AR)

- cloudiness and ﬁrecipitation'(CP)
- solar radiation (SR}

- - wind (W}
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These factors are generated by the complex interaction between solar
radiation and the Earth and, therefore, primarily depend on such geographic and
astronomical factors as the local Tatitude, the time of the year (i.e., the Sun
dectination) and the time of the day (i.e., the Sun hour angle). Other factors
are the physical characteristics of the atmosphere {optical thickness, thermal
capacity, etc.) and the ground (reflectivity, thermal capacity, etc.).

Air humidity can be defined as the water vapour content of the ambient air.
It is wusually measured and expressed as the ratio of the actual water vapour
content to the water vapour content that would saturate the air at its actual
iemperature and pressure (relat%ve humidity). Moist air diagrams showing the
relations between relative humidity, mass water content per wunit of air mass
{absolute humidity), air temperature, atmospheric pressure, and air enthalpy are
used in two main versions: the Mollier moist air -diagram and the socalled
Carrier moist air diagram.

‘Air temperature is the most important metecrological facter from the point

of view of effects on the building thermal budget. It shows a strong seasonal
as well as daily variation, reflecting its origin, that is the convective heat
transfer from the ground, heated, 1in its turn, by the Sun rays. -Due to the
thermal capacity of the gtmosphere, a certain delay appears when comparing the
seasonal and daily trends of air temperature and global horizontal solar
radiation, The year]} fluctuations of air temperature are also responsible for
the weak yearly oscillations of ground temperature.

Atmosphefic pressure js defijned as tHe weight of the air contained in an
infinitely high vertical cylinder-with its base on the ground., Its effect on
the thermal budget of buildings in only indirect, therefore no further attention
will be paid to this topic in this chapter,

Atmospheric radiation is the longwave radiation impinging on the Earth

- surface. Its origin can be explained as follows: the Earth surface emits an
amount of radjation which, according to Stefan-Boltzmann”s law, is proportional
to the fourth power of its absolute temperature, and to its émissivity. Part of
this radiation is refiected, or absorbed and the re-emitted, by the ajr in al}
directions. The part which fs reflected or re-emitted downwards is called
atmospheric (terrestrial, longwave) radiation. It is contained in the‘region of
the spectrum ranging from 4 to 100 um. The spectral atmospheric¢ radiance is:
discrete under clear sky conditions and more continuous under heavy overcast

‘conditions. . Sometimes the value of atmospheric radiation is expressed through
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the "effective sky temperature", that is the temperature of a blackbody in
radiative equilibrium with the sky.

Cloudiness is defined as the fraction of the sky covered by clouds. There
are three general types of clouds: cumulus, Sstratus and cirrus. These can be
distinguished, at a microscopic level, according to the size, shape, and state
of their constituents, i.e. water particles. A cloud touching the surface of
the earth is called fog. Another characteristic of clouds is their height above
grounq. o

Precipitation is defined as liquid {rain or drizzle} or solid (snow, hail,
etc.) water falling onto the ground;

Solar radiation constitutes all of the radiative exchanges between the Sun

and the Earth in the short wavelength region of the spectrum. It consists of
three components:

- direct solar radiation, coming directly from the Sun disk
- diffuse solar radiation, coming from the sky vault

- reflected solar radiation, coming from the surroundings

The direct component is determined by the extinction of the atmospheric

layers (depending in its turn on air humidity, cloudiness, etc.) and by the air
mass crossed by the 5Sun rays (1.e.,' by the Sun altitude). The diffuse
components is due to atmospheric scattering, diffusion and reflection. The
refiected component 1is the amount of solar radiation reflected by the
surroundings on @a given surface. The shortwave ref]ectivity of the ground is
often referred to as albedo. Direct+ diffuse+ reflected radiation on a given
surface yields the global sclar irradiance, usually, but not correctly, called
global solar radiation.

Wind is defined as the horisontal motion of the ajr. Wind can be caused by
large scale pressure gradients, by the uneven heating of iand and sea, and by
crographic factors. In all cases the driving energy comes from the sun, either

directly or indirectly. Wind is described by its velocity and direction.

An overview of the relations between meteorptogical factors is given in
Table | b-1. The relations are expressed in a purely qualitative way.
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TABLE Ib-1

Relations between meteorological factors

2

INFLUENCED FACTORS

AH AT AP AR CP SR W

INFLUENCING Air humidity {AH) X X X X
FACTORS Air temperatuyre (AT x X X X X
Atmospheric pressure (AP) - X \ X
Atmospheric radiation (AR} X
Clouds and Precipitation {CP) X X X
Solar radiation (SR} X X X X
Wind : (W)

- influence of meteorological factors on the building energy budget

Atr humidity does not directly affect the heating demand of a building, but
has rather to be considered in air conditioning problems. Whatever the value of
the relative humidity during the heating season, the absolute humidity i5 always
very small and so are its variations, OQutdoor air, heated to about 20°C, will
always have, when introduced into the bﬁiiding, a very low relative humidity,
Activities performed by' people at home; such as cooking and use of hot water,

" and perspiration, will however increase the indoor wéter vapor content.

v
-

Air temperature {AT) exerts its influence through two mechanisms:

- heat transmission through the puilding envelope
- enthalpy flow across the buiiding envelope

A temperature difference between indoor and outdoor air separated hy walls,
gives rise to a heat flow (d) which, in the steady-state regime, is propertional
to the air temperature difference a7, the wall area A, and the overall heat
transfer coefficient U (sometimes called transmittance) of the wall, according
to the well known equation:
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g = U* A* AT {Ib-1)

The U-value itself depends on the conductande of the wall and on the
surface ({or film) heat transfer coefficients. These, in their turn, depend on

the temperature of the air and of the surrounding surfaces, and on the wind
velocity and direction. AT influences that part of the film coefficients which
depends on natural convection, and thjs is of interest mainly for the film
coefficient on interior surfaces. Experimental results are genera]ly expressed
in terms of equations involving the Nusselt, Grashof and Prandt]l numbers. A
‘simplified expression can be wused for air at atmospheric pressure {Mc Adams,
1954) :

he = A*(aT/L)b
where

he

aT s the temperature difference between the surface and the air

is the film coefficient

L is the height (for vertical surfaces) or the side length (for horizontal
surfaces facing up) :
A,b are constants

Another effect of the temperature difference between inside and outside air
is the thermally driven air infiltration ("stack effect"). Temperature

differences between the inside and the ocutside cause differences in air density.
This leads to pressure differences across the building envelope which are given
in terms of air density, or air temperature, by:.

&p = (po - pi)*g*l = a*z*p*(1/T, - 1/T;) (1 b-2)

where .

ap = pressure difference

pj = indoor air density ' N
b - outdoor air density

= gravitational acceleration i
height coardinate in system with origo at the level where the

z =
pressure difference is zero (neutral level)

p -+ = atmospheric pressure {Pa)

Ti' = jnternal air temperature (K}

Ty = external air temperature {K} .

a = constant, whose value is equal to 0.0342 (K/m)



" The air flow through any kind of opening depends on the pressure
difference, induced by temperature differences or by wind pressure, across the
latter. Empirical relations have been expressed in various ways depending on

the kind of opening, For flow in long regular pipes and ducts the flow is in
general expressed in terms of a power of the pressure difference as

Q = CrA*aph (1 b-3a)
where

6 = flow rate of air

C = proportionality constant

A = cross-sectional area of opening

Ap = preséure difference across the opening

B = flow exponent '

N

It has been shown that the value of the exponenf g may depend on ap (Honma
1975). The value of B 1is known exactly only for laminar or fully developped
turbulent flow in long smooth channels. It then takes respectively a vaiue of 1
and 1/2. For flow through orifices it is common to express the flow rate as
Q =c*oapl? _ (1 b-3b)
where C, the discharge factor, in general depends on the Reynolds number,

Strictly speaking, none of the expressions I b-3a and I b-3b can be applied
to describe the flow rate through a small opening in the building enve]opé,
This is due to the complexity of such openings; rough walls, varying cross
section; bends, non- stationary flow, entrance effects etc. However, from a
practical point of view,'it is necessary to use some model to describe the flow
through openings in building envelopes. [t has then become common to use the
expression I b-3a with an exponent having a value between 1/2 and 1,

" . Atmospheric radiation is‘probab]y the most neglected of all the previously
mentioned factors, [t is nevertheless responsible for. large amounts of energy
losses. Empirfical models of the atmospheric radiation relate its value to the
values -of air temperature, air humidity and cloudiness. A number of relations

have been reported for clear sky conditions {see e.g. Kondratijev 1969, Sellers
1965, Monteith 1975, Paltridge and Platt 1976 or Oke 1978). Some examples which
involve only the temperature and not the humidity are:

Go = 1.2%0*T4 - 171, Gy = 208 +6.%T, G, = 0.94%g*1075+Tb

where
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atmospheric radiation for clear sky (W/mé}

air temperature {(K)

the Stefan-Boltzmann constant

For cloudy sky Kondratijev reports the following relation ( developed by
Boltz, see also Geiger 1965)

Q
1]

G = Gy*(1 + k*n2)

where

G = atmospheric radiation (W/m2)
n
k

cloud cover (parts of unity)
canstant depending on type of cloud (k = 0.04 for cirri, k = 0.17-0.20 for
cumuli, k = 0,24 for strata) ‘

The difference between radiation emitted by a “gray" surface and atmospheric
radiation, generally positive, is given by:

R = F*(g *o* Ti - G)
where

F = the view factor of the surface to the sky (for isotropic sky
F = 0.5*(1 + cosg), & = tilt angle of the surface}

the emissivity of the surface

[
.TS

-

the surface temperature

when the sky is clear, during cold winter nights, and the surface is
horizontal, R can attain a value of 200 W/m2,

The influence of cloudiness on buildings in only indirect. Therefore it

Fa

will not be discussed here.

It is a hard task to relate precipitation to the energy requirements of a
building. Driving rain and snow can moisten the walls, thereby increasing their
U-value., Snow will affect ground reflectivity (albedo), thus increasing the
global solar radiation on non-horizontal surfaces. It will also reduce the
U-value of roofs, and produce an increase of ground temperature,

Solar radiation gives a major contribution to the building energy budget,_

minor in importance only to air temperature. Many analytical and/or empirical
models have been constructéd for clear sky conditions. They are based on Beer’s
Law of atmoespheric monochromatic extinction, - The corresponding equation
integrated over the spectrum can be written in the form used by Lunelund {1936)
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and ASHRAE (1977):

In = A*exp(-B/sing}

where

in = direct normal radiation (H/mz)

B . = altitude angle of the Sun

A,B = parameters depending on the day of the year

For diffuse radiation it has been proposed {ASHRAE 1977) that the diffuse
horizontal radiation is proportional ,to In with a proportionality constant

depending on the day of the year, Solar radiation has two effects on the energy °
budget of buildings:

- it is absorbed by opague walls
- it is transmitted across transparent walls

One way to take into account the first effect in calculations is to use the
sol-air temperature, defined as the air temperature which would cause a

convective heat transfer from the wall surface equal to that actually caused by
radiation and convection together. Sol-air temperature is defined as:

Tsa = Tg + (a*1 - R}/hp

where

Tsa = sol-air Eemperature

To = outside air’temperature

a = absorptivity of the wall surface
I = global solar radiation on the wall surface
R = net longwave radiation leaving the wall surface

hg = outside film coefficient

The second effect produced by solar radiation is even more important. The
amount of solar radiation transmitted through a unit area of a non-opaque medium
(e.g9. window glazing), is proportional to I with a proportionality constant T,
the traﬁsmissivity of the glazing, which “depends on, among other things, the
angle of incidence.

Sotar radiation represents'a positive factor in the heat balance of a
building, but to take advantage of it requires a suitable design of the building
and the control system, as well as a certain skill on the part of the occupants,
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The wind also plays a great role in the energy consumption of buildings,
It acts in two different ways:

- modifying the outside film coefficient
- producing a pressure difference, and consequently an air flow, across the
building enclosure

"

The outside convective heat transfer coefficient hoe is strongly related
to the air velocity (forced convection}. Non dimensional empirical relations
linking the Nusselt, Prandtl and Reyno]ﬁs numbers can be employed to give
relations between h,. and the wind speed. Unfortunately such relations cannot
be easily empldyed because the local air velocity varies widely over the wall,
Correlations with a reference wind velocity measured, e.g., over the roof, will
yield different values of hy. on different walls and even at different points
of the same wall (edges, centre, etc.,) (Ito et al, 1972). The parameter hgc
is often neglectéd compared to the thermal resistance of most components of an
external ; wall, possibly with the exception for windows, Génerally, the
variation of the convective coefficient will not greatly change the thermal
resistance of a lTow conductance wall, for common wind speeds it will reduce it
by only a few per cent. In calculations of the heat balance it is common to
simulate the influence of hoe by giving it a fixed value, independent of
temperature and wind speed,

The wind has a more important effect on air infiltration: it will cause a

pressure difference between the inside and the outside of the building envelope.
- i

The wind pressure is found to vary over the envelopa. This is often expressed

through the introduction of the dimensionless pressure coefficient Cp defined
" from ' '

AP = cpfp*vz/z (1b-4)

where

p = density of air .

v

Ap

reference wind velocity

difference between the pressure’ at a point on
the building facade and a reference pressure

The reference wind speed and reference pressure are generally defined as
the wind speed and static pressure in the free stream at a height equal to that
of the building. These entities are easily determined in model studies in a

wind- tunnel and possibly in field measurements involving only an isolated
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building, but are less easily determined in field measurements in an wurban or
sub- urban setting.

Pressure coefficients are mostly available only for isolated buildings,
exposed to wind from all directions, which is a situvation rarely encountered in
practice., Surrounding bdi]dings may drastically change™ the wind pressure
distribution qver a building {see fig, I b-1), and thus also the infiitration
Tosses (Wiren 1983). ' ’

The wind speed varies with height, and the vertical profiles of wind

velocity vary with the roughness of the terrain over which the wind is passing.
Séveral relations describing the wind speed variation with height have been
proposed. Relations of this kind are difficult to employ in calculations of the
building heat balance, possibiy with exception for use in studies of isolated
high- rise buildirgs. In an urban or sub- urban settiné they are not even
approximately valid beTow & height which is several times the average height of
the buildings in the neighbourhood of the building studied. However, relations
of the kind above are sometimes employed when extrapolating wind data ‘from a
meteorological station to the building site (see ch. III b). Extrapolations of
this kind are always uncertain, and meteorological experts should be consulted.

A second type of wind-induced ventilation through an opening 15 due to
turbylence and a varying flow separation, These factors are very complex
because the pulsating ventilation flow will depend on the frequency of the
external pressure fluctuations. It has been estimated (Handa 1979) that this
factor may increase the natural ventilation by up to 30 per cent, compared to
the case when the turbulance intensity is small, depending on the turbulance
intensity and the correilation between the pressure on the windward and leeward
facades of the building, Model studies of this effect have also been performed
{Cockroft and Robertson 1976)

- thermal performance of buildings

In the previous section & number of equations have been given, relating the
outdoor and indoor thermoclimatic factors (temperature, pressure, etc.) to the
energy or enthalpy flow across the building envelope, The parameters, which are

used in these equations, quantitatively describe the thermal performance of the
| building. Some parameters have been derived from physical teories and can be
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Fig. I b=1 Pressure coefficient Cp as measured at mid-height
of exterior walls and on the roof of a two- storey
house. The full-drawn lines are for an isolated,
exposed house and the hatched lines for an identical
house in a‘very densely built sub-urban setting.

(after Wirén 1983)
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'

computed analytically, others are empirically determined and cannot be
theoretically calculated.

When 'dealing with field experiments, the measurement of thermal parameters
is convenient if:

\

1) it can be performed quickly, simply, and accurately
2) the model in which the parameters are used is reliable

Otherwise a direct measuréement of energy flows should be performed.Building-

thermal parameters can also be determined using model calculations combined
with field measurements. The main areas for field measurements are then:

i) infiltration

ii) heat transfer through the wails

iii1} radiative heat transfer

iv) determination of thermal building parameters

i) infiltration

If a building is considered as having a certain porosity with an overall
leakiness such that the flow through all openings can be described by, e.g., the
eq. I b-3a, the natural ventilation can be estimated provided the internal
pressure is known, This can be done using the mass conservation law, which
‘states that the sum of air flows into the building must equal the sum of air
flows "out of the building, This 1law can be used to calculate the interior
pressure of the building if no internal resistance to air flow is present. If
this is not the case, the building interior has to be divided into cells with no
internal resistance. The law of mass conservation then has to be applied to
each cell separately, taking into account also the air flow between cells,

The rate of air change will, directly or indirectly, be dependent on:
the pressure distribution over the building facade

the temperature difference between the indoor and outdoor air

1

location of openings {often far from a uniform distribution)

bypass inside the building {shafts etc., connecting one part of the building
to' another)
internal flow resistance
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As the internal pressure in the case above has to be calculated by a time-
consuming numerical iteration, simpler models and methods are often used to

assess the rate of air-change in buildings. -

Using data on leakiness provided by the pressurization method {see ch.
IIle), one can attack the_problem of comparing leakiness from one house to the
next, One attempt in this direction has been to make such comparisons for a
number of houses using the parameter d/A {flow/surface area), and then derive a
relationship between pressurization tests and natural air infiltration (Kronvall
1978, 1980).

Another Tine of attack is to make a number of simplifications in the
modeling of infiltration to allow predictions of air infiltration from
pressurization measurements (Sherman and Grimsrud 1980). Surface pressures are
estimated from knowledge of terrain and weather., These surface pressures and
leakage functions {and geometry) are then used to calculate air infiltration.
This method provides good results, considering the simplicity of the model.

When the building is equipped with a mechanical ventilation system, other
methods must be used. An example is a method including a calculation scheme and
model (Nylund 1980). The method consists of the analysis of a driving power
system {wind, thermal effects and fans), and a leaking system (the building
envelope and penetrations including ventilation ducts). The air exchange rate
is the sum of the desired and uhcontrolled ventilation, Numerical values can be
obtained for individual houses with varying tightness and a variety of
ventilation systems.

The so-called "crack method", as one means of estimating air infiltration,
emphasizes leakage rates associated with windows and doors, which, however,
constitute a minor fraction of the overall leakiness in many instances.

Methods of measurement of air infiltration are reported in ch, III e.
i1) heat transfer through the walls

Heat conduction in a material is defined by Fourier”™s equation, which N
states that the heat flow rate is directly proportional to the 'temperature

gradient and to the area of the surface normal to the flow; the constant of
proportionality is called thermal conductivity. In one dimension we have:
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§ = - AA% dT/dx (I b-5)
where

q = heat flow rate

A = thermai conductivity

A = area of the surface normal to the flow

dT/dx =

temperature gradient in the direction of the heat flow

Fourier™s law can be combined with the energy conservation law: assuming
that there is no internal energy generation and that thermal conductivity is
constant in all directions, the three-dimensional heat conduction equation
~ becomes:

Ca8Trax2 + 22T/ay2 + 2217322 = (p*c/a)* 3T/at (1 b-6)
where
X, ¥, Z are the three space coordinates
P is the density of the material .
is the specific heat of the material
t is time
J ‘

The quantity a/(pc) = q 15 called the thermal diffusivity of the material,
it describes the unsteady- state behaviour of the material: the larger the
value of o, the faster will heat diffuse through the material,

Calculations of heat transfer through building compenents are . generally
only performed in one dimension, Even so, Fourier™s equation is still rather
complex to solve for multilayer walls because of boundary conditions varying
with time, In this case, the rigorous analytical approach leads to a simple
solutfon only for steady-state conditions. .

Tﬁg integration of Fourier™s equation, when thermal conductivity is
considered constant with temperature (this hypothesis - is justified if the
variations in wall temperature are small}, yields:

g = CHAX (T - Tg0) (1 b-7)
where

a = heat flow

TSi = jnside surface temperature

TSD = putside surface temperature

C =

conductance of the wall, defined as € = 1/(% Si/Ai )
s; =.thickness of the i-th Tayer )
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Aj = thermal conductivity of the i-th layer

When also surface heat transfer is considered, eq, I b-7 becomes eq. 1 b-1

and the overall heat transfer coefficient, U, is calculated from

U=1/( 1/hy + 1/C + 1/hg)

where

hi = inside surface heat transfer coefficient
hg = outside surface heat transfer coefficient

Transient heat conduction in building walls is always connected with
variable convective + radiatfve boundary conditions at the inside and cutside

surfaces. Therefore, even for regularly shaped solids such as multilayer walls,
an analytical solution can not often be found. In this case the problem is best
handled by numerical techniques such as

1} finite-difference approximation {(forward and backward differences) (see,
e.g., Arpaci, 1966)
'2) finite- element method (see e.q., Wilson and Nickeil, 1966)

When the time series of outdoor temperature and heat flow can be developped
in a Fourier series, the Fourier tranform method can be used (see e.g., Cali and
Sacchi, 1976). For every frequency y considered in the thermal oscillations,
the inside and outside surface temperatures and fluxes are related through four
complex quantities Avw, By, Cv, Dv, according to the expression:

. A 8 T
v v vy owv

= {I b-8)
q:| \Y] C\; Dv qO\;
where

Tiv and T0v= inside and outside component of surface temperature at fréquency v
ﬁiv and d0v= inside and outside component of surface flux at frequency v

The four coefficients must satisfy the condition Au*Dy --By*Cy = 1 .

The response factor method (Mitalas and Stephenson 1971), relates the heat
flux at a given time t to the hourly time series of inside and outside surface

temperatures and to the time series of heat fluxes previods to time t, according
" to the equation:

1) Je (i) 4w (o) , = {1}
=T ¢, *Tp '/ +F .b,*T:Y. + 1 d.* I b-9)
% j=0 3 t=is 3 ; 9 (
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where

upper index (i) and (o} refer to indoor and cutdoor

lower index denotes the time at which the entity is evaluated
4 is the time interval between each evaluation of the entity

Sets of b, ¢, d coefficients for a great number of walls and roofs
structures can be found in ASHRAE, 1977. Methods of measurement of heat
transfer through the building envelope are described in ch, III d.

-

i1i) radiative heat transfer

Experience shows that the amount of radiation emitted by a body depends on
its temperature, on the state of its surface {roughness and colour) and on the
area of the surface. When radiation encounters a body, part of it is reflected,
part of it is absorbed, and if the body 1is transparent, part of it is
transmitted. The reflected fraction of incoming radiation 1is defined as the
reflectance o , the absorbed fraction as the absorptanceq, and the transmitted
fraction as the transmittance 1. These three components must add up to unity:

a +1 +p =1

For an opaque body, T = 0. For a blackbody, being opaque as well as non
reflecting, t =p =0, and hence a = 1. The blackbody is taken as reference
for the radiation of real bodies, whose emittance ¢ is by definition the ratio
{less than one) of, the radiation flux, to the radiation flux of a blackbody
having the same temperature. Kirchhoff’s law states that, at equilibrium, ¢ =

a .

The coefficients {x, g, 1) are independent of the temperature of the body,
but they are strongly related to the wavelength, which leads to the definition
of the monochromatic quantities, ay ,p; and ty .

Transmissibn, absorption, and reflection, as well as emission, is of great
practical interest, For example, the importance of the wavelength of radiation
may be illustrated by the example of a greenhouse. Window glass transmits
radiation in the range of wavelengths from about 0.15 to 3 ym, as shown in fig,
Ib-2. It is almost opaque to radiation of Tonger wavelengths. Most of the
radiation which reaches the earth from the sun is within this range, and solar
radiation therefore passes through the glass to the topsoil in the greenhouse.
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On the other hand, the topsoil radiates mainly in the longer wavelengths,
@nd reradiation from the topscil to the surroundings is unable to pass through
the glass, The heat transferred By solar radiation is therefore trapped in the
greenhouse, and Causes the temperature to be higher than that of the
Surroundings.

iv) determination of thermal building parameters

When analyzing the dynamical thermal behaviour of buildings, interacting
with the outdoor climate, it is often convenient to make use of non-

deterministic models whose parameters have to be assigned a value by a fit teo

numerical data, In these models, the building thermal mass }s either treated as
a whole, or is divided into a small number of components ({air, furniture,
building fabric etc.) (Biilington 1965). Each of these camponents is considered
as a lumped parameter system having a certain "equivalent" heat transfer
coefficient, and thermal capacity or thermal time constant (TTC). The models
are in general linear in the parameters. Models of this kind have been used in
several studies of the building energy balance (see, e.g., Sdnderegger 1977 and
Steinmiller 1982).

When the building thermal mass is considered to consist of the components

"air" and "building- fabric", the equivalent thermal parameters {ETP) are for

. i
instance:

- the equivalent heat transfer coefficient (EHTC} between room and outdoor air

- the equivalent EHTC between room air and the building structure

- the EHTC between room air and an enviromment-of constant temperature,
describing the basement and adjoining dwellings

- the equivalent thermal capacity of the building or

- the equivalent TTC of the buiding

- the equivalent solar window area, defined as the area of a-perfectly
transparent and insulated opening on the southern facade that .would allow
for the same degree of indoor soiar heating as what is actually obtained

Once the model has been constructed, the ETP"s are determined by a fit to
experimental data. From®the above it is obvioQS that,.in this case, one would
have to monitor variables like indoor and outdoor temperatures, solar radiation,
energy from heating systems, ventilation etc., It is of importance to control
all contributions to the building energy balance, For this reason it . is more
convenient to operate in an unoccupied building. One then also has the

Bl
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possibility to "speed up the procedure"” by introducing supplementary electric
heating (Sonderegger 1477). '

The dispersion of points from a straight Tine 1in the daily énergy
consumption- temperature plot is only partially due to the presence of driving
forces other than the indoor- outdoor air temperature difference; if the model
time resolution 1is of the same order of magnitude as the TTC( e.g. one day),
the dispersion is also produced by unsteady state effects. In a simplified
method for the evaluation of the TTC, one shows that energy consumption 1s
approximately a linear function of an "equivalent temperature", calculated as
{(Drusiani and Negrini 1979): =~ '

Tio= k* Ty (1-K)*T_4

where ‘
T1 = average outdoor temperature of day i
T; = "equivalent temperature" of day i

Using this method, one has to monitor only the daily energy consumption and
the daily average outdoor temperature. By letting the parameter K vary from 0
to 1, in the daily energy consumption- “equivalent temperature" plots, the best
fitted value of K can be determined, leading to a reliable estimate of the
average TTC of the sample thrBugh the relation:

TTC = - 24/ Tn{1-K) (h)
An analysis of this kind has been performed to evaluate the average TTC of

a groep of buildings through .information about the daily heating gas
consumption,
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I ¢ Physical indoor environment factors affecting man

- general introduction

Every dwelling should be constructed so that a climate suitable for human
beings can be created. This 1is achieved by shielding the dwelling from the
influence of the external climate by a suitable design of the building envelope
and if necessary -by using energy to keep the interior of the dwelling at a
temperature different from that of the cutdoor air.

The indoor air should be kept at a temperature comfortable for the
occupants, taking into account their clothing and their aﬁtivitiés at home. The
temperature of the iaterior surfaces should not differ too much from that of.the
indoor air. There should not be any large temperature gradients insiqe the
dwelling.

The moisture content of the indoor air should be kept within certain 1imits
if the .indoor climate is to be a comfortable one. The moisture content of the
indoor air will in general be different from that of the qutdoor air due to the
outdoor- indoor air temperature difference and the use of water by the occupants
inside the dwelling,

The heating of the dwelling and activities performed by the occupants will
result in the adding of pollutants to the indoor air. The indoor air may also
be contaminated by gaseous constituents dissipating from the building fabric.

There should not be any draught in the dﬁel]ing, a sufficient dégree of
lighting should be provided and the demand for privacy should also be
considered.

All faﬁtors mentioned above are of importance for the physiological
wellbeing of the occupants. Their behavioural -response to the indoor climate
can be very complex. Only on rare occasions will  the occupants experience a
single factor 1like air temperature, radiant temperature of walls and windows,
indoor humidity, draught, illumination, ventilation, or level of noise as
'iﬁadequate. In general they will experience a combination of these factors
through the senses of vision, hearing, smell, touch, and thermal sensatfon. If



I c-2 .

at, most, two of the factors mentioned above aré involved, experiénce from
psycho- physical experiments under controiled laboratory conditions in many
cases tells the 1limits of the comfort range of these factors for a certain
clothing,

Retrofitting a residential building will often result in 2 c¢hange 1in the
indoor climate. When performing a retrofit this should therefore be.taken into
account and not just the energysaving effects of the retrofit. This can often
be done in a qualitati#e manner. However, it is sometimes of interest to be
able to do this in a quantitative manner. The thermal environment of the
occupant can then be described by the use of a so called comfort index. This
topic is treated in the first section of this chapter, “thermal environment".
This is followed by two sections treating questions related to air contaminants
and 1ighting that are of interest when performing a retrofit of a residential
building.

- thermal environment

i) physio]ogiﬁa] basis: heat balance and metabolism of the human body

Heat is produced continuously in the human body at a rate that is strongly
dependent on the activity being performed. Fuel is required for producing this
heat, and air to burn it. In these respects the human body does not differ from
the furnace that maintains the temperature of a building at the required
temperature. The fuel we burn, or metabolise, is food. The caloric value of
the food eaten , less the mechanical work.performed, is equal to the heat
produced in the body. It must all be dissipate& . The body can tolerate only
small and relatively brief changes in temperature, unlike houses, that can store
heat from warm days to cold nights or even over periods of several days. Houses
need not maintain their internal temperature so exactly as we do, neither are
they subject to the five-fold alterations in rate of heat production that we
impose on our bodies as we engage in different activities.

The average rate of heat ‘prodyction for a 24 hour period has been

calculated as 102 watts for women and 126 watts for men. These figures are
based on food intake for an average-sized person, not engaging in any Sf"the
more active occupations or pursuits. Large people will eat more food and
© produce more heat. It is usual to normalize these figures by dividing by the
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body _surface area, a good measure of the size of a ﬁerson and a critical factor

'1n heat baiance, as outside wall area is for a house. ~ Since, e.g., “women" iq
Northern Eur&pe have an average body surface area of 1.6 m2, men 1.8 mz, the
24-hour average rates’of heat production are 64 and 70 wW/mg , respectively.
Ignoring sex differences gives an average of 67 N/mz.

The 24-hour avérage is a wuseful ’concept for calculating the heat
contributidn from occupants to a house, but it conceals large and Systematic
differences at different times of day and fs therefore inadequate even for
calculating contributions to the heat balance of a room. However, as we shall
see below, it provides a surprisingly good basis. foer calculating the average
required room temperature 1in different clothing ensembles. In most cases,
however, it is necessary to allow for different rates of heat production for
different activities: sleeping 40 H/mz, sitting quietly 55 H/mz, standing still
working 78 H/mz, light house work 110 W/mZ. Much higher rates of working occur
occasionally in the home, correspoﬁding to medium heavy industrial work 150 N/m2

heavy manual work 200 N/mz, but’ are seldom maintained for long.

Rate of heat production is governed by the activity in which we engage. It
is therefore to a‘very large extent under conscious control during 1e1;ure time
in the home. This is not the case during working hours., Rate of heat 1loss is
governed by 5 principal factors: clothing insulation, air temperature, radiant
temperature, air velocity and air humidity. These have been listed in

descending order of importance for heat balance in normal dwellings and for
normal activities. Humidity is in last piace because it affects mainly the rate
4t which sweat can evaporate. Sweating is something we try to avoid during
normal occupation'bf the hOme,'for hygienic reasons as much as for the fact that
it fs the 1last line of defence. Similarly, shivering 1is a heﬁt balance
mechanism we try to aveid. Owellings shouid be planned so that only in freak
weather conditions is it necessary for thé body to use these strategies. In hot
countries this may be an unrealistic goal, and if so humidity at once becomes an
important factor in heat balance. Sweating can save enormous amounts of energy
used for summer air conditioning in. advanced hot countries, but this specific
form of energy conservation will not be dealt with here,

ii) indoor temperature
;
The permissible range of temperature is given by the restraints imposed
upon the other 5 factors governing the heat balance of the body - activity,
clothing, radiant temperature, air velocity, humidity. Under nonsweating



conditions even very large differences in relative humidity, between the
extremes at which humidity becomes a nuisance in jtself , 20% to 70f , can be
compensated thermally by a change of only 1 K in the air fémperature. Air
velocity becomes a nuisance by causing local cooling of the body above 0.2 m/s,
and blows paper about. It is usual to limit air velocity to 0.1 m/s in rooms
occupied by sedentary people for this reason. Under these conditions the air -
and the radiant- temperature affect heat 10ss to about the same extent. The
“"operative temﬁerature" can be taken as the arithmetic mean of the two and used
to characterize the temperature of the space. Tablel c-1 sets out the maximum
and minimum air temperatures for the activities whose heat production rate has
been discussed above, as a function of clothing {or bed-clothing) insulation
value. At these limits sweating or shivering, respectively, must occur in the
steady state. They have been calculated on the basis of the heat flow from the
centre of the body at_37°C, to the room, taking account of the minimum and
maximum insulation afforded by the body tissues when fully vaso-dilated and
vaso-constricted, respectively. The insulation value.of the clothing worn is a
parameter of Table l.c- 1. The insulation value of the air is a function of its
refative velocity taken here to be 0.1' m/s except in the case of light
house-work where 0.3 m/s is assumed. A small amount of uncertainty is
introduced by the dependence of clothing insulation on air velocity, but since
effective clothing insulation can be altered much more-in an adaptive way, by
opening or ciosing buttons, for instance, this can probably -be neglected.

Clothing and activity, the parameters of Table I ¢~ 1 , may be seen to have
very large effects on the permissible range of room temperature, They naturally
affect also optimum temperatures, which for the present purpose can be taken to
mean optimally comfortable temperatures and to lie mid way between the 1imits
set out in Table 1 ¢-1. 1t is a common observation that preferred temperatures

vary seasonally, diurnally and between countries. Many field studies have
documented these differences, without normalizing clothing and activity. Had
they done so it is probable that the undoubtedly Jlarge and systematic
differences in clothing and activit} that occur between seasons, between times
of day and between countries, would have accounted for the differences in
preferred temperaure. Fanger (1970} has performed extensive studies of
preferred temperature in standard clothing, sitting still'in a laboratory, and
has never found any variation due to the above factors. It seems therefore
adequate to assume that by taking account of the clothing and activity likely to
occur in a given place at a given time, Table I c-1 values may be used to give
the permissible Eange of room temperature without further correction for the

so-called seasonal, diurnal and geographical bias. The only exception, already
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TABLE [ c-1

Permissible temperature range

A. Minimum temperature without shivering

Activity Metabolism Clothing {clo)
W/m2 0 0.5 1.0 1.5 2.0 3.0

Sleeping 40 30 28 26 24 21 17

Sitting, 55 27 24 21 18 15

24-hour average 67 25 22 18 14

Housework (standing) 78 23 19 15

_Active housework . 110 20 14

8. Maximum temperature without sweating

Activity Metabolism ‘ Clofhing {clo)
W/m2 0 0.5 1.0 1.5 2.0 3.0

Sleeping - 4D 32 30 28 26 23 19

Sitting ' 55 30 27 24 21 18

24-hour average . 187 29 25 21 18

Housework {standing) 78 27 23 19

Active housework 110 26 20
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excluded from the present treatment But worth reiterating, is when sweating is
socially acceptabie or economically necessary in hot countries. Table I c-i
upper limits do not then apply, other heat stress equations must be used and
heat acclimatization must be considered qualitatively. This will introduce
marked seasonal and geographical variation. Table I c-1 is based on an equation
for dry heat ba]énce by Humphreys (1976), assuming that 0.7 of the total heat
loss 1s non-evaporative, that the air velocity is 0.1 m/s except in active
housework, where 0.3 m/s relative air velocity is assumed, and that the
permissible temperature range is given by the 1imits of vasocohstriction and
vasodilation, beyond which shivering and sweating occur, respectively.

Thermal gradients occur. in both space and time, Horizontal thermal

gradients are experienced as temperature swings in time by occupants who move
through them, Temperature swings, the factors infiuencing their perception and
their effects on comfort, performance and behaviour have been sfudied
extensively by Wyon et al. (1971, 72, 73, 77). Their results may be summarized
for the present purposes as showing a surprising lack of hysteresis during the
relatively slow temperature swings occurring in dwellings - dynamic effects may
be neglected and occupants assumed to respond to the actual temperatuﬁe,
regardless of its past variation,

Vertical thermal gradients have been insufficiently studied. A correct
treatment of criteria should be based on a quantitative understanding of
pﬁysiologica] response. This is available for total heat balance in a uniform
environment but not yet for an environment that varies between different parts
of the body. It has been found good pracfice,- however, to limit vertical
thermal gradients to 2 K/metre. This requirement is included in building
regulations in several countries, Larger gradients are likely to occur only
with such marked convective circulation of air that draughts and cold floors '
will cause problems rather than the thermal gradient peryse. It is worth noting
that such thermal gradients are always positive, the ZEEbEFEture increasing with
height above the floor. Although very few thermal comfort studies have asked
for multiple judgements of thermal comfort referred to different parts of the
body, Wyon et al {1968) showed that thermal preference is for a negative thermal
gradient. (In other words, people prefer to keep a cool head rather than get
cold feet). Most heating systems can achieve at best a small positive thermal
gradient 1in afr temperature., However, radiant systems can easily create a
negative gradient in operative temperature. The limits applicable in this case
are discussed in the following section,
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Jii) surface heat radiation

The operative temperature in a room is affected to the same extent by the

surface temperatures as by the air temperature.. The mean radiant temperature at

. any point in the occupied zone must be calculated in order to be able to
estimate the overall heat balance of the human body. Table I b-1 may then be
used to give the permissible range of operative temperature. It is neceésary to
define - the occupied zone guite closely in this connection, for the solid angle
subtended by a given surface area whose temperature differs from the air
temperature determines its contribution to the mean radiant temperature, This
becomes unreasonably large if the occupied zone s taken to extend rignt up to.
walls and windows.

Building regulations often define the occupied zone as extending to within

1 metre of the walls or window, and to 0,5 metres of an outside wall without a
window for the special purpose of calculating the plane radiant temperature.
High density occupation will require that the occupied zone in practice extends
into the last metre excluded above. Real health risks can thereby occur, for
example when occupants must sieep right up against cold outside walls.

Increasing insulation standards are reducing these risks, but it 1is worth
“considering whether extra floor space would not in some situations be justified
economically by the high alternative cost of meeting buflding regutations for
thermal environment if the occupied zone must extend to the walls,

In addition to satisfying the above requirements for overall heat balance,
surface temperatures must not cause excessive heat Toss from the body. If
radiation exchange with a cold surface causes a particutar part of the body to
be colder than it would be in the absence of the surface, the sensation and
effect is identical to that caused by a cold draught or excessive air velocity,
As stateq above, the underlying physiological model for response to such
asymmetric thermal loads is lacking, It has been found good practice to require
in building regulations that the plane radiant temperature must be calculated or

measured in the occupied zone, and to introduce the concept of the plane
operative temperature, analogous to operative temperature. This quantity should

not be less than 180C anywhere, nor should differences 1in plane operative
temperature within the occupied zone exceed 5-K. In practice the extreme points
are usually 1 metre from the centre of a radiator below thé window and 1 metre
from the centre of the window. Observe that the plane operative temperature at
the latter point will be lower than at "the former. An occupant seated or
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standing in front of the wiﬁﬁow will experience a negative gradient in plane
operative temperature, provided that the radiator 1is fulfilling its other
function of preventing down-draught by creating upward convection, Whereas the
radiant heat exchange of the body as a whole with window and radiator, as
reflected by the conventional calculation of mean radiant temperature or
measuremeﬁt of globe temperature, may show acceptable operative temperature
values, care must still be taken to ensure that the asymmetric radiant field
does not cause tooc much local heat gain or loss from different parts of the
body. -The above criteria have been found adequate even under severe winter
conditions with present-day windows. With increased in;ulation standards for
outside walls and windows leading' to reduced radiator size and surface
temperature; the asymmetry will be reduced and it will be easy to meet the above
criteria except 1in special cases of very large windows or high temperature
radiant sources.

iv) air Je]ocity (draught}

Air velocities that are too high can cause excessive local cooling of parts
of thé body. They can cause discomfort by drying the mucous membranes of the
eyes, nose and mouth, particularly in dry winter conditions. Some people are
particular]j sensitive to the latter effect. Older women often fall into this
category and account for a large proportion of complaints of draught. Even the
former effect is highly dependent on the <¢lothing worn and the exact way
clothing insulation is distributed over the body surface., Sex differences in

clothing lead to sex differences in complaints of draught, Women tend to wear
less c¢lothing on the legs, ankies, shoulders and arms than .men -do and are
therefore more 1ikely to be affected by draughts. Thus draught susceptibility
is a highly individual matter, _Although work has been done on minimum
temperatures for avoiding complaints of draughts at a given air velocity,
providing the means for individual adjustment of this is better than raising the
temperature, These velocities can then be increased in hot weather to provide
increased cooling, Yocal or general, but reduced to avoid draughts or to raise
the effective temperature in cold weather. Raising the temperature to avoid
draughts is not conducive to energy conservation,

It is good practice to 1imit the general air velocity in an occupied zone
to 0.1 m/s but provide the means to increase air velocity when required. The
general effect of air velocity on the heat transfer coefficient for whole body
heat balance "is discussed below, but in dwél]ings is unlikely to be a major
source of variation. ’ ' ‘



v) combined effects of air temﬁerature, radiation and draught on the human body

There have been many attempts to predict gquantitatively the effects of the
thermal environment on the human body. Over 20 different indices of thermal

stress have been used in different connections. All have their 1limitations:
some take account only of certain thermal factors, neglecting others in order to
simplify the measurement of thermal climate in a particular situation. They
lead to widely different _predictions of thermal stress even in theory and
therefore cannot predict refiably any-relevant measure of thermal strain in
practice, except 1in the particular conditions under which they were derived.

Most such indices attempt-to predict equivalent combinations of extreme thermal

stress that produce the same Timiting physiological strain, e.g} maximum
permitted heart rate, sweat rate, or central body temperature. They do not lead
explicitly to a predicted numerical value for these relevant parameters,
however, but to an arbitrary value of "thermal stress", Strain parameters must
be linked to this dimension experimentally. Since there is always a statistical
digtribution of physiological response even under identical conditions, the
selection of a reassuringly: exact number on the thermal stress dimension
conceals a very large degree of uncertainty on the strain dimension. Only when
the measure of physiclogical strain is the proportion observed to die of heat
stroke has the exact shape of the djstribution been studied with any close
attention,

These indices of extreme thermal stress are of limited wuse 1in assessing
conditions in dwellings. They are all based on experiments where sweating was

profuse and discomfort considerable.

Another set of indices are based on subjective responses to comfort

questionnaires. They equate thermal conditions in terms -of the thermal
discomfort they produce. Their weakness is that complaints of discomfort depend
very much on what peopie are trying to do, in spite of the heat or the cold, and
in almost all of the experiments on which comfort indices are based, the
subjects were not tryiﬁg to do anything., Although quite successful in equating
different combinations of thermal conditions giving optimum comfort for sitting
quietly, they provide a rather inadequate basfs for the two kinds .of assessment
required for energy conservation decisfons, which are:

1) to determine the limits of the reasonably comfortable zone beyond which it
is justifiable to use energy to improve the thermal environment
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2) to provide a thermal environment in which it is possible for the body to
maintain thermal balance in & way that does not hinder the performance of
specified activities.

Most comfort indices take no account of clothing, activity or the adaptive

mechanisms of the body. They therefore negiect the most important factors that
can extend the comfort zone. The only basis .they could provide for (1) above is
to predict ‘some arbitrary “unacceptable" degree of discomfort or percentage
uncomfortable, while giving no information at all on (2). Table I c-1 shows how
'inadequate this simplification would be. .Fanger {1970) made an important step
forward by taking account of clothing and activity level, His equation can show
the conditions providing ideal comfort for a given activity level and clothing,
ideal comfort being a particular state of thermal balance as defined by the mean
skin temperature and sweat rate of subjects 'in exact thermal comfort. A comfort
zone defined by acceptable clothing changes would be much narrower than required
for (1), ‘as it would not utilize the adaption of which the body is capable.
Fanger treats deviations from ideal comfort on a statistical basis, -predicting
the number of people not in ideal comfort rather than the consequences for an
individual in terms of the adaption his body would be reguired to make, It s
"therefore not possible to address {2) at all by using Fanger”s equation.

Humphreys (1976) introduced a much simpler equation for the heat balance of
the human body which enables assessments (1) and (2) to be made. It is an
equation for the heat fiow from the central body care at 37 °c to the
surroundings, taking account of the three insulating layers that govern this
flow: that of the body tissues, of the clothing and of the surrounding air,
For continuous occupation, the heat flow must be equal to the heat produced in
the body, otherwise a stable central body temperature could not be maintained.
The temperature differences across these three layers of thermal resistance are
expressed by three terms of the equation and together equal the temperature
difference between body core and air temperature:

T, - Ty =M/A*(Ry +Rc +X/(4.2+13 u!/2) )

where:

T, = Body core temperature, 379C

T, = Air temperature, °C

M/A= Metabolic rate of heat production per mZ of body surface, W/mé

K = Proportion of metabolic heat dissipated by means other than evaporation,
about 0.7 indoors. /

R = Thermal resistance of-hbody tissues, mz,K/w
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Thermal resistance of clothing, me K/ W (Popultar uwnit:l clo= 0.15% m?,K/w)
Air speed, m/s
/(4.2 + 13J1%= Thermal resistance between clothing and surroundings, me,K/W

R
u

_ Using Humphrey”s limiting values for body tissue resistance, R, = 0.04
mz,K/w at onset of sweating and Rb= 0.09’m2,K/w at onset of shivering, this

. equation allows the calculation of conditions that permit stable adjustment of
skin temperature to the ﬁrevai]ing air temperature, It is convenient to select:
fixed values of metabolic rate appropriate to a given activity, and fixed
clothing resistance, in order to allow the calculation of max imum and minimum
room temperatures. Table I ¢-1 was prepared in this way. Air velocity should
not be assumed to be less than 0,1 m/s. Thermal radiation can be included'by
using the operative tiemperature instead of the air temperature, fi.e. by
réplacing Ty by the arithmetic mean of air temperature and mean .radiant
temperature, This approximation is appropriate for all normal indoor air
velocities,

Assessment (1) required for energy conservation decisions can be made quite
simply from the above eguation, in the fo1low}ng way: for a given room and time
of day, a number of activities are to be expected. A judgement must be made as
to what it s reasonable to be able to do without sweating 6r shivering, and
whatl are the reasonable 1limits for c¢lothing for these activities. These
judgements will wvary greatly between countries. The equation will then give
maximum and minimum temperatures, enabling the engineer to calculate fregquency
diagrams showing the number and duration of occasions during a typical year that
given activities at given times of day will inevitably lead to discomfort. The
consequences of refusing to adapt clothing can be calculated in terms of the
increased frequency and duration of discomfort then predicted. Alternatively,
the benefits of increased energy consumption can be expressed either as a
reduction in the frequency and duration of periods of discomfort or in terms of _
a reduced need to adapt c¢lothing or to reschedule activities to other rooms or
other times of day.

Assessment {2) required for energy conservation decisions can be made by
considering the consequences of adjusting the body™s heat balance to cope with
unsuitably high or low temperatures, A general rule {s that activities
requiring mental concentration cannot be adequately performed when fully
vaso-dilated, i.e. when at the limit of reduced thermal resistance of body
tissues, 0.04 mZ,K/W, close to the onset of sweating. For such activftfes, a
Tower 1imit of D.0D65 mZ,K/W should be assumed. It is better to be slightly cool
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than sli;htly too hot. For social intercourse, too, it is unpléasant to be on
the verge of sweating: it discourages animation and induces lethargy. On the
other hand, it is not pleasant to-be cold either. The region 0.075 to 0.055
mZ,K/W is probably acceptable for pleasant, active relaxation. If skilled
manual work is to be performed, it will be hampered by too great a degree of
vasoconstriction, A maximum value of 0.07 m2 ,K/W should be assumed for
sewing,writing,typing, playing musical instruments, etc.

. The above approach allows of great flexibility in energy .conservation
decisions, QOccupant behaviour can be assumed to be adaptive or inflexible, as
appropriate, and the conseguences can be <calculated quantitatively. Occupant
decisions can be predicted. The effects of energy conservation on activities of
various kinds can be estimated. The degree of approximation introduced by the
assumptions is no greater than that inherent in using group experimental results
to predict individual reactions,

- air contaminants

One of the most common measures when retrofitting a residential building in
order to cut down the energy consumption, is to increase the heat resistance of
the wall by adding an extra layer of insulating material. This measure 1in
addition often leads to an increased air-tightness of the building. This may
cause problems, especially for buildings with natural ventilation, because the
ventilation rate can be diminished to an unacceptable level.

We will now discuss some of the major air poilutants separately. Carbon
dioxide (C0p ) 1is a pollutant the concentration of which has been used as a
measure of the_quality of the air in a dwelling for more than 100 years.

A concentration of COZ lower than 0.5%¢ by volume is often considered as
acceptable. For a resting person an air supply rate of 12 m3/h is required to
keep a concentration of 0.15% at an equilibrium. For a living area of 60 mZ and
a voiume of 150 m3containing five persons this leads to a required air change
rate of 0.4/h. At higher concentrations than 0.15% the air starts stinking.
This is not because of the €0, concentration, but because of associated
poilutants. The CO, concentration must attain a value of 3% by wvolume before
physiological reactions like breathlessness and headache become noticeable.
This concentration corresponds to an air exchange of 0.6 m3/h and person and s
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only one twentieth of the air‘supb]y rate required to keep a concentration of
0.15% constant.

The problem of excessive moisture content in residential buildings, mostly

caused by excessively air-tight constructions or ventilation systems'with an
inadequate efficiency, has become more important in recent years, This ‘prob1em
may occur in buildings where the rate of ventilation has been decreased in order
to save energy, or have been retrofitted by adding extra insulation to the
walls,

A seated person will expire about 40 g of Qater per hour, For a family of
five persons this leads to an increase of the moisture content in a dwelling by
200 g/h. Drying of laundry by itself will take about one day. Laundry after
spin-drying will contain 50 -100 % of water by weight, Thus,-laundry with a dry
weight of 4 kg will contain 2-4 kg of water. Assuminé\the emission of moisture
from drying laundry to be constant during 24 hours lteads to an increase of the
mojsture content in a dwelling by 80-160 g/h from & kg drying laundry.

Adding to this the contpibution from the occupants and a smaller
contribution from cooking, the. estimated increase Of moisture content in the
living area will be about 300 g/h, For the example used here of a b5-person

Zyith a volume of 150 m3,'we have ptotted in fig.

family in a living area of 60 m
I c-1 the reqguired air-change rate to keep the indoor relative humidity at a
constant level for some different outdoor temperatures. The calcuiations have
been performed for an outdoor humidity of 85 % . Assuming that this family is
at home only 16 hours a day will reduﬁe the required air-change rate by 25%. In
this case an air-change rate of 0.5/h will in any case suffice to keep the

‘indoor relative humidity below 60% during the heating season.

A high indoor humidity may bring problems of a aifferent kind.
Condensation may occur on cold surfaces such as windows. Humidity can give rise
to serious hygienic disadvantages and the air can stink, Dust mites can
flourish and be a threat to the health especially for allergic persons. High
" ‘humidity can also cause rot and the grbwth of dry rot with seripus economic and
hygienic consequences.

High concentrations of formaldehyde has recently become a probiem 1in
buildings where particle board has been used in the construction. Certain types
of furniture also contain particle board. The formaldehyde is contained in
certain types of .glue used at the fabrication of particle board. Allergic
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r U_\ir changes per hour)

1,54 ,
1
0,54
_ t=-10T
] T T T | T T T —p U [0/0]
30 40 50 60
Fig Ic - 1 Required air change rate, r, to keep indoor humidity, u,

constant for different outdoor temperature, t is the
outdoor temperature. Calculation performed for dwelling
described in text (5-person family, living area 60 m%,
volume of dwelling 150 m).
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Fig Ic - 2 Radon concentration versus air change rate from some
case studies of buildings (Radonutredn. 19793
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persons may react to concentrations as low as 0.1 ppm. In some recently built
houses concentrations of 2 ppm have been measured. In some cases increasing the
afrchange rate from 0.5 to 1/h only lowered the concentration from 1 to 0.7 ppm,
due to imperfect mixing of the ajr . This problem can not therefore be solved
by an increase of the ventilatien, but has to be solved by elimination at the
source.

Radon is a radiocactive . substance emitted from the radium existing in
certain rocks . In some building materials the concentration can be relatively
high. If the ventilation rate is too low, a constant exposure may after 15-40
years cause " tung cancer, An air change rate of 0.5/h is considered sufficient
to eliminate this risk. In fig. I c-2 we give as an example the 'concentration
of radon as a function of the air change‘rate as measured in some case studies
of buildings of different kind.

The examples discussed here indicate that an afirchange rate of 0.5/h fis
‘sufficient to fulfil all hygienic ventilation requirements. For the purpose of
this Report the hygienic problem of air contaminants need not be <considered as
long as one does not encounter.a residential building where the airchaﬁge rate
may fall below 0.5/h.

- lighting

_Windows, and consequently daylighting, is a fundamental part of rooms in
dwellings, The size of the windows and their performance have to be considered
in the calculation of the heat balance of the building.

In many countries the building requlations contain minimum requirements for

window: sizes. These requirements are .often expressed as minimum daylight
factors, to some extent based on studies of preference. The use of windows
depends on such things as view, demand for privacy and climate.

Differences in cultural traditions and fashion are reflected in the use of
curtains, blinds, flowers and plants., This has a great influence on the amount
of daylight entering the room and consequently on the need for electric light.
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‘The electric 1ighf used in dwellings is mainly incandescent light with a
few exceptions, for instance Japan, where flourescent Tighting is dominant.
5 .
Flourescent lighting is in some countries used mostly in kitchen lighting.
The electricity used for lighting in dwellings is relatively small compared to
the total energy consumption.

There are very few stated requirements for electric Jighting in dwellings.
However, for stairs there is often a requirement of 50-150 lux., For most other
rooms there should be sufficient number of electric outlets to make it possible
to arrrange a suitable lighting aliowing for individual choice .

For a fuller treatment of these questions see Hopkinson- Petherbridge-
Longmore (1966} and deBoer-Fisher {1978},
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1 d Influence of the heating system on energy consumption

- general introduction

Energy used to heat a building or domestic hot water is normally in the
form of primary énergy as o0il, gas or solid fuels, or secondary energy as
e]ectricitj. Renewable energy sources like sun radiation and energy contained
in ambient’air, ground water, eartﬁ etc., can be‘utilized with the help of solar
collectors or heat pumps. '

A heating system of a buiiding is often divided into four sub-systems or
components; the heat generator (the heat production unit), the heat

distribution system, the heat terminals (radiators etc.), and the control
system. There are heating systems which do not contain all these four

.

components.

The most common heat generators are based on the above mentioned primary or
secondary energies. Table I d-1 gives examples of types of energy,; heat
distribution media, and heat terminals. :

Harm air furnaces are the oldest space heating equipments. The development
of heating systems has resulted in efficient combustion boilers and furnaces,
more efficient electric boilers, furnaces and space heaters and even more
efficient thermodynamic heat generators as heat pumps.

Heat distributionlsystems are water- or airbased. Heat terminals are
radiators, conyectors, baseboard and finned tube terminals, dual duct .and
induction terminals etc, Floorheating systems are designed for low temperature
systems as solar or heat pump systems. Control systems can be anything from
manual radiator valves to computer based central feed-back control systems. The
control system must be such that it can match the requirements on the heating
system. Thus, a certain control system.is only efficient 1im combination with
certain heating systems. '

The success of energy conservation depends on the knowledge of building
behaviour, heating and ventilation systems behaviour and the coupling between
building and installation systems. The interaction between building and heating
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Table I d-1, Residential heating systems

Forced air Hydronic Zonal

Primary Gas Gas Gas

energy 0il 07l Solid fuels
Solid fuels Solid fuels Electricity:
Electricity: Electricity: -heat pump
-resistance -resistance -resistance
-heat pump -heat pump

Heat distribution Air Water, steam -

med ium

Heat distribution Ducting Piping -

system

Heat Diffusers Radiators Included

terminals Registers Fan coil units with product
Grillers Floor heating

Table I d-2. Heat generators

fuel or electricity

Heat generators

Heat distrijbution medium-

Gas Combustion boilers Air
Solid fuels Combustion furnaces Radiation
0i1 Water
Electricity Electric furnaces Air
Resistance space heater Radiation
Heat pump
Electric boilar Water

Heat pump
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system is analyzed in the last section of this chapter.
The efficiency of a heating system is often defined as the product of the
efficiencies of its components, The efficiency of the heat generator and the
heat distribution system can be unambiguously defined in terms of the
thermodynamical properties of these components. The efficiency of the heat
terminals and the efficiency of the control system, the control efficiency, "are
less easily defined, For these components there do not exist any generally
accepted definitions of the efficiency.

v

- heat generators

Fuel or electricity 1is transformed to heat 1in a device <called heat
generator, whose construction depends on the type of fuel and heat distribution
medium. In Table I d-2 most commen types of heat generators are listed.

A combustion boiler is a pressure vessel designed to transfer heat

(produced by combustion) to a fluid. Boilers may be designed to burn coal,
wood, various grades of fuel oil, various types of fuel gas, or to operate as
electric boilers. A boiler designed for one specific fuel may not be
convertible to another type of fuel. Some boilers can be adapted to burn coal,
wood, o0il, or gas. Some boilers have two separate combustion chambers, one for
solid fuel and one for oil. Several designs allow firing with o0il or gas by
burner conversion, or by using a dual fuel burner,

Warm air furnaces are of two types, gravity and forced air. Forced warm
air furnaces use a motor-driven blower to circulate air over the heat exchanger
and through the ducts. A draft hood is attached to the outlet of the furnace
and replaces the barometric damper.

Conversion burners are complete burners and control units designed for

installation in existing boilers and furnaces. Conversion burners for domestic
application are available in sizes ranging from about 10 to 100 kW capacity.

Space heaters are used for heating a single room or a limited area. They
differ from central heating equipment in the extent of distribution system
incoporafed. Both natural conyection and forced circulation warm air systems
dare used,
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An 01l burner is a mechanical device For preparing fuel oil to combine with
air under controlled conditions for combustion. Two methods {atomization and
vaporization) are used for the preparation of fuel for the combustion process.
Air for combustion s supplied by natural or mechanical draft. Ignition is
generally accomplished by an electric spark, gas pilot flame, or oil pilot
flame. Burners of different types operate with luminous or nonluminous flame.
The operation may be continuous, intermittent, modulating, or high-low flame.
Residential o0il burners ordinarily have a fuel consumption rate from about 0.5
to 5 ml/s. '

A gas burner is a device for the final conveyance of the gas, or a mixture
of gas and air to the combustion zone. Burners are of the atmospheric
injection, Tuminous flame, or power burner types. Residential gas burners may
be classified as those types designed for central heating plants or those
designed for room application., Gas burners and conversion burners are available
for several kinds of central systems and for other applications, where the units
are installed in the. heated spaée. Central heating appliances include warm air
furnaces and steam or hot water boilers.

A mechanical stoker is a dev%ce that feeds a solid fuel into a combustion

chamber, It provides a supply of air for burning the fuel under automatic
control and, in some cases, incorporates a device for automatic removal of ash.
Coal, wood, and pellets can be burned more efficiently by a mechanical stoker
than by hand firing because the stoker provides a uniform fuel feed rate, better
distribution in the fuel bed, and positive controi of the air supplied for
combustion.

Most oil-fired burners, and many gas-fired residential boilers are equipped
with an internal tankless heater coil, The boiler/heater is a water to water-
heat exchanger, used to supply domestic hot water, By definition, a tankless
heater uses- ng storage tank: the only heat storage is the volume of heated

-boiTer water surrounding the heater coil. A storage tank for domestic water may
. be added to supply peak loads and thus to allow a reduction in boiler capacity.

A circulation pump is usally needed to circulate water between boiler heater and

- storage tank.

Electric heating systems are either centralized hydronic or warm air

systems or consist of room units such as space heaters, radiators, or
convectors, Hydronic systems often use an electric boiler which is @ pressure
vessel designed to transfer heat from electric resistance elements to a fluid.



I d-5

Electric - boilers are nearly 100% efficient 1in transferring heat within " the
boiler. Losses from electric boilers are heat lost from the external boiler
surface and pip}ng connections. Depending on location, the heat losses can
contribute to the heating of the dwelling during the heating season.

A heat pump is a device that with help of work can transfer heat from a
lower temperature level to a higher level. The vapor-compression cycle,
electrically driven, is the most commen working principle for heat pumps. Heat
pumps are normally classified according to heat source and sink and heating and
cooling distribution fluid. A The most common type is the air-air heat pump
mostly depending on tréﬁitions from air-conditioning. The use of air-water and
water-water heat pumps is increasing in Eurcpe as well as in the U.S and Canada.

- heat distribution

Natef systems can be of the forced type, where water is circulated by a
pump, or gravity systems where the thermal head is created by the difference in

temperature and weight between supply and return columns of water. . Gravity
systems are seldom used .today,

The heated fluid is distributed throughput the residence by a system of
piping to cast-iron or steel plate radiators and.cabinet convectors or fan-coil
terminals located in each room. Basic piping arrangements are series loop,
one-pipe, two-pipe reverse-return and two-pipe direct return (see fig. Id-1).

Losses of energy e.q. by water leaks are common. Firing rates higher than
needed reduce efficienty and increase energy waste, Radiant and convective heat
Tosses from heat yenerators and piping are unrecovered if the heat is delivered
toe the outside air rather than to the spacés where heat is desired. Energy
saving is accomplished by insulating the “surfaces of all heating system
components which have a temperature appreciably above that of the surrounding
air and which do not contribute heat to the design load.

Air central systems are rarely used in apartments, since it is generally

considered undesirable to mix return air from more than one apartment. In.
single-family dwellings forced air systems are widely used in the U.S. Heated
air is distributed throughout the residence by metal and/or fiberglass air
ducts, The heat losses from an air system are mainly due to air Teakage and bad
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insulation of the ducts.

¢
[t is important that the heating system is well adjusted. =~ Otherwise some
areas might become overheated when other areas are too cool, A bad system can
also lead to oversized fans and oversized furnaces.

- heat terminals

The term radiator is generaily confined to sectional steelplate or cast
iron radiators of column tubes or steel plate panel radiators. The heat
emission from a radiator is partly radiation and partly convection. The heat
emission from a radiator depends on:

- the size of convective surface

- the height of the radiator

- air flow conditions

- water temperature and f]ow

- temperatures and radiation coefficient of room surfaces
- furniture

- air movement in the room

-~ curtains

- the position of the radiator

. = the distance radiator- wall and radiator- floor
- casing

The heat emitted by the radiator is not proportional to the temperature
difference between the radiator surface and the ambient temperature, but is
rather proportional to some power of this temperature difference. The numerical
value of the exponent is in general around 1.3, The surface temperature of the
wall.section behind a radiator is much higher than on other parts of the wall. '
The heat losses through the wail behind the radiator can be as much as three
times the losses through other parts of the wall, As the wall 1is primarily
heated by rad}atfon,a stmple radiation shield can be attached to the wall.

The term convector refers to a heat terminal that operates with
‘gravity-circulated air and has a heating element with a large amount of
secondary surface containing two or more tubes. The heating element is
" surrounded on. all sides by an enclosure having one air inlet open{ng below and
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one above the heating element. The heat emission from convectors depends on:

thé water temperature

air flow over convector surfaces

the degree of dirt on convector surfaces

contact between pipes and seconday surfaces

the size of inlet and outlet openings

The term baseboard heater refers to heat terminals designed for

installation along the bottom of walls. They operate with gravity-circulated
room air. The term finned tube refers to heat terminals fabricated from
metallic tubing with metallic fins bounded to the tube, They operate with
gravity-circulated room air.

The term dual duct refers to a heat terminal consisting of a “mixing box"
with two air supply connections, one with air of a temperature below and one
with air of a temperature above that of the room air, The box mixes the two air

streams so the resulting air stream has the wanted temperature.

In an induction terminal conditioned supply air is mixed with room air

passing over a heating coil (steam,hot water or electric type). The temperature
of the mixed air is controlled by regulating the output of the heating coil.

Room faﬁ-coil units contain a small motor-driven centrifugal fan and a
finned coil heat exchanger, They operate on all recirculated air, or take a
proportion of fresh air through an external wall, or takes the air from a -
central plant. The finned coil is often heated by hot water.

There are hydronic or electric heating systems where the floor or the
ceiling is heated by a piping system or electric resistent straps. Heat is
emitted by radiation,

- control systems

-

The functional requirement of control in a heating system is to alter the
system variables in such a way that the equipment capacity is changed to meet
the load, ODifferent heating systems require different kinds of control systems.
A certain control system may only be efficient in combination with a certain
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heating system. - Essentially, there are two types of control loops present 1in
modern heating systems: open loop and closed loop.

1) A feed-fOrward control (seé fig. I d-2a) is an open 1loop control
because it 1is anticipating the effect on the system of an external variable
which is characteristic for the open loop control., An outdoor thermostat

arranged to  control heat flow to a building in proportion to the lpad, varying
with outdoor temperature, is an example. The actual room temperature has .no
effect on this controller, If the load of @ room is decreased because of.some
kind of free heat, the room temperature will rise with effects on comfort and on
enargy consumption., Many occupants open the windows to avoid overneating,
Thermostatic valves are often used in combination with feed- forward control
systems to aveid overheating.

2);The central feed-back control (see fig. [ d-2b) is an example "of a

closed Toop control. In this type of system the controller measures the actual
changes in the controlled variable and activates the controlled device to offset
shch variation. An example 1is a room thermostat that controls the amount of
heat being distributed from the heating system. A room thermostat controlling
the heat distribution to a building must be Tocated in the most representative
rogm according te indoor temperature.

A modern control system has an outdoor thermostat to control the supply

temperature of the heat distribution medium and a room thermostat to control the
amoynt of heat distributed.

A local automatic control is a device that controls room temperature only

in the room where the control is placed. The control device may consist of

- a thermostat controlling an on-off -switch on electric space-heaters

- a thermostatic valve controlling water flow through a radiator or other
water based heat terminals

- a thermostat controlling a damper designed to control the flow of air

The performance of local manual control depends on the operator, who in

most cases will be the occupant of the dwelling. In buildings with a water
system the manual control mostly Operétes on the water flow. ' '
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- efficiency of heating systems

The definition of efficiency is seldom unique or commonly accepted. In
general efficiency can be defined as the ratio between "useful energy" and
“consumed energy". For complex systems such as heating systems, which consist
of a number of components, the efficiency of the-system can be expressed either
- in terms of the efficiency of each separate component, or in terms of the system
efficiency. »

A heating System can be divided into ’ .

the heat generator
- the heat distribution system '
the heat terminals
the contro] System

The control system should influence the performance of, and the interaction
between, the other three components so that the actual indoor climate is as

clase as possibie to the desired one.

The energy flows of the heating system are Tisted below (see fig, [ d-3).
Note that here the chimney is not included in the heating system.

(5 = heat content of the supplied fuel {(calorific value)

Q; = convect{ve and radiative heat Tosses to the environment from the heat
generator A

Oy = convective and radiative heat losses to the environment from the heat
distributioﬁ system ‘

"Qy = convective and radiative heat Tosses teo the environment from the heat
terminals . ’

Hy = enthalpy of the air entering the boiler

Hf = enthalpy of the flow gases and vapour in the flue gases

Hy = enthalpy of the heated fluid entering the boiler

Hy = enthalpy of the heated fluid Jeaving the boiler

Hz = enthalpy of the heated fluid entering the heat terminal

Hy = entnalpy of the heated fluid leaving the heat terminal

W, = work performed by the burner

wp = work performed by the circulation pump

The energy conservation equation of the components in steady state conditions
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Heat terminat

Heat
generator

Fig. I d=3 Geperalized picture of energy flows in a heating system
consisting of heat gemerator, heat distribution systenm,

and heat terminal (the chimney -is not included)

Qi = heat content of fuel
Qj = radiative and conductive heat lLosses from the
generator (jacket losses)
QL = heat losses from the distribution system
Gu = heat given off by the terminals
Ha = enthalpy of air entering burner
_Hf = enthalpy of smocke gases and vapour entering
the chimney
H1 = enthalpy of heated fluid leaving generator
H, = " " " " entering "
. H2 = " " " "  entering terminal
H3 = " " " ' leaving "
Hv = work performed by burner
W = work performed by pump or fan
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is then for the heat generator:

-Qj + Wy + Qj +'Ha - Hf + Hg - Hy =0 {I d-1)
for the heat distribution system:

-Q¢ +Wp + Hy -Hz + H3 - Hg =0
for the heat terminal

-Qu + Hz - H3 =0
and for the whole system

‘Qj+01+qu+wv+wp+0i+Ha-Hf=0

The efficiences can then be defined as the ratio between "useful energy” and -
“consumed energy". It is then common not to include the work required for the
process in the "consumed energy”, but to include only the heat content of the
fuel. The hypothesis is made that W, and Wp can be disregarded. One can then
define the efficiencies of the heat generator:

ng = (Hy - Ha)/Q5 = 1- Q5/Q4 - (Hf - Ha)/Q4 (1 d-2)
of the heat distribution system:

Nd = (Hp - H3}/(Hy - Hy) = 1- Qp/(Hy - Hy) (1 d-3)
of the heat terminal .

ne = Qu/(Hz - H3) =1
and of the whole system

n= %/
[t is easily verified that

T W e g <

In practice, the term “energy conversion efficiency"™ of a boiler {or a furnace)
can refer to two different definitions of efficiency as this one often varies
with .the load:

1} the steady state efficiency at a fixed load {(defined as in eq. I d-2)
2) the average or cyclic efficiency (the average efficiency over a period. The
variation in the load with time must then also be defined)
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The steady state efficiency is in general experimentally determined in one of
twWwo ways:

- the direct balance method
- the indirect balance method

These topics are treated in more detail in ch, III f.

[t should be noted that part of the radiative and convective heat losses of
the heat generator and the heat distribution system and part of the flue losses
may alsoc contribute to the heating of a building. This has not been taken into
account in the definitions of efficiency given above., Alternative proposals for
the definition of efficiencies have been made. The efficiency of the heating
system has been defined as the product of the efficiency of the heat generator,
the efficiency of the heat distribution system, the efficiency of the heat
terminals and the control efficiency (Uytenbroeck 1981), but no precise
definitions of the efficiency of the heat terminal or the control efficiency are
given in this case. Tﬁe‘efficjency of the heat terminal has been defined as the
ratio betweén the minimal energy required to provide a certain indoor climate.
- and the actual energy output by the heat terminal (Guillaume-Gengoux 1981}).
This then requires a quantitative evaluation of the energy required by an ideal
heat -terminal to guarantee a certain indoor climate. This evaluation is not
easy to perform, due to the complexity of the interaction between the terminal,
the ambient air and the surrounding walls. '

The control efficiency can be defined in terms of the deviation of the

controlled variable from the set- point (provided there is only one control
variable}. [f the control variable is the indoor temperature, and one denotes

by:

T; = the actual indoor temperature
Ti = the wanted indoor temperature
AT = the temperature difference T;-T;

the control efficiency neg can be defined as

qes= 1 - S1aT)2 dv dt/ST2dv dt

where the integration is over the heated buiiding volume, ¥, and over time, t.
The temperatures T, and T{ (in degrees Kelvin) may refer to the indoor air
temperature or to a weighted average of the indoor air temperature and the
surface temperatures of a room {an operative temperature}, The temperatures T

’
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and T% may be functions of space and time. If ncg refers to the 1nstanEaneous
efficiency, the integration over time should be amitted. If T; and T{ take
the same value everywhere in the heated volume of the building, the integration
over V may be omitted. In a feed~ forward control system, where the heat
supplied to the heat distribution system is not affected by the indoor
temperature, the control efficiency may be defined in terms of the supply
temperature instead of the indoor temperature,

If the heat demand!for a certain outdoor temperature is expressed fn terms
of the dependence of the required supply temperalure on the outdoor temperature,
one obtains a heat demand curve like in fig, I d-4. The shape of this heat

demand ‘curve will' depend on the kind of heat terminals that are used. For an
air system the curve will be approximately Tinear, for a water system the curve
will be more convex. Depending on the amount of free heat (solar radiation,
household electricity etc.), the curve may be translated along the abscissa of
fig. [ d-5. The magnitude of this transiation will vary with the time of the
year if solar radiation makes a significant contribution te the free heat. The
heat demand curve 1is an intrinsic property of the building and the heating
system, and is not influenced by the control system.

For a control system where the supply temperature is determined by the
outdoor temperature only, the dependence of the supply temperature, determined
by the control system, on the outdoor temperature is given by the characteristic

curve of the control system. For most control systems this curve is either

approximately linear or slightly convex (éée fig. I d-5}.

The best control efficiency is achieved if the heat demand curve and the
characteristic curve of the control system coincide, This can, however, never
be the case if the two curves do not have the same curvature. The best that can
be achieved in practice is, in general, that the two curves cross for two values
of the outdoor temperature. For other values of the outdoor temperature, the
supply temperature will not be the optimal one. The control efficiency may be
bad if the curvatdre,of the heat demand curve and the characteristic curve of
the control system are very different.

For control systems that do not use the outdoor temperature as the only
input, the situation may be analogous, but more complex., In this case the
control efficiency cannot be illustrated by just comparing two curves,
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For heat- pumps one uses instead of the efficiency other terms to describe
the performance, the coefficient of performance (COP, also called the cooling

" energy ratio), and the seasonal performance factor (SPF). The COP is the ratio

between heat output and energy demand (mostly electricity). The COP of heat
pumps depends on the temperatures of heat source and sink. The wider the span
in source-sink temperature, the smaller the efficiency. The theoretical COP for
well defined conditions (the Carnot COP) is defined as

COP{Carnot)= T{cond)/(T{cond)-T{evap))

where
T(cond) = condensing temperature, K
T(evap) = evaporating temperafure, K

Practically, 45-60% of the COP(Carnot) can be reached, but one should -take
into account that the condensing temperature must be higher than the sink
temperature, and the evaporating temperature must be Jlower than the source
temperature, thus increasing the, temperature span,.

UDepending on the heat distribution-medium fans or pumps are needed, which
must be considered when calculating the seasonal performance factor (SPF). SPF
is defined as the ratio between the total heat output (heat pump heating and
supplementary heating) and the total energy demand (to ~heat pump and'
supplementary heating) during one year. The SPF depends on the building heat
demand, size and type of heat pump and type of supplementary heat.

- building and heating system coupling

The overall éfficiency of a heating system is determined by how well the

heating system 1is adapted 'to the building. The most important factor is the

design heat output of the heating system. A building of heavy construction may
require another heating system than a building of light construction. For a
building of heavy construction variations 1in . indoor. temperature should be
allowed s0 that- solar gafns can be expleited. This is not so important for
buildings of light construction a§ only small amounts of heat can be stored in
the building structure.
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A heating system can respond quickly or slowly to a change in heat demand.
Forced air systems and electric heaters in general have a quick response, while
water systems in old buildings with large tubes and radiators in general respond
slowly. In new buildings with well adjusted water systems, the volume of the
water in the system 15 often small and the response may therefore te quick. The
ability to exploit free heat from people, sun, and household electricity debends
on the response time of the heating system. '

In a tight building an air to air heat exchanger or a forced air heating
system' will work better than in a leaky building., The ventilation will remain
balanced even if there is a strong wind. Heating systems require a number of
penetrations through the building envelope for ducts and pipes. This has an
impact on the tightness of the building.

When a building is retrofitted, the heat demand will in general decrease,
This means that also the average load of the heat generator will decrease., As
the efficiency of most heat generators decreases with the load, this means that
oversized heating systems may become less efficient after a retrofit,

It is not possible to give a full treatment of the complex interaction

between building, heating system, and heating control system within the
framework of this Report. We will therefore only illustrate the above
dependence by regarding a building with a rather simple system, a water system
cantrolled by a central feed- forward control system. It will be seen that,
even for this rather unsophisticated control system, the interaction between the
building, heating system and heating control system can be very complex.

For the system described above, there are twoe main requirements that have
to be fulfilled for the heating system to be efficient from an energy point -of

view:

- the distribution of heat must be as even as posSible between different rooms
- the room temperature must be kept within certain limits independent of the
swings of the outdoor temperature

If the first requirement is to be fulfiiled, the heating system must
function as expected. This can be achieved by adjusting the heating system,
i.e., presetting of valves so thdt the distribution of water between radiators
is such that the temperature difference between rooms is small. The requirement
for a certain indoor temperature everywhere will then mean that the coldest room
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. »

will determine the energy consumption.

Even if the heating system has been adjusted according to the above
procédure, there will often still be a need for a post-adjustment of the heating
system to detect the “weak points" of the heating system. In & multi- family
residential building this can . be achieved by lowering the supply temperature
until complaints by the residents are received. In practice, this will often
lead to detection of “weak.points" of the ventilation system and the thermal
insulation of the building as well,

Retrofits like improved thermal performance of exterior walls and windows,
or decreased ventilation, changes the energy demand by an amount that varies
from one room to another, A post- adjustment of the heating' system might
therefore be necessary.

In a building with thermostatic valves, these have to be adjuste& if one
wants to Tower the indoor temperature of every room to a value below the preset
value of the thermostatic valves. After the adjustmeht, the supply temperature
can be lowered. The return temperature will then fall.

The second requirement listed above was that the indoor temperature must be
kept within certain limits, This can, in principle, be achieved by letting the
supply temperature be determined by the outdoor temperature, It has already
been noted that, for water systems, the dependence of the supply temperature
upon the external temperature is a non- linear one, and the dépendence is not
the same for different periods of the year, (ne would then like {o have the
possibility to shift the characteristic curve of the control system parallel to
the abscissa of fig. I d-5. This is, however, not possible with most control
systems. Instead, the curve can be shifted paraliel to the ordinata and it fis-
also in general possible to change the curvature of the characteristic curve of
the control system.

We then have the situation described in the previous section: the supply
temperature will be the correct one only when the heat demand curve and the
characteristic curve of the control system cross.

When the outdoor temperature is changing slowly, the supply temperature
will be the one determined by the characteristic curve of the control system.
However, when there are rapid changes of the outdoor temperature, there will be

a time lag between the required and the actual temperature, and the amplitude of

-
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the supply temperature will be smal]er than the amplitude reguired to counteract

the change of the outdoor temperature (see fig. I d-6). The cause of this is
that the'reading of the external temperature sensor is influenced by the surface

temperature of fhe external wail. The damping aof the supply temperature

amplitude will in general not affect the indoor temperature because of the

thermal dinertia of the building, The reading of the external temperature will

also be affected by solar radiation, wind, and atr humidity. -The abave factors

may be important when night temperature set-back is used,
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I e The occupants influence on the energy consumption

- operations by the occupant affecting energy consumption

The operations and activities of an occupant can be viewed as caused by

physiological needs, or social and cultural norms, or by a combination of these

factors.Most of the daily activities of an occupant are probably caused by such
a combination of factors and, therefore, it will only exceptionally be useful to
try to ascribe & certain behaviour or activity of an occupant to a single
factor.

By human behaviour we do not here mean the whole spectrum of behaviour,
habits, and acticns performed by the occupant in a residential building due to
cultural, social and physiological driving forces, Here we will deal with such
behaviour of occuﬁan;s in residential buildings that influences the domestic
energy consumption.

For a better understanding it may be useful to split up the complex of
behaviour, habits and activities of the inhabitant into single operations and
determine the impact of each one of these on energy consumption. A distinction
can then be made between

1) operations by the cccupant involving consumption of energy
Jin a direct form

2) operations by the occupant aiming at control of the indoor

climate

1) Some operations involve the consumption of energy in a direct  form,
often associated with the use of domestic appliances. Energy wiil then be
consumed directly in the form of electricity, gas, oil or hot tap water.

Operations of this kind include cooking, use of TV, refrigerator and
iltumination, clothes-washing, clothes-drying, waéhing up dish, and taking a
bath or a shower. If an occupant needs to perform an operation of this kind, he
can only indirectly influence the amount of energy that is consumed.
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The amount of net energy will be determined by'the appliance, by the kind
of energy that 1is used and the conversion factor from primary to net energy.
Some appliances are used by the occupant to save time and to reduce the amount
of manual work needed to perform an operation (e.g. the use of a dish-washer);
Often thi§ also means that the amount of required primary energy is reduced.

Other appliances, like illumination and TV, are not used to replace manual
work. The wuwse of these appliances will always increase the total energy
consumption, The total energy consumption will, however, not' increase by the
same amgunt as is needed for the operation of the appliances. Much of this
enérgy will contribute to the heating of the dwelling. The magnitude of this
contribution will depend on the need for ventilation when the appliance is used,
the thermal inertia and the heating system of the dwelling and where, 1in . the
dwelling, the appliance is situated,

A break-down of the total energy into constituents representihg the energy
required for the performance of operations of the kind discussed here will in
general not be necessary if one is interested only in the fota] consumption of
domestic energy. It can usually be read off directly from a meter once a month
or year., The purpose of a break-down of the energy consumption is to calculate
the contribution to the heating of the dwelling from the energy by appliances
when there is no way to measure it directly.

A discussion on operations of the kind discussed above, data on what amount
of energy 1is used when they are performed and how to perform measurements of
this energy consumption are found in Part IV.

Qégg on when coperations of this kind take place are scarce. But some can
certainly be performed only when the occupant is at home, Therefore knowledge
about when the occupant fs at home and how he spends his time there can be
useful (see ch. IV ¢},

2) Other operations than those discussed above do not directly Eequire an
energy source, but are operations performed by the occupant in order to control
the indoor environment. §0me of them can only be performed when the cccupant is
at home, For some it is very difficult to determine the impact on the energy
consumption., When and if they are performed depends on the occupant™s attitude
towards the prevailing 1ndbor c¢limate. The extent to which some operations of
this kind are performed is also more directly influenced by social and cultural
norms. These topics are discussed in ch, IV c,
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An example is the cheice of or demand for a certain indoor temperature,
The difference between inhabitants of different countries is oftenlreflected in
national recommnendations and building’ regulations regarding the permissible
indoor temperature. The average .indoor temperature has in¢reased steadily
during this century (see e.g. Hunt-Steel 1980) and there has been, at least
until the energy crisis in the seventies, a tendency of different national
recommendations and regulations to converge towards an indoor temperature well
above 20 °C. This convergence can be regarded as a reflection of the fact that
residential buildings in different industrialized areas are becoming more alike
independently of the ¢limatic zone. The demand for a higher indoor temperature
is probably linked to the tendency to wear lighter clothing at home, It is also
common today that the gccupant tries to keep a comfortable temperature in all
rooms of the dwelling. '

Another example of this kind of behaviour is the habit of keeping the
bedroom windows open during tﬁe night, influenced by the opinion that fresh air
is very important. If the dwelling is equipped with . a mechanical wventilation
system, the notion that fresh air is of great importance for health and
. well-being may lead to an excessive ventilation. In these cases there can
probably be large differences in behavioﬁc.between different countries,

A third example. is that shutters and blinds can be wused to control the
amount of suynshine and daylight penetrating into the living area. Electric
lighting will be used if there is not sufficient daylight. The use of shutters
and blinds at night is to a large extent determined by the demand for privacy.

The choice of, or demand for, a certain indoor temperature 1in different
countries is either well known or prescribed in some code and it is in any case
comparatively easy to measure. The choice of ventilation in bedrooms and Ehe
use of shutters and blinds at night have been very little investigated. To
obtain further know]edge'in this field will require a rather extensive amount of
research. '

If the occupant does not feel comfortable with the prevailing indoor
climate, he wilt try to modify it in the required direction. What action he
will take will depend on the means at his disposal. If it is too cold he might
turn on an electric stove rather than change his clothing, If it is too warm he
might open a window.
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If the residential building does not contain equipment giving the
individual occupant the possibility to modify at 1least the indoor air
temperafure and the ventilation, the resulting behavidur of the occupant may be
very unpredictable. He may try other means toc control the indoor ctimate, means
"~ that from an energetic point of view might be very uneconomical. Such a
behaviour may easily affect the energy consumption te such an extent that all
calculation schemes for the prediction of the energy consumption can become
useless {see ch, IV c).

Some investigations (see ch. Il e) indicate that most of the variation of
energy consumption in nominally indentical buildings can be explained by a
variation in the behaviour of the occupants.

It is therefore impdrtant not to regard the occupant as a passive consumer
of energy but to take into account the interaction between environment, building
and occupant.

A factor that should not be forgotten is the attitude of the occupant
towards energy saving. If the occupants can not understand the reason why a
residentfal building is retrofitted, he may act in such a way that the purpose
of saving energy is not achieved. "In some cases the occupants will ultimately
understand and accept the reason, but if they become involved in a research
programme running for only one heating season, they may still be in the process
of adapting to the new situation and this may influence the outcome of the
research programme. This effect has been noted in some investigations.

- variation in energy consumption due to variation
/in indoor temperature and use of appliances

In many discussions about the effect of occupancy on energy consumption it
should be kept in mind +hat data refer to -an “average behaviour" of the

occupants, The scatter around every such "average" will be large. The cause of
this scatter is rather complicated. Attempts to correlate energy consumption to
different factors such as the size of dwelling, family size, income, education,
occupation, or age have been only partly or not at all successful,




1 e-5

In most experiménts one has found that the standard deviation of the total

energy consumption in a group of "“identical" houses lies between 10 and 30 % of

the average total energy consumption, In a group of houses that are really of
an identical construction, this standard deviation may sometimes be as small as
10 - 15 % (Solum'and Songe-Moller 1974, Socclow 1978). In a group of houses
that are similar, but not really identical, the observed standard deviation is
more typically of the order of 20 4. Two typical examples of the distribution
function for the total energy consumption in a group of similar houses are given-
in fig. Ie-l. ' ‘
.

One major source of the variation in energy consumption is the vartation in

the average * indoor temperature beiween dwellings. In studies of the indoor

temperature one often finds that the standard deviation of the average
temperature in a group of dwellings is close to 2 K, even if the average indoor
" temperature may vary from one country to another, Some examples are given in
fig. le-2. Here the data for Sweden and Italy may be considered as
representative of the stock of residential buildings of these countries, How
much of the variation in total energy consumption that can be explained by this
- variation of the indoor temperature will of course depend on the average indoor-
outdoor temperature difference and the degree of insulation of the dwelling. In
fig. le-3 we give an example where about half of the variation in total energy
consumption can be explained by the variation of the indoor teﬁperature.

The variation in the consumption of household energy is then superimposed
on the variation in the indoor temperature. Here one often finds that the

standard deviation of a certain kind of household energy consumption is as large
as 50 % of the average total energy consumption, AS an example we give in fig,~
Ie-4 the distribution function of the use of hot tap water from investigations
in some countries. Here the distribution function from the french investigation
may be considered as represenfing the national variation in consumption of hot
tap water.

'Very few studies have been performed where a break- down of the energy
consumption has been made in such a way that the variation in different kinds of
energy consumption can be studied, In fig, le-5 we give an example where the
standard deviation of the total energy consumption is rather small, while the
variation in the energy consumption for different household activities is much
Targer. The energy consumed for heating of the dwelling in this case probably
constitutes the major part of the total energy consumption.
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Most exampies given above do not represent any national averages, but are
merely case studies, and should therefore not be made the basis for
generé]izations of any kind. Distribution functions of the kind found 1in fig.
Ie- 1 through 5 are often compatible with being log- normal,

It is difficult to find jllustrations of the variation in other habits of
the occupant that may affect the emergy consumption. It is, however, obvious
that the Eiff.a“d other characteristics of the dwelling and the presence or
absence of certain appliances will influence where, when and how the occupant
will perform certain activities. Two exampies of this are given in fig. [e-6
and le-7. :

The price of energy will of course alsc affect the energy consumed by the

occupant, This can be of great importance in experimental situations. If the
energy consumed by the occupant participating in an experiment 1is subsidized,
the result may be that he prefers a higher indoor temperature than he would have
done under normal circumstances., This is illustrated in fig. [ e-8.

It should then be obvious that in any study of the effect of a retrofit one
should take into account the interaction between environment, building and
occupant. 1\

- variation in energy consumption due to behaviour and attitudes

Much of the discussion on energy Saving by retrofitting residential
buildings has been ‘about purely technical measures. However, it should be
realized that an aqual amount or even more energy would be saved 1if the
behaviour of the occupants could be chénggd, or if every occupant was really
motivated to save energy at home.

Research on the behaviour of occupants at home has often used sociological
methods, combined with detailed surveys of houses, One should not draw any
hasty conclusions from details of the data., _ Data have been obtained by
different researchers using different methods of investigation and in mahy cases
the sample of questioned occupants has ng_in a true sense been representative '

of the whole population of a country, However, the major features of data
certainly reflect' the behaviour of the occupants.



I e-1t

The criteria of human thermal comfort must always be examined,

Traditionally they have been used to optimize on fuel and thermal insulation
ratios for the design of heating, ventilation and air-conditioning system.
Thermal comfort has become a commodity produced by the service industries and
marketed and sold by the heating, ventilation, air-conditioning and- insulating
engineers (Fanger 1972). '

In the past, individuals relied upon clothing to maintain thermal
équi]ibrium, while recent trends depend upon the production of artificial
interior climates. Thermal insulation is therefore purchased more expensively
from the building services engineer rather than from the tailor (0"Caliaghan
1978}.

Make the hypothetical assumption that clothing habits changed to what they
were a hundred years ago, so that the interior temperature could be lowered to
less than 150C, This alone would save more energy than any other single measure
that has been proposed "to cut energy consumtption. The importance of the
behaviour and attitudes of the occupant for the Tevel of energy consumption can
be illustrated by some examples,

In an investigation forming part of the Twin Rivers project the eﬁergy
consumption in about 200 town houses was studied, It was found that more than
two thirds of the variation in epergy consumption for heating in nominally
identical buildings could be explained by occupant related consumption patterns
(Sonderegger 1978).

In other studies it has been observed that if occupants are subjected to an
intense energy-saving campaign, the result may be a heavy reduction of the
energy consumption. ) '

In an energy saving study the occupants were informed how to reduce the
consumption of hot tap water {Adamson et al 1975). This led to a 40% decrease
in the consumption of hot tap water. However, a few months after the end of the
energy-sdving campaign, this reduction had en{irely disappeared. This indicates
that an intensive information campaign can reduce the energy consumption for a
short period of time, but probab]y have no lasting effects.

The importance of feedback to the occupant about the results of his effort
to save energy has been the subject of a study (Seligman - Darley 1977). The
results show that providing home-owners with feedback information about t{heir
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rate of energy consumption can be an effective strategy for saving energy.

Another feed-back study (Becker 1977} was conducted to test the hypothesis
that feed-back would lead to more energy conservation if occupants were asked to
adapt to a difficult conservation goal rather than an ‘easy cne, The result
shows that feed-back is especially effective if the occupants are motivated to
save a considerable amount of energy.

The attitude towards energy saving may be more important than the
technological possibility of saving energy, In a study in california {Hamrin
1979), it was found that people in houses with the greatest technological.
patential for savings actually made fewer conservation efforts than did people
in conventional houses of a comparable nature. In this case the probable
explanation was that the residents in the former category of buiidings regarded
these as a “technical fix", a device that would let them save energy without
requiring them to change the way they lived. [In contrast to this, the residents
of the conventional houses were mostly concerned with saving money on their fuel
bills.

It is-important to realize that the behaviour and attitudes of the

occupants may change with time. In many studies of the effects of retrofits it

has been found that energy saving has been great at the beginning of a
programme, but then it has gradually faded away. One has, however ,alsoc noted
the opposite effect. In retrofits, including the introduction of more complex
systems into the building, sometimes no energy has been saved during the first
heating season, but a substantial reduction in energy consumption has taken
place during the second heating season after the retrofit. The probable
explanation, in this case,.is that it has taken the occupant quite a long time

_to learn how to handle the new System, It may therefore be an advantage if, in
studies of the retrofit effect, the occupants can be given time to adapt to the
new living conditions before the Heasurements start. This is often referred to
as a "running- in and learning period",

The effects described above will obviously be of special importance in
cases where the measurements are only performed during one heating season after
the retrofit. In this case it would be an advantage if one could follow at
least the total energy consumption of the building during still another heating
season to make sure that the effect described above is not relevant.
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In experiments involving inhabited residential buildings it is important
that the occupants are informed in advance about the research programme, what

measures are going to be taken and what changes in the indoor climate are to- be
expected. If possible, changes should be introduced gradually to give the
occupants the possibility to adapt to the new environment. The result may
otherwise be complaints, and a negative attitude of the occupants towards the
research project that may affect the outcome of the investigation.

In many research programmes for the study of energy savings in residential
buildings, the indoor temperature has been lowered too much and too rapidly.
The result has often been that things previcusly unnoticed by the occupants,
like draught, temperature differences between different rooms of the dwelling,
temperature gradients and indoor temperatures, changing by the hour, have become
apparent. This has led to complaints from the occupants which have necessitated
a revision of the research programme, and an increase of the indeor temperature
{an example of this is givenlin ch. IV ¢ section "control of ventilation and
airing by occupant").

On the other hand, there is a danger that the occupants may become too
enthusiastic about the research preject and be willing to do anything to save
energy, This attitude will probably not last longer than one heating season.
If this happens to be the period when the investigation is performed, the

conciusions that are drawn from the resuits of the experiment may be erroneous.

The impact of the behaviour and attitudes of the occupant on the outcome of
an investigation may be of particular importance i{f the investigation is
performed using the test-reference design (see. Part [I). ' Here it may be
possible to aséertain that the test and the reference building are identical
except in one respect and that the test and the reference population are
identical with respect to social variables., It can be more difficult to ensure
that the behaviour and attitudes of the two populations are not affected in
different ways by the information they receive abut the investigation, by the
procedures of the investigation or by different alternations of the interior
envirgnments,

In this case it can be of worth to have access to experts with experience'
from physiclogical experiments to evaluate factors like .those described above,
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In any case the members of the two populations must be informed in wayé as
similar ways as possible.

- effects of occupancy on the energy balance of a building

Below we have tried to sum up the influence of the occupants on the energy
consumption of a building. We have used the data given in Appendix IV,

. Compare the energy balance of the same residential building when it is
ungccupied and when it is occupied, assuming that the average indoor temperature
is the same (see fig. Ie-9). In the unOCCupied‘case, the energy input stems
from the heat plant and from solar radiation. If the building is occupied there
is an extra net energy input from electric appliances, cooking, hot water
generation, and from the occupants themselves. The energy input from solar
radiation may be different due to the occupants” use of shading devices at the

windows, -

In the unoccupied case, the energy losses consist of transmission,
infiltration, and ventilation losses. If the building is occupied, there are in
addition losses caused by airing, and losses corresponding to the increased heat
content of the discharge water. The transmission 1osses by long- wave radiation
through windows may not be the same jn the two cases, due to differences in the
covering of windows,

The effect of airing and covering of windows on energy consumption is
treated in ch., IV c. Here we will estimate the difference between the net

énergy input from appliances, cooking, human heat and hot water generation, and

the energy losses due mainly to the discharge of water,

The following assumptions have been made:

1) all of the net energy used for illumination, TV, refrigerator, freezer
and minor electric appliances is converted to- heat inside the building

2} 25 % of the net energy used for cooking is lost through kitchen flue,
and steam iosses

3) 25 % of the net energy used for heating of tap water is transferred to
the building by losses from the hot water storage and tHe plumbing

4) 20 % of the heat content of the hot tap water relative to the indoor
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temperature is lost to the building before discharge

5) 20% of the net energy used by clothes- and dish-washers is lost t~ the
building interior

6) cold water takes a temperature just between that‘of the of indoor air
and that of the inlet water before discharge. The temperature of the
inlet water is close to the yearly average air temperature,

7) human metabolism has been assumed to be 90W and employed occupants are
assumed to be at home on the average 14 hours a day, non-employed 20.

B} the appliance efficiency of hot tap water appliances has been assumed
to be 60 %.

For a discussion on the background of these assumptions see the section of
App. 1Y where the specific topic 1is treated., In Table ! e- 1 we give the
estimated net energy input from appliances, cooking, human heat and energy used
for the heating of hot tap water, the contribution to the heat balance from this
net energy input, the cold water losses, and the resulting contribution to the

‘heat balance of the building. This resulting contribution is in most cases
considered here between 50 and 60 % of the net energy input. For a further
discussion of this question see Romig-Leach {1977).

This calculation has been performed assuming static thermal conditions, and

it has not been considered where, in the bui]Hing, the heat has been released.

The calculated resulting contribution to the heat balance of the
residential building constitutes therefore only an upper limit for how much the
energy consumption for space heating can be reduced, due to these contributions
from appliances, cooking, hot water generation, and human heat. Still, it gives
some indication about how the size of these contributions can vary between
different countries.
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TABLE I e- 1

Estimated net energy input from appliances, cooking, human heat and energy used
for hot water generation, the contribution of this net energy input to the heat
balance of the building, the energy losses due to use of celd water and the
resulting contribution to the heat balance of the building from these factors
(MJ/dwelling and day during the heating season)

Net energy Useful for Cold water Resulting heat
input heating losses contribution

(% of net energy)

BELGIUM: Antwerpen 53 40 7 33 (62 %)
Brussels " " 4 36 (68 %)

DENMARK: Copenhagen 70 47 5 42 (60 %)
" National " " 7 40 (57 %)
FINLAND: Helsinki 65 45 13 32 (49 %)
Lahti " " 8 37 (57 %)

FRANCE:  Paris ' 54 39 7 32 (59 %)
Paris area " " 8 31 (57 %)

FRG: Hamburg and Munich 57 41 8 37 (65 %)
ITALY:  Torino 52 34 13 21 (40 %)
Rome " " g 26 {50 %)

NORWAY  0Oslo 78 55 9 46 {59 %)
Baerum " " 15 40 (51 %)

SWEDEN  National 77 51 8 43 (56 %)
SWITZER- Basel 66 46 11 35 (55 %)
LAND Zurich " » 10 36 (54 %)
Uk National 75 54 6 48 (64 )
us New York 119 90 18 72 {60 %)

Washington D.C. " " 15 T 75 {63 %)
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Appendix I Definitions of measurement and energy terms,

In this appendix we have collected the definitions of some terms that are
used in this Report; These definitions are divided into three groups:

- measurements

models

- energy

- definitions of measurement terms

A measurement is a proéedure to give a numerical value to a conceptual
quantity representing a physical observable. It is assumed, that in the
measuring procedure the relation between this quantity and the measured entity
is exactly defined and that it is described precisely under what circumstances
and in which way the measurement can be performed, )

As 2]l measurements are approximations in the sense that -it. seldom is
possibTe to tell exactly what has been measured, a measurement is not very
interesting if the measured numerical value is not given along with an ‘estimate
of the error of the measurement.

It is common to make a distinction between two kind of error, statistic

errors and systematic errors. A statistic (accidental or random) error is the
scatter in the result of several repeated measurements depending on parameters
over which one has no control, even if in principle the conditions should be
tdentical at two measurements. By a systematic error is meant the error that
remains after correction for all other known errors, Consequently an error of
this kind is in principle unknown. There are, however, ways of estimating
systematic errors, e.g., using different methods of measurements, Errors'can
also be classified according to where in the measuring procedure they appear or
according to their origin,

In a classification according to where 1in the measuring procedure the
errors appear, one can distinguish between:
®

1. errors in the measured object- when something else than intended is measured
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(the environment and the measuring procedure affect the measured object)

2. errors in the measuring apparatus (e.g., calibration errors, environmental
parameters etc.)

3. errors produced by the observer {(he is influenced by the environment or has
a preference for a certain result)

4. errors in the calculations {the measurement is founded upon an erronueous
theory, certain values are disregarded as being false,values are rounded off
too early in the calculation etc.)

In a classification accerding to origin one can distiguish between:

1. errors in the measuring method {the method is based on an erronecus theory,
influences the measured object, the measurement apparatus is subjected to an
unalliowed strain),

2. errors in the instrument (faulty calibration, aging, used under conditions
different from those prevailing at the moment of calibration etc}

3. the environment affects the result of the measurement through the measured
cbject, the measuring apparatus or the observer.

The measurement must fulfil many requirements. To characterize them
several terms have been in use (reliability,congruence, precision, objectivity,
constancy, validity, relevance, accuracy, resolution, reproducibility,
discrimination, sensitivity, drift, stability etc.) There is no common agreement
upon 'the exact meaning of theﬁe terms. Below is an attempt to define them.

1. the measuring procedure is required to be operationally definable, i.e., it

must be possible to tell exactly how the measurement is to be performed.

2. a second demand is reliability (the terms reproducibility or precision are
sometimes used instead with the same meaning), This means that,once defined,
a measuring procedure shall give results which agree reasonably well if
more than one measurement is performed, The demand for reliability can be
further divided into:

- congruency: degree of agreement between results from different measuring
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methods

- precision: degree of agreement between results from repeated measurements

- objectivity: degree of  agreement between resylts obtained by different
observers

- constancy: degree of agreement between results from measurements performed
at different times

3. also required is validity {the words relevance or accuracy are sometimes
used finstead with the same meaning). By this is meant the degree of
consistency between what is measured and what has been the intention to
measure. It may be worth noting, that a good validity requires a good
}eliabflity, not vice versa

For the requirements on the measuring apparatus one uses terms as

t. accuracy - degree of agreement between the value read off an instrument and
“the true value"., Sometimes is meant the ratio between the difference of the
two values and "the true value", A better term is then relative accuracy or
relative error.

2. precision - which with the definition -above is a measure of how small the
accidental error is {(but says othing about the systematic error). Precision
refers not to the measured value but to the error. ’

3. resolution (or discrimination). This is & measure of how smail a change in
the tnput can be and still be rescived by the instrument.

4, sensitivity refers to the ratio between the least possible change in the
value read of the instrument and the change of input required to cause this

The above terms describe the performance of an instrument {at a certain
moment, Terms relating to the performance of an instrument during a longer
pericd of time are :

5. drift - the maximal deviation in the measured value due to the instrument
during a prescribed time period.

6. drift rate - drift per unit of time

7. stability - the reproducibility of the average value of a great number of
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measurements under prescribed conditions at different times,

- definitions of model terms

By a model we mean an abstraction or mapping of an object, real or
imagined, where only the components and relations necessary for the mode) to
fulfil its purpose have been taken into account. ~There are many ways of
classifying models. For our purpose it will suffice to mention the following
ways.,

I. The purpose of using the model

a} descriptive model (answérs a question)

b) explaining model (e.q., gives analytic relations between dependent and
independent variables)

¢) prognostic model {explaining model where the relations can be extrapolated
into the future).

II, Technique of solution {for mathematical modeis) -

a} analytic model
b} simulation model

III. Time dependence

ai static models

b} dynamic models

¢) continuous. variables
d) discrete variables

IV. Degree of precision

a} deterministic (the resuit is completely determined by input data)
b) non-deterministic
c) stochastic {the result depends on random factors
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- definitions of energy terms

- primary energy is the gross calorific value of the fossil fuels coal, 011 and
natural gas or the equivalent of nuclear and hydro-electricity.

- éecondary energy is that which is contained- in coal-gas, coke, electricity or

any other form of energy manufactured from a primary energy source.

- net energy consumppion of a particular consumer is the real amount of energy
received by that consumer.

- gross energy consumption of a consumer is the total primary energy equ1va1ent
required to produce and deliver their net consumptlon.

-~ useful energy is the energy needed to perform a required task and differs
from the delivered energy by an amount equal to the flue and other losses of
the appliance, The term “useful energy" is mainly used in the discussion of
space heating loads. For loads such as cooking, where losses may be recovered
as fortuitious gains to the heating system,the concept is less easily defined

- final user or end user is a consumer who does not produce energy for others
but uses it for his own purposes.

The definitions given above are the ones gfven at the 1976 ClB Symposium
by Leach and Desson. We will here also give the definition of an important term

used in this document, the retrofit effect.

- the retrofit effect is the amount of energy saved by a retrofit if everything

is kept constant except for the retrofit itself, and changes in the behaviour
of the occupants induced by the retrofit.

The retrofit effect is not to be confused with the observed change in
energy consumption. This one will be influenced by differences in external
climate, indoor climate, and changes in the behaviour of the occupants not due
to the retrofit. The retrofit effect is the saved energy when a correction has
been made for all these differences between the retrofitted and the non
retrofitted building.
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A1 a General introduction, experimental design and models

- general introduction

In Part II methods for the evaluation of the effect of a retrofit on the
energy consumption of a building are described, This chapter corresponds to two
steps of the procedure outlined in ch. I &, namely "description of the system"
and "design of the experiment and choice of the model".

These are also the titles of the first two sections of ch. Il a which are
followed by two sections dealing with more specific topics of experimental
design, “"common experimental designs" and “"use of models”,

Ch. II a is followed by four chapters describing in more detail the most
common experimental designs in retrofit studies. The titles of these are: ch.
Il b On- off experiments, ch. Il c Before- after experiments, ch. II d Test-
reference experiments and, the last ch. Il e Simulated occupancy experiments
and Movers and Stayers. Movers and stayers refers to an experimental method
which 1is of great interest for the assessment of the impact of occupancy on
energy consumption, '

Part Il is ends with an appendix on statistical methods of interest for the
design of experimental studies on retrofit effects. After this, a bibliography
and a reference 1ist follow.

In the 1iterature there does not exist any exhaustive and simultaneous
description of the different experimental designs discussed here. We therefore
have to refer to the examples given in the text.

{1lustrations of the use of these experimental designs can also be found in
research reports where the methodological gquestion has been taken seriously, see
the bibliography. A generai discussion on the use of models can be found in
Saaty and Alexander (1981). Examples on models can be found in e.q.
Sonderegger and Garnier (1982), Wiltshire (1981), and Steinmiiller {1982). The
properties of some large computer models have been evaluated in a Report from
IEA Annex [1I Subtask A (Kallblad 1983). Statistical methods of interest here
can be found in Cox (1958) and Hahn (1977).
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- description of the system

When the aim of the investigation on the effects of a retrofit has been
formulated in a precise manner {see ch. I a), and it has been decided that
measurements are to be performed, one should proceed with the design of the

experiment. It is then of great importance to realize that in this case one is
not ‘dealing with a controlled experiment where the experimenter can at will

change the physical status of the building, or isolate it from its surroundings.
Instead, one is dealing with a system where the building, the exterior ciimate,
and the gccupants interact in a complicated manner.

It might then be advantageous to regard this System as consisting of
components,  Examples of components related to the physical building structure
are the external walls, ceiling, basement, windows, heating system, ventilation
system, cold and hot tap water systems.'domestic appliances etc. The OCCupaﬁts
can be regarded as other components of the system. All these components will
not operate independently of one another. In general there will be some kind of
interaction between at least some of them. An example is the occupants™ use of
domestic appliances and their manipulation of the set points of the heating
system. Another example is the internal energy balance of the building,
determined by radiative, conductive and convective heat transfers between
components, .

/
The status of the .system is described by the instantaneous value of

variables. Some variables are associated with the physical status of the
building interior, e.g. the indeor air temperature, the temperature of the
external walls, the temperature of the hot tap water, the energy output from the
heating system, the rate of air exchange produced by a ventilation system, the
moisture content of the indoor air, etc, Variables do not necessarily take a
uniform value throughout the building interior.

Other variables describe the outdoor climate, e.q. the outdoor air
temperature, wind ;peed and direction, air pressufe on the building envelope,
outdoor humidity, global and solar radiation etc. Variables related to the
accupants  are e.g; the age and occupation of the occupants, the occupants”
knowledge of the heating system, the occupants™ demand for comfort and a certain
indoor climate, their habits with regard to airing, the frequency in the use of
different domestic appliances etc.
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Here one is not interested in all aspects of the above complicated system,
but in those features of it that are relevant to the study of the effects of a
certain retrofit. It may then be natural to start with considering the energy
flows of this system. These energy flows can be divided into

1) conductive, convective and, radiative energy flows-
2) heat flows emanating from work
3) enthalpy flows

Examples of conductive, convective, and radiative energy flows are heat
losses through the building envelope, heat transfer to the building interior by
the heating system, heat produced by the human metabolism, heat produced by
solar radiation impinging wupon the building, and heat flows through internal
partitions., An example of energy flows emapating from work are, e,9., heat
transfer to the building interior by domestic appliances, Examples of enthalpy
flows are heat losses due to infiltration, energy losses caused by the use of
cold and hot tap water, and deliveries of fuel to the building.

The energy conservation equation for a thermodynamic system {as a building)
states that the sum of the energy flows, due to conduction,convection and
radiation, the mechanical work, and the enthalpy flows, due to mass transfer
through the building envelope, must be zero,

A1l energy flows may not be of interest for the evaluation of the effects
of a certain retrofit. Energy flows that are not affected by the retrofit can
often be neglected. The first task of the experimenter is, therefore, to
identify the relevant energy flows. This will require at least some knowledge
of where, and how, heat is produced inside the building, and by what mechanisms
heat is dispersed to the exterior of the building. It will also require an.
understanding of how the retrofit will influence the components of the system.
One should not at this stage choose to neglect energy flows about which one has
no previous knowledge.

When the energy flows of importance for the study of the effects of the
retrofit have been determined, the experimenter should identify the components
of the system which take a part in the production of, or affect, , these energy
flows.
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Fig. IIa-1. Examples of heat flows in a simple descriptive model.
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At this stage the experimenter will have reduced the initial complicated
system to a more tractable one, including only the energy flows and components
relevant to the study of the retrofit in question. The experimenter has
constructed a qualitative or descriptive model of the initial system. It is
often useful to present this model in a graphic form, An example of this is
given in fig. II a-1.

"The experimenter has thus completed one step of the planning outlined in
c¢h, 1 a, the step "description of the system”.

- design of the experiment and choice of the model

In the previous section one' step of the planning, “desription of the
system", was discussed,The experimenter can now proceed to the step "design of
the experiment and choice of the model"., This step is a complicated one,_and‘it
can seldom be performed in a chronological order according to some scheme.
However, it is 6ften advantageous to start by a more detailed analysis of the
energy flows.

It is still possible to further reduce the number of energy flows that have
to be considered, Some of them may be very small compared to the retrofit
effect. In the model there must be included those residual energy flows that
are greater than, or of the same order of magnitude as, the retrofit effect. If
there are several energy flows about one order of magnifude smaller ‘than the
retrofit effect, these will in general also héva to be taken into account.
However, in most cases it will not make any sense to include in the model energy

flows that are even smaller compared to the retrofit effect.

To make the above comparison between the retrofit effect and the magnitude
of different energy flows, it will be necessary to estimate these magnitudes. A
crude estimate of the retrofit effect has already been obtained when the
evaluation of the problem was performed (see ch, I a}.

An estimate of the heat losses -through the external walls can be obtained,
e.g., 1if one has some information about the average indoor- outdoor temperature
difference, as well as about the transmittance of the external wall. One has to
know physical properties of ~some components of the system, or to assign a
numerical value to certain parameters. In the above example, the transmittance
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is considered as a parameter (the "U- value") describing a physical property of
-a component, the external wall. In other Qords, the. experimenter has to
construct a model or describe a procedure, whereby the magnitude of the energy
flows can be estimated, provided the value of some parameters (in this case the

U- value), and some variables (in this case the temperature difference across '

the external wall) are known, .
The above procedure of deciding what energy flows are to be included in the
model is important, because the magnitude of the energy flows that one chooses

to neglect will have a great impact on the resulting accuracy of the'

determination of the retrofit effect.

Before proceeding with the description of how to select the model, it will
be necessary to know what experimental designs can be applied by the

experimenter. A short description of " the differences between some common
experimental designs is given in the section "common experimental designs”,

Some possibilities of reducing the numbek of energy flows in the model have
been considered above, These possibilities have not yet been exhausted, By
choosing a suitable experimental design the model of the system can be
simpiified. In general, one is interested in getting rid of energy flows that
are either difficult to measure, or influenced by variables describing the
exterior climate, or-the behaviour of the occupants.

From the analysis done 1in the following section "common experimental
designs", it 1is clear that 1in most designs there are underlying assumptions
which have to be verified. This will seldom be the case in practice. It is
then possible to proceed along one of two lines:

1) it is possible to include in the study a sufficient number of buildings
s¢ that the resulting average error becomes statistically insignificant compared
to the retrofit effect (the statistical approach}. Even this procedure can be
doubtful if nothing but the energy consumption is measured. It can, e.g., be
difficult to verify whether the indoor climate of the retrofitted building is
the same as that of the non- retrofitted one

2) one can further proceed with the construction of a mathematical modeil of
the system, It may then be possible to take into account the difference in
energy consumption due to differing weather conditions ar indoor c¢limate (the
analytical approath}, One can monitor a few buildings very precisely, measure a
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lot of variables and use a sophisticated model! to describe the findings. One
will then know very accurately the retrofit effect for the buildings studied,
[t will probably be difficult to include in the model wvariations 1in the
behaviour of the occupants due to the retrofit or to factors other than the
climatic ones, '

At this stage the experimenter has also to consider. practical gquestions
related to what experimental design te choose and what model to use

what buildings is it possible to include in the study?

- for how long (how many heating seasons) is it possible to use
the building for measurements?

- is the retrofit reversible?

- are there occupants in the buildings?

- what is the cost if a certain experimental design is used and
how much money will there be left for measurements?

- how are the results to be generalized?

A statistical approach will require a large number of buildings and/or
households. The exact number is determined by the estimated retrofit effect and
the variation in the energy consumption among the households or buildings to be
studied (see App. II and ch, I e), The resulting error can be reduced if some
simple measurement other than that of the energy consumption is performed, The
effect of the different indoor tgmpératures before and after the retrofit canm be
evatuated, e,g,, by the use of some simple model of the thermal losses of the
building. The cost for these measurements have to be weighed against the cost
for studying a large number of buildings.

The number of heating seasons available for measurements will be of
importance when choosing between e.g. the before- after experiment and the
test- reference experiment. If the retrofit ‘can be reversed, the on-: off
experiment can be used instead of the before- after experiment. If there are no
occupants in the building when the retrofit is introduced, it might be possible
to wuse this occasion for simulation studies of the performance of the heating
system, the thermal behaviour of the building, anﬁ for simulated occupancy

studies.

The experimenter will also have to consider how to generalize the results

from the measurements. If he only wants to study the effect of the retrofit on
a very well defined class of buiidings, using the statistical appreoach, he may
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choose a representative number of such buildings for the experiment. Thezanswer
he gets'will then probably be true for all buildings of this c¢lass, But it may
not be possibie to generalize this result to other building classes. If the
experimenter wants to know the effect of the retrofit for several building
types, he will have to classify buildings according to some criteria relevant to
the study of the retrofit, He will probably find out that the number of
building classes grows very quickly with the number of criteria used for the
classification of the buildings {and maybe also their surroundings).

Instead, the experiménter can use the apalytical approach. The model can
then be used to predict the retrofit effect for other types of buildings: fhe
experimenter will have to assign @ value to the parameters of the model to
describe the properties of these buildings in order to generalize his results.
However, the value of these parameters will probably not be known for other
buildings, The effect of the occupancy on energy consumption will alsc be
unknown to the experimenter, for he has probably not been able to record it even
in the monitored buildings. )

At this stage the experimenter finds himself in a complicated situation.
He has a model where he can estimate the magnitude of some,'but probably not
all, energy flows. He has a number of experimental designs to chobse between,
He can use a statistical or am analytical appreoach or a combination of these,
There are some practical limitations to what he can do.. Finally he has to
consider how to generalize the results, '

The optimal choice for the experimenter in this situation 1is probably to
start by exploiting as far as possible a suitable experimental deéign along with
.2 statistical approach to free the model from as many unknown energy f1ows as
possible. The energy flows to get rid of are probably those which have a strong
dependence on the occupancy. The practical limitations and the want for
generalization will of course determine how far the experimenter can go in this
d%rection. It now remains for the experimenter to construct a model for the
-remaining energy flows. The numerical value of these will also have to be
determined,

Every ong of the‘remaining energy flows should be modelled ,in terms of
measurable variables and in terms of parameters of the system and its
components, To these variables and parameters numerical values must also be
assigned, which can come from measurements or can be assumed to be known (see
ch. [III a}. The guiding principle in the construction of the model should be
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simplicity. In the model as few variables and parameters as possible should be
included. A simple and robust model! is almost always preferrable to a very
sophisticated ﬁne, where the values of the parameters can not often be
determined accurately. The experimenter should always try to use only
. parameters that can be given a simple physical interpretation. However, in this
case one often has to make compromises if one wants a simple model,

The construction of the model 1is, however, not yet complete.  The
experimenter must also decide the maximal error due to the measurements that he
can accept for the estimate of the retrofit effect. This will determine by what
resolution and precision the measurements have to be performed. The timg-
resolution of the measurements will aliso have to be decided upon. The demand
for a small time- resolution will be greater for a dynamic model than for a
static one. This decision will especially affect the choice of how to store
data,

There may still be some energy flows where the effect of occupancy can not
be measured directly. One can then collect more information about the behaviour
of the occupants by observations and survey technigues. Even if this is done,
it may be difficult to quantify this information in such a way that it can be
used as input to model calcutations. [t is seldom exactly known how a certain
behaviour affects the energy consumption, Qne can, of course, gather such
information from a large sample of occupants 1living in a certain type of
residential building and relate this to their energy consumption by means of
refined statistical techniques. Such information 1is, however, difficult to
generalize to occupants living in other types of buildings. Therefore such
studies have only rarely been performed.

Nonetheless the experimenter should always be aware of the existence of
these phenomena, Even if no broad study of these effects can be performed,
there are simple obserﬁations, the results of which can be used as indicators if
there is a &iffEPEnce in the behaviour of the occupants between the retrofitted
and the non retrofitted Building. A list of some simple measurements and
observations is given below,

1) the indoor temperature should always be mea5ured.' If there is a great
difference in indoor temperature between the retrofitted and the non retrofitted
building, this may explain a substantial part of an observed difference in
energy consumption.




I a- 10

2) the consumption of housenold electricity and gas can easily be measured.
If the indoor temperature has been too low or there has been draught before the
retrofit, the occupants may have used auxiliary electric or gas~ fired heating
appliances. If the building is equipped with a céoling or a mechanical
ventilation system, this may have been used mare ffequently in the building
having the higher indoor temperature,

3} airing is frequently used by occupants to control the indoor climate:
Usually a rather small number of observations under similar conditions, before
and after the retrofit, suffices to establish if the retrofit has changed these
habits., ; r

4} shielding of windows is frequently used to protect from solar radiation.
If the retrofit has the effect that the contribution to the free heat from solar
radiation changes substantially, the degree of window shielding will often be'
different, This will also be true if the amount of scolar radiation is different
during, e.g., the before and after periods, when the before- after method is
used, '

5) if the use of hot tap water changes because of the retrofit, this is a
clear indication that the occupants have changed their habits. I

‘6) the time spent at home by the occupants should be about the same in the
retrofitted and the non retrofitted buildings, If there is a large difference,
there will probably also be a difference in the amount of energy used for
household appliances, hot tap water, airing etc, The contribution to the
heating of the dwelling from the human metabolism will also be differentth
Information about the time spent at home by occupants will probably require a
separate investigation (see c¢ch., IV <¢). A simpler way of gathering this
information indirectly (at least if the study intludes a sufficient number of

households) is to collect information on

7) the age and occupation of the occupants., This information 1is usefut
also for other reasons. (Qccupants of differeat age and occupation have
different habits and this is likely to have a great impact on the consumption of
energy.

8) a simple way of checking if the occupants experience a difference in the
indoor climate between the retrofitted and the non retrofitted building is to
ask a representative sample of them about their habits of dressing at home. If

i
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Summary of the steps of planning "description of the system" and

"design of the experiment and choice of the model” treated in ch. 1la

description
of the system

1)Define the system: building and components, weather, retrofit,

environment, occupants, interactions

2)List all energy flows of importance for determining the
retrofit effect

3)List all components of the system which take part in the
production of a certain heat flow or can influence it

4}List energy flows and components affected by the retrofit

5)Construct a descriptive model of the system before and after

the retrofit

design of the
experiment
and choice

of the model

1)Estimate the magnitude of all energy flows if this is possible

2)Exclude small energy flows from the model
3)Choose a suitable experimental design considering:

The possibility of excluding from the model energy flows that

can not be measured or are influenced by uncontroliable
variables (occupancy and weather)

What buildings are avaiiable?

What period is there for measurements?

Is the retrofit reversible ?

Are there occupants?

ﬁhat is the cost and the possibility to generalize the

results to other buildings if a ceftain experimental design

is used along with @ combination of a statistical and an
analytical approach?
4jconstruct .a model of the system with the remaining energy.
flows in terms of measurable variables and parameters
describing the properties of components

S5)What are the possibilities of checking if nonmeasurable energy

flows remain unaltered?

6)Decide maximal error of measurements and the time resolution

7)Time planning of the experiment
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the indoor c¢limate s similar, the thermal insulation ensured by the clothes )
should also be about the same (see ch, [ ¢).

The experiment design process and the choice of the moedel fs now aimost
finished, What remains 15, however, as important as the previous stages. The
experimenter must now make a time plan for the experiment

- when does the construction of the measurement system have to be finished?
- when are the measuremenfs to start?

- when is the retrofit to be implemented?

- for how long time shall the measurements go on?

- what time is there for the analysis of'the data?

- when must the final report be written?

Finally it must be stressed that the procedure outlined in this section is
aimost’ never a one- stage process. The construction of the measurement system

(see ch, III g) will often provide a feed back to the above procedure. It is
not always possible to make measurements with the wanted accuracy,resolution and
precision. The planned measurements may turn out to be too costly. Such events
will often make a revision of the model necessary and, maybe, even a revision of
the design of the experiment. In Table II a-1 a sunﬁary of the discussion on
the design of the experiment in the previous two sections is given.

- common experimental designs

Some common experimental designs that can be applied to reduce the number
of energy flows will -be described below. To facilitate this description, it
will be assumed that the study includes only one or @ few buildings, and the
only measurement performed is that of the total energy consumption.

To clarify the difference between some common experimental designs, a very
formal approach will be used. Assume that the energy consumption, C, fs an
explicif‘function of the physical properties and the status of the building, B,
the weather, W, the indoor climate, I, and the influence of the occupants, O.
Assume, further, that 0 has an .implicit dependence on B, W, I and other factors
which will be denoted by A. The behaviour of the occupants depends on what
building they live in and the prevailing outdoor and indoor climate (B, W and
1), but also on other factors {A), e.g., various attitudes and factors of
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‘economic nature. This can be expressed by the formal relation

C=C(8, W I, 0(B,W,1,A) )

1) Now imagine that two buildings could be found which are identical and
situated close to one another, If one of them is retrofitted (the test
building} and the other 1is not {the reference building), their energy

consumptions during the same periocd can be measured and compared to one another.

The above experimental design is referred to "as the test- reference

experiment, From the formal anaiysis below, it follows that the ideal case to
use the test- reference design is when the following conditions are fulfilled:

a) the buildings are really identical before retrofit,not only nominally so

b} the occupants of the two buildings behave in the same way before the
retrofit and if they changé their behaviour after the retrofit this change
is identical and only due to different weather conditions

c) the indoor climate of the two buildings is the same and that of the test
building is the same after the retrofit as before '

When the test reference design is used, these wunderlying assumptions or
conditions must a]wﬁys be verified if the energy consumptions alone are measured
and compared to one another. Otherwise unpredictable errors will always be
present,

2) Now consider another possibility. Assume that the energy consumption,
before and after the retrofit, is measured over two equally long periods.
Assume also that the change in the occupants behaviour is not due to the
retrofit, or that the weather conditions can be neglected.

The above experimental design is referred to as the before- after
experiment. Evidently the ideal case to use this design is when the following
conditions are fulfilled:

a) the behaviour of the occupants does not change because of the
retrofit or for other reasons
b) the weather is the same before and after the retrofit
¢) the indoor climate is the same before and after the rgtrofit
As for the previous method these assumptions must be checked if energy
consumption alone is measured.
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TABLE II a-2

Advantages and disadvantages of some common experimental designs

Advantages

 01sadvantages

Before- No reference building required

Often more than one heating season

after required for measurments
Often less variation in behaviouf Running-in and learning period often
of occupants than in other required to counteract initial
designs change of behaviour
The outdoor environment is tﬁe The outdoor climate is not the same
same before and after ‘ before and after
The same model with the same Requires a model to correct for
parameter values can be used for differences in the outdoor climate
most components before and after The measurement equipment must be
the retrofit removed when retrofitting

Test- One heating season suffices for Reference building required

refer- measurements

ence ’ No difference in environment and Difficult to verify that occupancy

outdoor climate if test- and
reference buildings close
Difference in energy consumption
directly associated with retrofit
effect if buitdigs identical

The same model can be used for

most building components

behaviour is the same in test- and
reference buildings

Difficult to ascertain that test-
and reference buildings technically
identical in-all respects

Values of the parameters can be
different even if model is the same

.Requires calibration phase if

previous ‘difference in energy
consumption

Behavior of occupants in reference
building may change if known that
they take part in .an experiment

1
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TABLE I1 a-2 {(continued}

Advantages

Disadvantages

On-off  No reference bldg required Requires reversible retrofit
Can often be perfoﬁned in gne Time constants of building must be
heating season . considered when length of on-off
pekiods is chosen
The environment is the same Qutdoor climate during on- and off
pertods may not be the same
The same model with the same Requires a model to correct for
parameter values can be used for differences in the outdoor climate
for most components in on- and '
off states
Long term changes of okcupancy Short term reactions of occupants
less important than in other occupants may occur when switching
designs from one state to another with
unknown effects on consumption
Dynamic model often required
simul-  Easy to study effects of various Loss of information on behaviour .of
ated behaviour of occupants or to ' real occupants
occup-  perform parametric studies of its -
ancy infTuence on the consumption

Easy monitoring of the occupancy

One building of a kind often
suffices for the experiment
Retrofit effect separable from
weather and occupancy effects

Easy to study effects of
"standard occupancy schedules"

Expensive and difficult to construct
schemes for the simulated occupancy
Extra cost for purchase or rent of
the building

If only one bufiding of a kind is
used variation of outdoor climate
may be limited

No information on variation in
energy consumption due to varying
habits of occupants
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3) A third design exists, similar to the before after design, called the
on- off experiment. This one can be used when the retrofit is reversible., The
energy consumption is then measured during a number of repeated on- off cycles,
and the consumption during the on- periods is compared to that of the off-
periods., When this method is applied, the same conditions must be fulfilled as
when the before- after method is used.

4) There also exists another design that is sometimes used. There are no
occupants in the building. Instéad, the presence of occupants is simulated by
artificial means. This design is referred to as a:  simulated occupancy

experiment. By wusing this design in combination with the test- reference
design, the errors will be greatly reduced. It might even be possible to
~perform the simulation so that there will be ne errors at all,

The above conclusions for the different experimental designs can formally
be obtained as follows: let C,B,W,l and A denote the values of the respective
entities during a measurement campaign on a non retrofitted buiiding and Jlet
C+aC, B+aB, W+aW, I+al and A+aA denote the'corresponding values of a retrofitted
building, One then has the formal relation for the difference in energy
consumption between the original and the retrofitted buiTding:

AC =3C/30*30/aA*aA+(aC/aB+3C/30%30/3B)*AB +

(aC/aw+éC/ao*aO/aw)*A'w+ {aC/o1+3C/30*30AL)*a1
In this relation the term (9C/2B+ 3C/80* 80/2B)* AB can be identified with the
retrofit effect. The terms 3C/3W*AW and 3C/81*Al obviously describe the change
in energy consumption due to the different climate conditions. The remaining
four terms all describe the influence exerted by the occupants. The terms
3C/30*a0/aW*AW and 3C/30*30/a1*Al describe the change in energy consumption due
to a variation of the occupants”™ behaviour, coupled to the difference between
the climate conditions. The remaining term 3C/30%*30/9A*AA describes other
factors than B, W and I which can influence the behayiour of the occupants.

In a test- reference experiment the difference between the energy
consumptions can, as AW=0, formally be expressed as

AC=3C/90%a0/aA*AA+{3C/aB+3C/a0%a0/aB)*aAB+(aC/a+al/a0%a0/a 1) * Al

From the assumptions for the before- after design follows that aA=0, One then
has:

AC=(aC/aB+aC/a0*a0/3B)*AB+ (3C/aW+3C/a0*a0/aW)*aW+ (aC/al+aC/a0%0/a1)*al
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If the simulated occupancy experiment is used in combination with the test-
reference design, and the presence of the occupants is simulated according to
the same rules as in the test and the reference building, one will have AW=0 and
A=Q. As in this case also al=0 and 30/aB=0, there are no other terms than the
retrofit effect,

In Table II a-2 the advantages and disadvantages of the experimental
designs discussed above are summarized. It should not be forgotten that often a
combination of these designs is more efficfent than the choicer of a "pure”
design. It is, for example, always valuable to have access to a reference
building and to know the previous consumption of energy.

- use of models

It will in general be necessary to use a model‘for the treatment of the
data derived from the measurements on a retrofitted building, The simplest
models in use are the static ones, The most simple model approximates the
energy consumption of a residential building, W, as a linear 2-parameter
function of one variable, the indoor-outdoor air temperature difference AT, i.e.
W=a+b*AT, where a and b are parameters.

If the-model is used for predictive purposes it is often referred to as the
degree-day model. The variable b is then calculated from the building

characteristics, and it gives an average value of the heat conductance of the
exterior walls of the building. The parameter a is generally taken to be
non-zero. This then gives the possibility of taking also into account solar
radiation and free heat from internal appliances etc.

If the model is used for descriptive purposes it is often referred to as
the enerqy signature of the building. The parameters a and b are then

determined from a fit to actual data on the energy consumption of the building.

When this model is used, the temperature difference AT is generally taken
as an average over a rather long period of time.

One shouid be aware of the shortcomings of this model. The parameter b
describes an average transmittance of the building envelope. This might not be
a good approximation if different parts of the building envelope have very
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different transmittances. The parameter a describes a "background" energy
consumption by the occupants, contributions to the heating of the building from
solar radiation, part of the energy losses due to infiltration etc. Any of
these factors may not bp constant at all. Some enérgy flows will neither be
constant nor have a linear dependence on AT, or may be influenced by other
variables. The infiltration may, e.g., have a strong dependence on the wind
speed and direction, and the energy losses due to a thermally driven
infiltration will have a stronger dependence than a linear one on aT.

More compiex models, linear in the parameters, have the same structure as
the one described above but they also take into account other exterior climate
variables like wind speed, wind direction, global radiation, and radiﬂtive

temperatures. Models of this kind are in genera]lused for explanative or
predictive purposes. An example of such a model 1is given 1in Sonderegger-
Garnier (1982).

If one prefers to use a dynamic model it will be necessary to take into

account the heat capacity of the building components too. The thermal
properties of different components of the building exterior, 1ike walls, roof
and windows, are then often modelled separately. It is also usual to model the
performance of the heating system of the building. Models of this kind ‘are
ofteﬁ very complex computer models, They often no longer have a simple
structure, e.,g. 1inear in the variables and/or parameters; but they consist of
a set of coupled non- linear differential equations which have to be solved
simultaneously. If they are to be used for a predictive purpose they often
require as input a very detailed knowiedge about the thermal properties of the
building components. As this knowledge is often lacking, one has to perform
-calculations with varying physical properties of the building components, and
the model is used as a simulation moedei. The indoor temperature is then often
treated in one of two ways. [t is either taken to be constant, which
carresponds to a perfectly thermostated building, or it is free-floating. The
indoor temperature 1is then completely determined by the heat-flow equations of
the model,

The models discussed so far have only taken inte -account the physical
properties of the residential building., But the actual energy consumption will
ais0 to a great extent be determined by the behaviour and habits of the
occupants (see ch. IV ¢). For this there does in general not exist any simple
model. [If factors of this kind are to be included in the model one will have to
rely on experience and common sense.
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TABLE II a-3

Guidelines for the construction of a model

1}

4)

5)

6)

7)

Make the model as simple as possible. This will facilitate
the data collection and the analysis

Try to model each energy flow separately

'Choose the parameters so that they have a simple and

direct physical interpretation

Let the retrofit be described by just one energy flow. This
will make it easier to estimate the retrofit effect.

Use as few parameters as possible that have to be assigned
a value by a fit to experimental data. This will reduce the
error of the parameter values determined in the fit,

Compare the parameter value cbtained in a fit to some other
independent estimate of this value if it is possible. This
can give an indication of the goodness of the model,

If possible, construct a model that can be wused also for
other buildings. This will make it easier to compare with
results from other experiments. However, this demand will
sometimes conflict with the demand for model simplicity.
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A general discussion on the use of models can be found’in Saaty- Alexander
{1981). In Table II a-3 we give some guidelines for the construction of a
mode], However, it should be remembered that, when dealing with the evaluation
of retrofits, every experiment and every residential building is unique and
therefore no model used in one experimehf can be applied in another experiment
without forgthought. Below are given some very'simple examples on the use of
models,

- Example 1

——

Consider a before- after experiment where one measures the output of the
heating system, W, and the indoor- outdoor temperature difference AT. The
building is retrofitted by adding extra insulation to the exterier walls.  The
time- resolution of the experiment is one day. One can then, assuming that
there is a linear relation between W and AT, determine the parameters a and b of
the model W=a+ b*AT.

Assume, that for the before period, we obtain N=a1+b1*AT and for the after
pericd W=a, +by *AT, The parameter b should here describe the average
transmittance of the building envelope. As the retrofit consists of a reduction
of the value of b, the difference between by and by should describe an
improvement due te insulation. The parameter a, among other things, describes
the free heat from solar radiation and energy consumption due to occupancy.
Therefore, one'should expect that a and as . take about the same value  unless,
e.g., the amount of solar radiation has been very different during the two
measurement periods or the occupants have changed their habits.

If both measurement periods are of the length t, the total consumption of
energy, £, will be '

E= JW dt= a*t+ b* SAT dt
The total consumption of the before period, E1. and that of the after period,

E2= are then

Ey=a)*teby* SAT(1) dt and E,=ay*L+b,* SaT(2) dt
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To evaluate the retrofit effect one now has to calculate what the energy
consumption of the retrofitted building would have been if the outdoor and
indoor climate and the behaviour of the cccupants, except for changes of the
behaviour that can be directly ascribed to the retrofit itself, had been that of
the before- period. With this model it is only possible to make a correction
for the different average outdoor- indoor temperature difference. One then not
includes the effects of an eventual different indoor temperature in the retrofit
effect. However, if e.g. the amount of solar radiation has been different, or
the occupants have changed their habits, both factors described by the parameter
a, the effect of changes in these factors is inciuded in the retrofit effect,
The retrofitted building would then, according to the model, have consumed the

energy

i
Ea=ap*t+bp*[AT(1) dt
during the before period, The temperature corrected difference in energy

consumtion can then be calculated as (a1 -a,)*t +(b1-b2)*fAT(1) dt.

2)

If one wants to estimate the retrofit effect one has to correct also for

factors other than the indoor- outdoor temperature difference. In this case one
has to calculate what the energy consumption of the retrofitted bui]diﬁg during
the before- period would have been if ali factors had been jidentical except for
the retrofit, described by the difference in the parameter b. This then means
that the parameter a would take the same value during the before- and the after
periods. This can be arranged if a simultaneous fit to data from both periods
and b,. This is certainly not a

i 2
satisfactory procedure if e.g. the amount of solar radiation has been very

is performed, a fit using 3 parameters, a, b

different, byt it 1is the best that can be achieved with this model. Assuming
then that the parameter a takes the same value during the before- and the after-
periods, the retrofit effect is given by

(b1- bz)*IAT(l} dt .

- Example 2

In this example we will treat a case where the mode! includes many energy
~flows but still is a static one, The retrofit in this example is a retrofit
package consisting of adding extra insulation to the exterifor walls and
weatherstripping of doors and windows. A group of houses has already been
selected for the retrofit, A number of them are to be equipped with sensors,
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-

The number of such houses is determined from the expected retrofit effect (see
App. II and 1II). As only one heating season is available for the
measurements, the test- reference design is to be used. The houses are divided
into two groups, a test group of 20 houses which are to be retrofitted and a
reference group of another 20 houses which are not to be retrofitted until this
experiment has been finished.

All houses are nominally identical before the retrofit ‘and are situated
close to one another, but are not oriented in the same direction, The houses
are electrically heated. The hot tap water s also electrically heated. It is
only possible to record the total consumption of electric energy (heating, hot

S

tap water and appliances).” All houses have a natural ventilation system, The

site of the houses is highly exposed to the wind.

The aim of the experiment is to determine the retrofit effect on the energy
consumption for the retrofit package and if possible to separate the effects of
the increased insulation-and the increased air- tightness of the houses. A
measurement equipment is chosen that allows the measurement of variables every
hour, but weekly averages are to be wused in the final ana]ysis' of the
experiment.

When estimating the magnitudes of the different energy flows in the houses,
it is found that five energy flows have to be included in the model:

We= electric energy consumption {heating, hot tap water and appliances)
Wr= solar and sky radiation through the windows
Wc= conductive and radiative heat losses through the building envelope
Wv= heat losses due to ventilation and air infitration
Wo= other heat losses, including heat losses to the ground, heat losses
by airing, sewage water heat losses etc,

It is believed that when averaged over a_group of houses, Wo 'is
approximately constant in time and takes the same value for the test- and the
reference houses. The model can then be expressed as

We+Wr=Wc+Wv+Wo.
It is obvious that in this model the term Wo includes most of the variation

of energy consumption related to the habits of the occupants, in fact all of it
except the use of domestic electricity and hot tap water. It is also clear that
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with this model it will not be possible to separate the effects of the two
retrofits strictly. The difference in the term Wc between the two groups will
describe the retrofit effect due to the increased U-value of the insulation
while the difference in the term Wv will describe the effect of the increased
airtightness of the houses due to the weatherstripping and the increased
airtightness due to the adding of extra insulation.

The energy fiows of the model are now expressed in terms of variables and
parameters as:

Wec = Cc* aATa* Ac where
ATa= the indoor- outdoor air temperature difference
Cc = average heat transmittance of the building envelope
Ac = drea of building envelope
. 5 1/2
Wy = (Cv* v+ Ct* aTa) *Ca* aTa* Ac where
v = wind speed
Ca = volumetric heat capacity of air
Cv and Ct are two parameters

Wr = Cr* Ar * Qr ' where

qr = the amount of solar and sky radiation on a vertical plane facing south
Ar = the window area of a house projected-on & vertical plane facing south
Cr = short- wave radiation transmittance of a window

The above relations are rather self- explanatory, but the expressions for
the energy flows Wv and Wr need some further comments. For the energy flow Wr
one has assumed that most of the solar and sky radiation comes from the south
during the measurement campaign., The validity of this assumption must of course
be checked against meteorological data. One then has to measure only the
radiation impinging on a vertical plane facing south. It is also assumed that
the parameter Cr is independent of the angie of incidence between the radiation’
and the window.

For the energy flow Wv one has chosen a non- [inear combinatfon of the wind
speed v and the air temperature difference pTa. The rate of.air change is -
assumed to be proportional to the factor (Cv*v2+Ct*ATa)1/2 it is clear that for
small wind speeds Wy is proportional to ATa:"/2 while Wc¢ is proportional to aTa.
There will therefore be a high degree of correlation between Wc and Wv for

periods when the wind speed is small. The use of this model therefore requires




Il a-24

that the measurement campaign includes periocds when the ventilation and air
infiltration are driven more by the resulting wind pressure across the house
than by stack effects. One has not asshmed any dependence on the wind
direction. This can be a good approximation if strong winds come predominantly
from one direction or if for every house of the test group there is a house of
the -reference group tﬁat has about the same orientation,

One now has to measure the variables aTa, v and Qr and the heat flow MWe.
The entities Ca, Ac and Ar are either known physical quantities or can be
calculated from the geometrical properties of the houses. The parameters Cc,
Cv, Ct and Cr have to De assigned a numerical value. Here different methods are
used. The short- wave transmittance of the windows, Cr, 1is assigned a value
determined in laboratory and field experiménts with windows of the kind found in
the experiment houses,

The value of the parameter-{t is determined from measurements of the rate
of air exchange in the test- and reference- houses during the heating season on
occasions when there is no wind and the indgor- outdoor air temperature
difference 1is retatively ilarge. In principle the value of the parameter Cv
could have been determined in an analogous manner in the summer on occasions
with a strong wind .and no temperature difference between the indoor and the
outdoor air. However, this was not done in this experiment as the orientations
of the test houses are not exactly the same as those of the reference houses,
and one was a little uncertain about the effects of the wind direction.

The values of Cc and Cv then Haﬁe tc be determined by a fit to experimentai
data. Due tg the non-linearity of the model in the parameter Cv, it is not
possible to use a least- squares fit in this case, but a non- Tlinear fitting
procedure has to be applied. With the approximations that have been made, the
model is now less suited to describe the thermal performance of a single house,
but should be used to describe the "average" thermal performance of the test and
the reference group respectively.

Below we will denote values belonging to the reference group by unprimed
symbols and values belonging to the test group by primed symbols, One now has
to determine the retrofit effect. Clearly the difference in energy consumption
between, the test and the reference houses due to the retrofits is given by
Wc-We " +Wy-Wv™ which is identical to We-We +Wr-Wr”<if one makes the a priﬁri
assumption that Wo takes the same value for.the test and the reference houses.
Howevér, one does not want to identify this: difference in energy consumption
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with the retrofit effect as the former inciudes e.g, the effect of a different
indoor temperature in the test and the reference houses. Instead one wants to
determine the values of the parameters Cc,Cc”,Cv and Cv™ from a fit to data so
that the retrofit effect can be calculated. However, there are still two
possible approaches. :

The $implest one is to assume that Wo takes the same value fo; the two
groups of houses. By a simultaneous fit to data from the test and the reference
houses, one can determine the values of the above four parameters and Wo=Wo~.
In this case one will not have any way of determining if there has been any
change in the behaviour of the occupants. The other approach is to determine
the values of Cc¢c, Cv and Wo from a fit to data from the reference houses, and
apply the analogous procedure for the test houses. In this case the difference
between Wo and Wo~ is an indication of a changed behaviour of the occupants,
However,this does not effect the calculation of the retrofit effect, AaW. In
both cases above it will be given by

2ict™*aTa)d) +Ho-Wo

BW=AC(Ce-Ce™ )ATa+Ca( (Cvrvi+Ct*aTa)d - (Cv v

If the second approach above is followed, the retrofit effect can be
calculated if Wo-Wo™ is small compared to the magnitude of Wo, because in this
case it seems Tikely that also the behaviour of the occupants has been the same,
Then the requirements for the calculation of the retrofit effect, that the ‘test
and the reference buildings are identical in all respects, are fulfilled. The
retrofit effect will then be given by the expression

2ictwatay by,

Ac(Cc-Cc’}ATa+Ca((Cv*v2+ct*dTa)i -{Cv T *v

- To check the validity of this model, the fitted values of Cc and Cc¢” should
be compared to thegretical values calculated from knowledge about the
construction of the building., At least the difference between Cc and Cc™ ought
to be well determined as this is a resylt of the retrofit.
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- Example 3

.

In this example we will describe the use of a dynamic model in the
.evaluation of a retrofit package when the on- off.design is used. The retrofit
package consists of the installation of a heat exchanger and the introduction of
night set back., The experimental building is a large multi- family residential
building. The building 1is equipped with a mechanical exhaust and supply
ventilation system. The heating system includes an o¢il- fired burner, a
circulation pump and hot- water radjators in the flats, The hot tap water is
generéted electrically. The building has two dominant facades, one of them
facing south. MWhen the night set back is in operation no heat is delivered to
the apartments for eight hours, but the circulation pump is still working, thus
the heat stored in the pipes is given off to the radiators. The water of the
furnace s kept at a constant temperature during the night set back. The
.ventilation system is after the retrofit equipped with a recuperative heat
exchanger.,

As there does not exist any suitable reference building and only one
heating season 1is available for the measurements, the on- off design is to be
used in this experiment.

When estimating the magnitudes of the energy flows that could be included
in the model, one concludes that the model should contain the heat flows

Wh = energy input from the heating system

Ws = heat storage in the building interior and envelope

We = electric energy consumption

Wr = solar and sky radiation through the windows

Wc = conductive and radiative heat losses through the building envelope

Wy = heat losses through the ventilation system

Wo = other heat losses including heat losses to the ground, heat losses by
airing, solar radiation through the exterior walls, distribution Tosses
in the heating system etc,

The model is then Wh+ We+ Wr= Wc+ Wy+ Ws+ Wo

The working conditions of the heating regulation system are such that the -
burner will start if the temperature of the water Teaving the furnace falls
below a certain preset temperature, The burner will remain on until the
temperature of the water leaving the furnace reaches another preset temperature.
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The water leaving the furnace is mixed with part of the return water before
being fed into the pipes. The temperature and the flow rate of the supply water
is affected by the operation of a mixing valve which controls the mixing of the
return water and the water leaving the furnace. This valve will open or close
depending on whether the témperature of the supply water falils below or exceeds
certain temperature Ilimits determined by the outdoor air temperature, The
effect of the burner varies with the load.

In order to avoid a detailed modeliing of this heating system, which by
itself would not serve any purpose, as the heating system has not been subjected
to any retrofit, one decides to include in the model only the net energy aiven
off by the heating system. One then measures the temperature difference between
the supply water and the return water and the flow rate. The energy flow Wh is
then, when the night set back is not in operation, given by

Wh = Cw* ATh* (h where

ATh = temperature difference between suppiy and return water
Qh = flow rate of the heating system

Cw = volumetric heat capacity of water

When the night set back is operating another model of the heating system is
used. The total water volume of the piping system is known. The time constant
of the heating system is also known. 50 when the night set back is operating
and the circulating water gives off its heat to the radiators, it is assumed
that the temperature of the water falls of exponehtial]y. The energy flow Wh is
then in this case given by

Wh = Cw* Yw* aTw* exp{~t/t) where

vw = volume of water in the pipes

ATw = average temperature difference between the water and the indoor air when
the night setback starts

¢ = the time constant of the heating system,

During the first hour after the night set back some of the heat given off
by the burner is- used to raise the temperature of the piping system and the
water contained in it. During this hour one assumes that the energy flow Wh is
given by

Wh = Cw¥(aTh* Qh-~ Vw*aTw)
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Electric energy is used for hot tap water and domestic electricity. It fis
assumed that only a certain fraction of the. consumed electricuty will contr1bute ’
to the heating of the building because of sewage water Josses, a1r1ng in
connection with cooking etc, The energy flow We is then modelled as

We = Ce* Ee where
Ee = the total consumption of electric energy
Ce = the fraction contributing to the heating of the building

It is beiieved that the major contribution to the heating of the building
from solar and sky radiation consists of radiation through the windows. As this
radiation can be measured on the inside of a window, the energy flow Wr is
modelled as

Wr = Ar* Qr where
Ar = window area of the southern facade of the building
Qr = impinging short- wave radiation measured on the inside of a window

The energy flow W¢ s modelled as

We = Cc* Ac * ATa where

éc = average heat transmittanc of building enveloﬁe '
Ac = area of bui]dfng‘envelope

ATa = indoor- outdgor air temperature difference

‘The parameter Cc is assumed to be constant in time. The thermal
performance of the external walls is thus assumed to be static, and thermal
gradients in the insulation are not taken into account in this model, although
other energy flows of the model are dynamic.

In the ventilation system the flow rate of the supply’air is smaller than
that of the exhaust air. This will create a pressure inside the buiiding that
will enhance the effect of the pressure on the windward side of the building but
instead reduce the flow of air through the leeward exterior wall. The overall
effect will in general be an increase of the uncontrolled infiltration, A
ventilation system of this kind will also enhance the uncontrolled infiltration
due to stack effects, The heat loss caused by ventilation, Wy, is expressed as

o
Wy = Ca* ATy *Qs where

Ca = the volumetric heat capacity of air

ATv = the temperature difference between the exhaust air leaving and the suppiy
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air entering the building {or the heat exchanger if this one is in use )
Qs = the flow rate of the supply air

The heat storage in the building will take place mainly in three building
components, the heating sSystem, the interior of the building and the building
envelope. The heat storage in the heating system has been accounted for in the
energy -flow Wh. -The energy flow Ws is modelled as

Ws = Cs* dTi C where
Cs = a parameter describing the effective heat capacity of the building
dTi = the temperature difference of the indoor air between two measurements

The parameter Cs will in effect describe not only the heat storage of the
building interior ,but also that of the building envelope, as the energy flow
through the building envelope, Wc, was treated as a static one. A§ hourly data
are to be wused 1in the analysis, the temperature difference dTi will be the
difference of the indoor temperature between two consecutive hours. The indoor
temperature is measured in a number of flats determined by a procedure like the
one described in App. I1I. Because the temperature to be wused in a proper
model should be that of the building fabric, and not that of the indoor air,
which can fluctuate rapidly due to solar radiation through windows and heat
‘sources 1in the apartments, it is important that such factors do not affect the
measurement of the indoor air temperature.

) The remaining heat source Wo is assumed to be constant in time and take the
same value during the on- and the off- periods. This is probably a good
approximation in this case, as much of the possible differences in the habits of
the occupants has been taken into account in the energy flow We.

One then has to measure the temperature variables aTh, aTa, &ATv and dTi,
-the flow rates Qh and (s, the radiation Qr, and the electricity consumption Ee.
The-parameters Ca and Cw are known physical properties of air and water, the
areas Ar and Ac can be calculated from the building geometry. It has already
been described how the parameters of the heating system Vw, 1 and ATw are
assigned-a value. It remains to assign a value to the parameters Ce, Cc, Cs and
the energy flow Wo, From previous Sstudies on similar buildings it is known that
the -value of Ce is about 0.5 , This value is taken as input to the model. The
parameters Cc and Cs are the same during .the on- and the off- periods. The
values of Cc, Cs and Wo can now be determined in a simultaneous fit to data from
the on-.and the off- periods. A fit to the data from the of f- period alone
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would probably result in a very peor determination of the parameter Cs unless
the swings of the indoor temperature have been large. The values of Cc and Cs
should be compared to theoretically calculated values of these parameters from
knowledge about the construction of the building. If tpere are large
‘discrepancies between the fitted and. the theoretical values, the underlying
assumptions of the model should be reviewed,

One should now turn to the evaluation of the retrofit effect. In this case
one has a good model describing the thermal performance of the building in
" rather detail. It turns out that the calculation of the retrofit effect meets
with some difficulties. Probably the average indoor temperature has been lower
during the on- perigods than during the off- periods due to the night setback.
The resulting energy saving could also have been achieved by simply Ioweﬁing the
indoor temperature all the time. 50 one would like to know what the effect of
the night set back had been if the average indoor temperature had been that of
the off- period. There i5 no simple way of -estimating this with the- above
model. No energy flow can be directly associated with the effect of the night
setback. In a sense the model is too complex for the evaluation of the retrofit
+ effect of the night setback, the effect of the night setback is distributed
between too many other energy flows.

One can calculate the contribution to the heating from the heat exchanger,
but only for the actual indoor temperature of the on- periods, not what this
contribution would have been if the indoor temperature had been that of the off-
'periods. This 1s so, because the temperature of the exhaust air entering the
heat exchanger is not the same as the indoor temperatﬁre because of heat losses
in the ducts. A calculation using the temperature of the off- periods as input
could have been performed if a more complex model of the heat exchangér had been
used and also the temperatures of the supply air entering the heat‘exchanger and
the exhaust air leaving it had been measured. One would also in this case
require knowledge about the efficiency of the heat exchanger.

- The model is too complex for the estimation of the effect of the night
setback, but too simple for the evaluation of the effect of the heat exchanger.
A way out of this dilemma is to use a more sophisticated variant of the on- off
design. One can let off- periods alternate with periods when only one of the
retrofits is on and with periods when both retrofits are on (see Cox 1958),
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- Example 4

In this example we will decribe a case when a model, 1inear in the indoor-
outdoor temperature difference AT, had to be modified by the inclusion of a non-
Tinear term.

The experimental buildings are situated at a high 1latitude. A before-
after experiment was carried out on a group of detached single- family dwellings
during two heating seasons. The retrofit consisted of the installation of heat
exchangers in the exhaust and supply ventilation system, and the replacement of
double- glazed windows by triple- glazed.

One re&orded the weekly averages of indoor temperature, outdoor
temperature, consumption of electricity for hot tap water, household
electricity, and the energy supplied by the heating system and the heat
exchanger during the heating season {9 months), The flow- rate of the
ventilation system was fixed during the experiment, and was measured at two
occasions in both heating seasons. Tracer gas measurements were also performed.
It was estimated that the air exchange due to infiltration never exceeded ten
per cent of the air exchange forced by the ventilation system. One would then
expect that the transmission and ventilation losses would be linear in AT,

It was found that the energy used for heating was not as Tinear in AT as
expected, neither for the before period nor for the after period, The.situation
was even worse if the consumed electric energy was added to the energy for
heating,

At first it was believed that the observed effect could be explained by the
neglect of solar radiation in the energy balance of the building., However, a
rough estimate showed thét this could only account for part of the observed
effect. Another argument, in favour of a more complicated explanation, was that
a fit linear in AT was not acceptable even if data from periods with a strong-
solar radiation were excluded from the data set. One therefore performed a more
detailed study of the energy balance of the building.

One wanted to estimate, among other things, the contribution to the energy
balance of the building from heat losses to the ground, penetration of solar
radiation through the windows, and infiltration losses due to wind. No
medasurements had been performed of these variables. The estimgte therefore had
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to be based on data recorded at the meteorclogical station closest to the
building site.

One plotted the estimated transmission losses to the ground, the estimated
selar radiation through windows, the average wind‘speed, the actual consumption
of electricity for hot tap water, and the actual consumption of household
electricity versus the number of the week.

It was found that all the plotted variables, except for thé consumption of
hot tap water, which was'constant during the measurement period, could be well
described as functions of time by a constant plus a trigonometric function (see
fig. Il a-2). It was, thus, believed that many energy flows could be
represented by an expression containing a term proportional to sin2n/52(n-ng)
plus a constant, where n is the number of the week and n, is a phase. As a sum
of expressions of this kind can be written in the same manner, the model was
modified to

E =a+ b*aT + AE*51n21/52*(n-n0)
where
E

n

il

energy used for heating
the number of the week

i

AT= the indoor- outdoor temperature difference
and a,b,AE, and ng are parameters of the model, whose values are to be
determined by a fit to experimental data.

It was then found that, using this model, a satisfactory fit to
experimental data could be obtained.
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II b On-off experiments

Description of the on-off experiment

The on-off experimental design can be used ,whenever the retrofit in a
residentialAbuildihg consists of the introduction of a system, or a component of
an already existing system, that can at will be either furned on or switched
off., The retrofit can also consist of a. new way of operating an already
existing system. Examples of such systems, or components of systems, are
heating systems, ventilation and air-conditioning systems, heat exchanger, heat
pump, and solar energy Systems.

The use of the on-off experiment offers several advantages. Regarding the
enviroment of the building and the exposure to outdoor ¢limate, the building
will be its own reference. The length of the period when the system is in an on
or off state can be chosen to satisfy the special regquirements of the
experiment in question} If this period is short enough, it will be possible to
go through several on-off cycles, If the number of such cycles is large, a
statistical treatment of the results Becomes possible. In many cases it may
then be poss1b1e to reduce the extension and cost of the measurements compared
to when, e.g., the before-after method i5 used.

The length of the period when the building is in an on or off state should,
in an ideal case, be greater than characteristic time constants of the building
and systems of the building, but shorter than the time required for a change in
the average vatues of environmental parameters.

The value of such time constans can vary much between buildings. The time
constant of the thermal capacity of a building may, depending of course also on
the degree of insulation, be of the order of one day for a buiiding of Tight
construction, but be a week or more for a building of very heavy construction.

If the-building studied has typical time-constans of the order of one day,
the 1length of the period mentioned above should comprise at least a few days.
If it is of the order of one week, or shorter, it will be possible to go through
several cycles of measurements during one heating season. [t may be possible to
get an average climate for the on-periods which is c¢lose to that of the
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of f-periods. One may also have measurements from different ¢limate situations

" for the on as well és for the off periods. What has been discussed so far is
valid 1ndépeqdent1y whether the experiment is carried out fn an inhabited or an
uninhabited building.

Regarding the influence from occupancy, the on-off experiment is also an
advantageous method. If . the time of the on-off cycle is short enough, the
occupants are given the possibility to experience the prevailing conditions,
during the on as well as the off periods, several times during a comparatively
short interval of time. In this way the occupants may eventually get wused to
the shifting conditions, and no longer notice whether the gn or off state is
prevalent for the moment. This will of course not be true if the indoor climate
is very different during the on- and off-periods.

In cases when the behaviour of the occupants is quite different during the
on and the off periods, e.q., if the indoor temperature is higher during the on
periods and this leads to a more frequent airing, this behaviour during the on
pericd would be the same if the on state were permanent, This behaviour of the
occupants must in this case be considered to be part of the natural interactioﬁ
between occupant, building and enviroment,

One should, however, be aware that the difference between the conditions
during tﬁe on- and the off-state may be such that the occupants need a very long’
time to adapt themselves to the new situation after a change of state. If this
is so, the behaviour of the occupants will clearly influence energy consumption, .
If this influence can be expected to be so large that it is of the same order of
magnitude as the expected difference in the observerd energy consumption, it
will not be possible to use the on-off experiment as described above. In this
cse one will efther have to advice a method to measure or estimate the influence
of the occupants, perform the measurements in an uninhabited building, or choose
an experimental design, where this influence is minimized. Whether this is
ﬁossib]e cah only bé determined case by case.

It will in most cases be necessary to make ‘a correction in relation to
ciimatic differences. This correction -is most easily performed if an
appropriate model of the interaction between the building and the external-
climate is used.
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It follows from what has been discussed above that the use of the on-off
method offers no special problems with regard to the validity or the accuracy of
the method, possibly with one exception, This exception is that the building
has some properties unknown to the investigator, properties that are specifi& to
the experimental building but not to other, similar, buildings, If this is the
case, the lack of a reference building might be disastruous for the outcome of
the experiment, It is therefore always of value to have access to one or more
reference buitdings even 1if this {is not per se required for the use of the

on-of f method.

The use of the on-off method is illustrated below with 3 simple examples.
The first of these illustrates the influence of the time constants of the
building.

- Example 1

In this example the accuracy of the on-off experiment will be illustrated
with a few simple cases., We have chosen to discuss the use of the on-off
experiment in experiments to determine the efficiency of night set-back.

In this case we will ca]culate'the ratio of the observed energy saving and
the theoretical energy saving and this entity will be denoted by a. These
calculations are intended to serve as exampies of the kind of analysis that
should preceed every experiment where the on- off method is used.

We will first dicuss the case of a residential building equipped with a
thermostat reacting on the indoor temperature T,. The heating system can supply
a maximal heat output of Pgpax. The thermostat has two settings, T amd T-.
During the day the heat output will be P, .
below T+. If the indoor temperature reaches the value T+ the heat output will
be such that T, is kept at this level., At night no heat will-be supplied if T,
is greater than T-. If T; falls below T, sufficient heat will be supplied to

keep T; at this Tlevel. It 1is further assumed that the heat losses of the

if the indoor temperature falls

building are proportional to the indoor-outdoor temperature difference with. 2
proportionality, constant ki, and that the heat capacity of the building is Ci.
The outdoor temperature will be denoted by T, and is assumed to be constant.
The heat output during the day will then be P=k1*(T+-T0) if Ty= T+,

RN
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We will assume that the thermostat setting is such that the day- and the
night period are of equal Jength, 1, (in this case T, = 12 h). The length of
the on- and off periods of the experiment is 2Wx, (i.e. N days).

To diminish the influence of the heat capacity of the building on the
energy consumption of an on- or off-period, one can neglect the first N, days
of each period. Whena is determined, one will then take into account only the
eanergy consumption of the last (N - No) days of each on- and off period. The
on- and off-periods are assumed to start with a night. ’

If the indoor temperature reaches the value T* during the off-period, one
can distinguish four cases.

a) The first night of the on- period T; does not fall to T-. During the naxt
day the heat output Ppax s sufficient to raise 7; to.T*. The development of
T;is then the same for all days of the on-period and T; takes the value T+
during the whole off-period, ' !

b) The temperature Ty falls to T~ during the first night of the on-period and
reaches the value T* during the following day. In this case the change in T,
in time is also the same for all days of the on-period and T, is equal-to T+

during the off-period.

¢} The temperature T; falls to T~ during the first night of the on-period, but

the heat output P,,, is not sufficient to raise T, to T+ during the following
day. The development of T, will be the same for all days of the on-period but
the first one. The indoor temperature will not be eqda] to T+ for all of the
offiperiod.

d) The indoor temperature does not fall to T- during the first night and does
not reach a value of T+ during the first day., The development of Ti in time
will be different for each day of the on-period, and Ti will not be equal to T+
except for part of the off-periocd,

The development in time of the indoor temperature Ty in the four ' cases
1isted above is indicated in fig. II b-1. For a given residential building and
fixed values of Prax: T+, and T, more than one of these four cases can occur
depending on the vaiue of the outdoor temperature To.
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In the cases a} and b) the observed energy saving will always be equal to
the theoreticai- energy saving soa will be identically 1, In case ¢} o will
in general be close to 1 if the energy consumption of the first day of the on-
and off-periods is excluded when a is calculated.

The case d} requires a further treatmént. The theoretical energy
consumption if the on-state were permanent would be equal to (N-Ng)*t1o*Pmayx, and
if the off-state were permanent the energy consumption would be
Z(N-NQ)*to*ki*(T+-T°). The theoretical energy saving would thus be equal to
(N-No)*10*(2kiT* « 2kiTg = Pray).

The observed energy consumption during the on-perjod 1is the same as the
theoretical one, i.e. (N-N,)*1,*Ppax

If it is assumed that T; reaches the value T* at the time t., t¢> 2N, *t,,
after the off-period starts, the observed energy consumption of the off- period
will be equgi to
Poax*(tg - 2Ngto) + {T* - To)* (2Nt - tg).

The observed energy saving is thus equal to

kKi*(T* - Tg) (2 Nrg - tg) + Pmax*{tg - Nty = Nytg)-
CIf the ratio Pgax/ki(T*- Tgy) is denoted by r, the value of g is

a=1+(r-1) (ts/zg = 2 Ng)/(N = No}(2 - r}

Clearly this case can only be realized when 1 <r < l3exp{-14/t) where 1 =C3j/kj
is the time constant of the building,

For the two extremes tg= 0 (i.e, also Nyp= 0) and tg= 2 Nty, the valtues of
a equal to 1 and r/(2-r) respectively are obtained. It is obvious that if one
wants a value of a close to 1 one should either take 2Ny close to tg/vg or

»

take N large.

e) -In this case we assume that the residental building is equipped with a water
radiator system. The temperature of the feed water is varjed during the'day S0
that a night téﬁperature set-back is obtained. It will also be assumed that the
outdoor temperature, fo(t), varies in an arbitrary manner during the day and
that there 1is a free heat gain, Q¢(t), that also varies in an arbitrary manner
during the day. The heat transfer to the building from the heating system is
assumed to be proportional to the difference between the feed water temﬁerature,
Th(t}, and the indoor temperature, T;(t), with a proportionality. constant kh;
The heat losses of the building are assumed to be proportional to the difference
between the indoor and outdoor temperature with a proportionaly constant Ky.
The indoor temperature is then determined by the equation
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Qelt) + kp (Th{t) - T3 (£)) = Cy*dTi/dt + ky(T;(t) -VTq(t))

The length of the night set-back is assumed to be t,=12 h. For simplicity
also assume that the variation of the feed water temperature Th{t) in time is
antisymmetric with respect to the time of the onset of the night set-back. The
feed water temperature can then be represented by the series.

Tty = Ty v 58T, sinwne

where T is the average temperature of the feed water, w=7/1, and ATh(n)
are coefficients., The indoor temperature Ti will then vary during the
experiment as shown in fig., IIb-1 if the feed water temperature has a square
wave form. The feed water temperature during the off-period is assumed to be
equal to the maximum feed water temperature of the on-period. It can thus be
shown that the ratio of the observed energy saving and the theoretical energy
saving, @, will be independent of the outdoor temperature Ty(t} and the free
heat Qp{t). One obtains ‘

o= 1 481+ 1T, (M wne/(ufnfe?) ) (T (max) - T,)

where Th(max) js the maximal feed water temperature during the day, and T, the
time constant of the building, is equal to 1/(ki + kh) , and

B =(T1-To)/(Th-T1)*(r/ro)*(exp(-ENokolr) ~ exp(-2Ntp/t})/{1+exp(-2N1o/ 1)/ (N-Ng)

T; and T, are the average of the indoor and the outdoor temperature,
respectively. If the feed water temperature is assumed to have'a simple
square-wave form such as
Ty = Th - 4T for 0 < t < 1
Ty = Ty + 4Ty, for 14 <t < 2xg
the above simplifies to
a =1+ 2%g/(1 + exp{ 10/1) )
if the on- period starts by a night, and
a =1+ 2*%/(1 + exp( 1 /%) )
if the on-period start with a day.
A few results should be stressed in -this case
1} a is always greater than 1, so the energy-saving is overestimated.
(This was true also in the cases a) - d) above).
2) 1t is favourable‘tolétart the on-period with a night.
3) o will be closer to 1 if N or Ng are increased. However, if N‘is increased,
a will approach 1 as 1/N, while if No is increased it will approach 1 as
exp(-NTO/r}.
It will, in general, be more efficient to increase No than N. In Table II b-1
below we give the value of a for some cases. It has then been assumed that the .
temperature difference ratio {T;-T,)/(Ty-T;) is equal to 1/2.
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Fig. II b-1 The development of the indoor temperature T_.| during an
on-off experiment (hatched curves). Fig. a) to d) refer
to different cases for a residential building equipped
with a thermostat. The full-drawn lines are the settings
of the thermostat. Fig. e) refers to 5 building with
Wwater radiators. The full-drawn Lines represent the

asymptotic temperature.
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TABLE IIb-1

The ratio of the observed to the theoretical energy saving for a
residential building with water radiators and night set back.,

2N= 14 ( 7 DAYS)

2Ng = ] 1 2 3 4 5 6
T=1 DAy DAY [T.12 1.12 1.J% 1.05 1.03 1.32 1.32
NISHT [1.11. 1.97 1.35 1.03 ‘1.¢2 1.0%  1.01
T=2 DAYS DAY 1.30 1.25 1,21 1.18 1.15 t.12 1.11
NIGHT [1.24 1.20 1.16 1,14 1,11 1,10 1,08
T=3 DAYS: DAY 1.38 1,34 1031 1,27 1.25 q1.22 1.2)
NIGHT | 1,32 1.29 1.26 1.23 1.21 1.19 1.17

2N= 28 (14 _DAYS)

2Ny = ) 1 2 4 5 5
T=1 DAY  Day 1.09 1.96 1.34 1.02 1.01 1.9 1.09
NIGHT 14,05 4.0% 1.32 .01 1.0t 1D 1,00
T=? DAYS DAY 1.16  1.13 1,10 1,03 1.37 1.1% 1.35
NIGHT [1.12 1.10 1.D8 1.07 1.05 1.04 1,04
T=3 DAYS DAY 1.23 1.20 1.18 1.15 1,146 1.12 1,10
NISHT [ 1,19 1,17 1,15 1,93 1.1 1,10 1.09
2M= 42 (21 DAYS)
2N, = 0 1 2 3 4 5 5
T =1 DAY DAY 1.06 1.06 1.02 1.01 1.31 1.01 1,00
NIGHT [1.04 1.82 1.01 1,01 1.01 1.30 1.00
T=2 DAYS DAY 1,11 1.39 1,97 1,05 1.06 1,33 1,03
NIGHT | 1.0% 1,07 1.05 1.04 1.03% 1.83 1,02

. T=3 DAYS DAY 1.15 113 1,12 1,13 1.0 1.0% 1.07
: NIGHT [1.93 1.1 1,10 1.499 1.07 1.35 1,26

N = number of days in an on-off or a static cycle

NU= number of days in the beginning of a cycle not used in the analysis -
t = the time constant of the byilding

DAY and NIGHT indicate if the on-off cycle is started by a day or a night
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- Example 2

- type of object: An eight-storey residential building with 48 flats. The
building has been erected rather recently, it is of a 1ight construction and
well insulated., Windows are double-glazed. The heating system is waterbased,
Radiator valves have been preset, and the heating system has been balanced. The
ventilation system is of the exhaust air type with a fixed rate of | air change,
The building is situated in a suburban enviroment.

aim of experiment: To determine the energy consumption for heating the

building, when a night setback of the heating system is used, compared to when
the building is continucusly heated.

design of experiment: a night setback of the heating system was used every

second week during one heating. season. The weekly energy consumption for
heating, when 'a night setback was used, was planned to be compared to the
consumption when the building was continuously heated.

One intended to compare the results of the measurements to the results
obtained from measurements on a reference building., However, the final choice
of rather extensive measurements on the test obuilding turned out to be so
expensive that one could not afford the use of a reference building.

The choice of one week as the period for a change from one state to the
other was mainly dictated by the fact that the time constant of the thermal
capacity of the building was estimated to be of the order of one day. For every
week the first day, when the way of heating the building was changed, was
excluded from the data analysis (see below measurements).

The weekly consumptions should be grouped according to the weekly average
of the indoor-outdoor temperature differences., To determine the average indoor
temperature; this was measured at one position in 8 flats. This number was
based on the assumption that the wvariation in indoor temperature between
different flats was 3 K and on the request that the average indoor temperature
should be known with an accuracy of 1 K (see App. III).

measures taken: from information about the heat capacity and time constant
of the building and the heating system, a suitable design of the night setback
was worked out. The maximum indoor temperature during the day was estimated to
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230C and the lowest at night to 189C. With continuous‘heating it was planned
that the average indoor temperature should be 220C. '

measurements: the indoor and outdoor temperature, and the temperature and
flow of - the supply and return water were measured every hour. These data were
stored on a magnetic tape recorder, The consumption of domestic electricity and
hot tap water was read off manually at the beginning of the first day and once
at the end of the last day of each period that was to be included in the final
analysis of the data. ‘

course of investigation: the measurements started as planned. After a

month there were complaints by the occupants that the indoor temperature was too
low at night. From the temperature measurements it was possible to see that, in
some flats, this temperature had 1in some cases been as low as 160C. The
procedure for the night setback was adjusted to compensate for this, the minimum
indoor temperature was calculated to be raised by 1-2 K. After this correction
fewer complaints were received. There were also some complaints that the indoor
temperature during tha day was too high, This did not depend on whether the
heating was continuous or the night set back was used. These compiaints had
been received mainly on days with a strong solar radiation. It was also
observed that on such days many residents opened their windows for rather long
periocds during the day. This was belived to influence the energy consumption,
but it was not possible to estimate to what extent this was the case. Therefore
no measures were taken to counteract this behaviouror or to modify thé
experimental design,

data treatment: it was found that the energy consumption for heating was
Tower when night setback was used than when the building was continuously
heated. But there was a rather large scatter in the data, It could be
demonstrated that the largest deviations had occurred for weeks when the solar
radiation had been intense, according to meteorplogical observations. The data
for the use of domestic electricity and hot tap water were not used in the final
analysis of data., The reason for this is not known. A possible explanation is
that these data were collected by the care- taker of the building, and those in
charge of the project did not want to use these data, either because all data
were judged not to be trusted, or maybe because these data were lacking for some
weeks,
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comments: in this case the research desjgn was rather simple. If the
daily energy consumption had been used instead of the weekly one in the
analysis, a grouping of data could. have been made also according' to solar
radiation. This would havé heen possible as the temperature was recorded every
hour. On the other hand, it was possible to reach a definite conclusion also
using a time resplution of one week, In this case an alternative would have
been not to perform so extensive measurements, but to use only weekly averages.
The cost would then have been so much lower that it would have been possible to
perform measurements also on a reference building. This would probably have
made it possible to reach a conclusion about whether the deviations for weeks
when the solar radiation was intense was typical for buildings of this kind also
when night set-back was not used. . The scatter of data would probably also have
been smaller if the energy used for domestic electricity and hot tap water had
been added to the energy consumption for heating when the final analysis of data
was performed. It would then also have been possible to use a simple model of
the energy balance of the building. This would have facilitated the final
analysis. The remaining scatter of data could mainly have been ascribed to the
influence of the occupants,

- Example 3

type of object: twent} terraced two- storey single- family houses. The
houses are situated in a suburban environment. The insulation of the nouses is
good and the windows are double-glazed. The houses are of 1ight construction.
The heating s electric and the houses are equipped with a supply and exhaust
air ventilation System with pre-heating of the supply air. The hot tap water is
electrically heated inside the buildings.

measures taken: the houses were equipped with temperative heat exchangers
with water and glycol as circulating medium. The off- state could be reached
using a simple by-pass circuit.

aim of experiment: to determine the energy consumption when the heat

exchanger 1is in function and when it is not. A second aim was to determine the
efficiency of the heat exchanger in situ.
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experimental design: the twenty houses are grouped in two rows with ten

houses in each, Every second week the heat exchangers were put into operation
function in one of the rows while they were shut off in the other row and the
situation was reversed the following week. This was done during one heating
season. The daily consumption of energy was measured for every house. It was
planned that these data should be grouped according to the difference between
indoo} and outdoor temperature, wind speed, and solar radiation. A comparison
of the energy consumption when the heat exchangers were in function and when
the} were not should then be performed for every such group. For the
determination of the efficiency of the heat exchanger, data should be grouped
according to outdoor temperature.

measurements: in every house the indoor temperature was measured at one
position in each of the two storeys. The average of these two values was taken
as the éverage indoor temperature. The temperature of the exhaust air was
measured just before arriving at the heat exchanger. The temperature of the
supply air was measured after the pre-heating. The mechanically controlled
constant air flows of the ventilation system were measured once every second
month during the heating season. The amounts of electricity used for heating,
for pre-heating of the supply air, and for the heating of hot tap water were
measured separately. '

The outdoor temperature and solar radiation were measured in  the
neighbourhood of “the hodses. The wind speed and direction was'measured a few
hundred meters away at a place where it was thought that the free wind was
undisturbed by the enviroment. All data from these measurements were stored as
one-hour averages from which the daily average was then calculated. The air
infiltration was measured twice in all the houses during the heating season,

course of investigation: before the heating season the heat exchanger and

the measuring equipment were installed in the house. Continuous measurements
were carried out as had been planned. The infiltration measurements weré
performed one week in the middle of the heating season using a tracer-gas
technique. During the measurement period there was a change of ownership for
two of the houses. These two houses were thereafter excluded from the
investigation.

This was done because it is well known that energy consumption differs much
“even between identical houses, due to differences in the habits of the
residents. It is also well known that the new residents need a year or so to
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Tearn how to manage a house and the pattern of the energy consuhption can change
drastically during the first year.

data analysis: after grouping of the data, the data were analyzed, A
strong correlation was found between energy consumptien on one hand, and
indoor-outdoor temperature difference and solar radiation on the other hand. HNo
such clear correlation was found between energy consumption and wind speed.
Here there was a large scatter in data. This was ascribed to the infiltration
being different for winds of the same strength but of different direction.
Although no final conclusion about this could be drawn from the data of the
infiltration measurements, there was a strong indication that this was the case.
when data from all wind directions, except the most prominent one, had been
excluded from the analysis, a better correlation between energy consumption and
wind speed was obtained.

After this the energy consumption, when the heat exchangers were wused and
when they were not, could be compared in an unambigious way. No problems were
associated with the determination of the efficiency of the heat exchanger.

comments: in this investigation an unusually ambitious research programme
was planned with a grouping of data accoerding to three outdoor climate
variables, For the aim of the experiment it would probab]y have sufficed to use
‘only the indoor-outdoor temperature difference.

The data from the infiltration measurements were never used as an input
into the data analysis, but they turned out to be useful when selecting the set
of data to be used in the final analysis. Even if only the daity averages of
the temperatures were used in the final analysis, the measurements were
performed much more frequently. It would probably have been cheaper to use an
experimental design where only the daily average temperature was stored,

As the air flows in the ventilation system could not easily be changed by
the occupants in this investigation, there were no large problems associated
with the behaviour of the occupants.
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Il ¢ Before-after experiments

- description of the before-after experiment

' The before-after experimental design can in a sense be regarded as a
special case of the on-off experihent where the measurements include only one
(on-off} cycle. In practice, the advantages and disadvantages of these two
experimental designs different that the above mentioned relation is not of much
practical use, The before-after design has to be applied when the retrofit of
residental bui]diﬁg consists in a permanent change of the building itself, or
when a system which cannot be turned on and switced off at will is introduced,
or when this can not be done without affecting other systems. Examples of
retrofits where the before-after experiment can be wused are the sealing of
windows, the increase of the insulation of the building, the replacement of the
heating system, or the installation of a new type of ventilation or
air-conditioning system.

When the before-after experiment is used one generally has to cdmpare the
energy balance of the building during two'periods when external variables, like
climate variables, have not taken the same values. Therefore one has often to
use a model of the energy balance of the building to reach any conclusions. The
measurements therefore have to be so extensive and accurate that it is possible
to achieve the same time resolution as when, i.e., the on-off experiment is -
used,

Regarding the environment of the building and the exposure to outdoor
climate, the before-after experiment offers the same advantage as the on-off
experiment because the building is its own reference. However, regarding' the
prevailing climate during the before and after periods, the situation is
different, When the before-after experiment is used, there is no guarantee that
the average climatic situation 1is the same during the before- as during the
after~ period, even if the experimental period is made ;ery long, i.e. several
heating seasons. A correction has to be made if the average climate during the
two periods has been different.
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One has to calculate what the energy consumption during ‘tHe after period
would have been if the climate during this period had been that of the before
period. The accuracy of this procedure will depend on the accuracy of the model
that is wused. Such a correction 1is not always necessary even if the
measurements extend over only one or two heating seasons. There are often
periods of time shorter than a week when the climatic conditions during the
before periods were the same as those during part of the after period.

1

If the energy consumption for such shorter periods 1is known, it 1is
sometimes possible to compare directly the consumption during two such short
periods, one of them belonging to the before period and the other to the after
period. A necessary provision is of course that the number of external
parameters influencing the energy consumption is very smail, or that the number
of such periods is great, This procedure is sometimes a rather uncertain one,
and special care should be taken when applying it.

When the before-after experiment is used the occupancy behaviour may be of
greater’ importance thén when the on-off experiment is used. This is associated
with the very marked separation in time between the before and the after period.
.The introduction of the retrofit may easily raise unrealistically positive or,
negative expectations of the future performance of the building. Such
expectations may lead to a change in the behavoiur and attitudes of the
occupants which may affect the outcome of the experiment, It is therefore .
important that the occupants and the persons involved in the maintenance of the
building are informed in advance about what the consequences of the retrofit and
méaSurements will be,

If ‘a result of the retrofit is a change in the indoor climate, this change
should, if possible, be introduced gradually to give the occupants the
possibility of adapting to the new indoor environment. Difficulties of the kind
discussed above can to a certain extent be avoided if one introduces a
“running-in and learning period”. By this is meant that, when the retrofit has

been performed, one can let a certain time pass before starting the measurements
of the after-period. With this procedure one can avoid the influence of more
temporary changes in the behavoiur of the occupants, chanées not associated with
the retrofit jtself but only with the introduction of it. A study of the habits
of the occupants and their attitude towards the retrofit and the experiment,
before, during, and after the measurement period, should therefore be included
in. the research programme. Such a study must not necessarily be aiming at a
complete survey of the behaviour and attitudes of the occupants, but may have.




I c -3

the more limited purpose te ascertin that no great changes of these factors take
place.

It follows from the discussion above that the validity of the before-after
experimental design rests to a great extent wupon the comparability of the
outdoor climate and the constancy of the behavoiur and attituteds of the
occupants during the before and the after period. The demand for the exténsion
and accuracy of the measurements ahd for the analysis of data 1is generaily
greater than for other experiments like the test-reference and the on-off
experiment. The use of the before-after experiment 1is ijllustrated with two
simple examples below.

- Example 1

type of object: a 4-storey residential building with 100 flats.

Electrical heating and ventilation system of the exhaust atr type. The thermal
insulation of the buiiding is satisfactory and the building is situated in an
environment shielded by other buildings. Hot tap water is electrically heated
and stored inside the buiiding., The indoor temperature of the flats varies
between 20 and 250C. Windows are double-glazed. There have been complaints
about draughts from the windows in some flats.

aim of experiment: to determine the reduction in energy consumption after

the pre-setting of the thermostats of electric radiators and the sealing of
windows,

experimental design: as no similar building is available as a ‘reference

building, the measurement campaign is carried out during two heating seasons.
During the first of these only measurements are to be performed, During the
summer, measures to reduce the energy consumption will be taken, and
measurements of the resuTting energy consumption will be perforﬁed during the
second heating season. The energy consumptions during the two heating seasons
are to be compared after a correction usfng a simple model, which takes into
account the average outdoor temperature and the average solar radiation,

measures taken: the thermostats were preset to allow a calculated maximal
indoor temperature of 20%C. Due to the complaints about draughts all windows of
the building were sealed, The occupants became interested in the dinvestigation
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and expressed a wish to participate actively in the energy saving. Therefore an
energy saving campaign was planned to be Jaunched during the autumn of the
second heating season. The occupants would be instructed on how to save energy
by airing rooms less frequently and using Tess hot tap water,

measurements: the daily consumption of electric energy, indoor and outdeor
temperature, wind speed, and solar radiation were measured and data stored as
one-day averages. The estimated variation in indoor temperature between
different flats 1is 2 K. As one wants to know the average indoor temperature
with an accuracy of 0.5 K, the indoor temperature is measured in 15 flats (see
App. 111).

course of investigation: measurements were performed as planned during the

first heating season. During the summer all windows of the building were
sealed. The energy saving information cémpaign was started during the autumn,
There was a delay in the presetting of the thermostats, and this work was not
finished until several months of the heating season had passed. Among other
things it was found that many thermostats had not been calibrated. This
presettfng'resuited in manmy complaints by the occupants that the indoor
temperature was too low, and the presetting of the thermostats was changed to
210¢ instead of 200C. When this work was finished only three montﬁs of the
heating season remained to perform measurements. The energy saving campaign at
first seemed to result in a substantially smaller consumption of domestic
electricity and hot tap water, but the effect appeared to become Tless
substantial during the winter, '

data treatment: due to the delay in the measurement programme, the
comparison of the energy consumption during the two heating seasons could not be
carried out as planned. Insted, available data from the second heating season
were divided into several groups according to the outdoor temperature, dand
compared to similarly grouped data from the first heating season. The scatter
in data was large, but it was passible to conclude that a reducticon in energy
consumption héd taken place,

The large scatter in data was aséribed to the fact that during the last
three months of the heating season, when the measurements were performed, the
contribution from solar radiation to the energy balance of the buiiding could
not be neglected.
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comments: the noticed decrease in energy consumption can ﬁot with any
degree of confidence be ascribed to the presetting of the electric thermostats
sotely, as was the aim of the investigation. It was caused by an unknown
mixture of all three measures taken, presetting of thermostats, sealing of
windows, and energy saving campaign. This campaign. should not have been
launched, above all because the effect of it was probably not constant during
the heating season., The thermostats should have been preset to a higher value,
The complaints now resulted in too short & measurement period, The data from
the measurements of wind speed and soiar radiation were never used. These
measurements could have been omitted as there was no plan about how to use them
in the experimental design.

If a simple model of the energy balance of the building, taking the
contribution from solar radiation into account, and the available data on solar
radiation had been used, it would probably have been possible to ascertain, with
a higher degree of confidence, whether a reduction in energy consumption had
taken place, despite the large scatter in data,

- Example 2

type of object: a 10-storey residental building with 40 flats. The
heating system is waterbased and the ventilation system is of the éupply and
exhaust air type with preheating of the supply air. The thermal insulation of
the building is considered to be satisfactory. Windows are double-glazed. The
building is highly exposed to strong winds. On windy days the indoor
temperature can become low in the upper part of the building., A temperature of
180C has been measured at the top floor compared to a simulanecus temperature of
259C at the bottom floor. The temperature of the supply air is also lower at
the top floor. Because of this, the heating and the ventilation system are not
regarded as working properly. Occupants in the lower part of the building have
been observed to air rooms frequently due to high indoor temperatures.

aim of experiment: to determine the reduction in energy consumption after

the balancing of the heating and ventilation system, the reduction of
ventilation flows, and a lowering of the water and supply air temperatures, and
the presettiﬁg of radiator valves. One was interested only in the combined
effect of these measures on the energy consumption, not 1in the effect of a
singie measure.
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experimental desfgn: the experiment was to be carried out during two

heating seasons., Between the two heating seasons the measures to reduce energy
consumption were to be introduced. During the second heating season the same
measurements as during the first one were to be performed.

measures to be taken: the balancing of the heating system consisted of

- presetting all values to calculated values

- establishing the flow in main distribution pipes by direct measurements

- checking the water distribution to terminals by measurement of pressure
differences

- post adjustment in rooms where the obtained temperaturé deviates too much
from the desired value to be acceptable

- instruction of the operator of the heating system,

Corresponding measures were taken for ‘the balancing of the ventilation
system. A calculation was made to determine how to preset radiator valves and
flow circuits. Data from the measurements during the first heating season were
used Tfor this caiculation and for a determination of optimal values of rate of
ventilation and supply air temperature.

measurements: one hour average values of indoor and outdoor temperature,
waterflows and temperatures differences for radiators, electric energy for the
preheat{ng of the supply air, consumption of domestic electricity and hot tap
water were to be recorded. Arrangements were made to obtain metorological data
from a nearby airport. .

Due to the previously noticed large temperature differences between‘ the
upper and lower part of the building, it was considered useful to obtain a value
of the average indoor temperature for these two parts of the building
separately. The estimated varjation of indoor temperature between flats
belonging to one of the two building parts was estimated to 2 K. It was judged
sufficient to determine these two average values with an error of 0.5 K.
Therefore, the temperature was measured in 8 flats in each of the two building
halves {see App. III).

course of investigation: during thé first heating season the measurements

were performed as planned, When the water distribution to the heaters was
checked, it was found that the radiator valves had been préset to other wvalues
than planned due to a misunderstanding of the instructions. This was corrected

]
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and during the autumn the temperature of the suppiy water and the supply air was
gradually reduced, Thereby the occupants were given the possibility to adjust
to the new indoor climate. Not many complaints from the occupants were received
during the first few months of the heating season, When checking data, it was
observed that the indoor temperature of some flats was much jower than expected.
It was found that the cause of this was that, in these flats, thé temperature
sensors had been positioned on the exterior wall.

After some unusally cold days an increase of the indoor temperature and of
the temperature of the supply water was noticed. When investigating the cause
of this, one found out that the manager of the heat plant had received many
complaints aboyt toe low indoor temperatures during the co]d period and
therefore had raised the temperature of the supply water on his own initiative.
This was accepted for the rest of the heating season.

data treatement: all data from the measurements were used as input to a
computerized model of the energy balance of the building and the heating system
of the building. This model needed as input, among other things, data on solar
radiation. Data of this kind from the nearby meteorolegical station were used.
It was possible to conclude that the measures which had been taken had resulted
in a reduction in the energy consumption. The difference in temperature between
different flats had decreased substantially.

comments: at several occasions there was a risk that the inyestigation
could be jeopardized, by unforeseen events, Due to a continous evaluation of
ObtaiHEQ data these accidents couid be observed in time and corrected for, The
gradual Towering of the temperature probgb]y minimized the number of complaints,

* In this investigation the use of a computerized model was justified because
of . the complexity of the object and the measures taken, even if the cost turned
out to be rather high,

4



CHAPTER II d

Test- reference experiments

Contents
- description of the test- reference experiment P II d- 1

- example 1 p. Il d- 3 |

- example 2 : p. II d- 4§



II d-1

I1 d Test- reference experiments

- description of the test refence experiment

Like the before- after experiment, the test- reference experiment can be
applied to the study of most retrofits. When the test- reference experiment is
performed, one must have access to at 1east'two buildings., One of them (the
test building) 1is retrofitted, the other one {the reference building) is not.
The energy consumptions of these two buildings are to be compared. It is

obvious that, apart from the retrofit, they ought to be as similar as possible
" in all respects, In practice this will seldom be the case. Therefore one will
have to compare the energy consumption before the retrofit {(the calibration
phase} and after the retrofit {the comparison phase}. It s of. course alse

possible to use several test and reference buildings. Exactly how many will be
required is determined by the expected magnitude of the retrofit effect (see
App. 11}, '

That the buildings should be as "identical" as possible means that they
“should have the same geometrical properties and be of the same constructional
type, Their orientation and the behaviour of their occupants should be the
same, Their surroundings and exposure to the outdeor climate should also be
similar.

Minor differences between the buildings, 1ike the internal distribution of
rooms, can be accepted if a calibration phase is included in the experiment., A
similar exposure to the outdoor climate can be achieved if the buiidings are

situated c¢lose to one another, The remaining climatic differences may then be
due to, e.g., different shading or different shielding from the wind by the
neighbourhood. These ‘microclimatic differences will in general be easier to
handie than the climatic differences if the buildings are not situated in the
same climatic zone. '

The calibration phase serves to determine the difference in energy
conshmption between the two buildings before the retrofit. This difference
should be determined in such a way that the result is statistically significant.
If only two buildings are used, their energy consumption must be known for a
sufficient number of yedrs to determine the average difference in energy
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consumption and its scatter. Alternatively one can use a sufficiently large
sample of buildings to achieve this result. If one knows the reason for -the

observed difference of the energy consumption, and one can express this
information in & quantitative form, a model describing the energy balance of the
buildings can be wused. The observed difference in energy consumption must of
course be put in relation to the expected retrofit effect (see App. 1I).

What has been said above about the calibration phase applies also to the
following comparison phase. If the test building was not retrofitted, its
energy consump;ion would be that of the reference building minus the observed
difference during the <calibration phase, Hence, any observed deviation from
this value can be attributed to the retrofit. To reduce the effect of a change
in the behaviour of the occupants, assuming that such a change will be

diminished in time, it is often convenient to include a "“running- 1in and

learning" .period before the calibration phase, a period in which the occupants

are given the possibility to get used to the retrofitted building.

If properly performed, the test reference experiment should have the
following advantages:

- independence of the climatic conditions

- independence of the building character%stics

- the observed change in energy consumption depends only on the retrofit
(including the reactions of the occupants]

- c¢an sometimes be performed in a single heating season if the scatter of the
observed difference in energy consumption of the test and reference buildings
is small before the retrofit

- Example 1

type of object: two multi- family residential buildings of the same
design, with the same orientation, built in the same year and situated close to
one another, . . '

atm of experiment: to determine the effect of the installation of

thermostatic radiator valves on the energy consumption
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experimental design: a direct comparison of the energy consumption of the

two buildings s to be performed '
measures taken: no other measures than ‘the retrofitting of the test
building were taken

measurements: data on the energy consumption of the two buildings for the
five heating seasons preceeding the retrofit were collected, These five heating
seasons then define the calibration phase., Data on the energy consumption of
the heating season foliowing the retrofit were also to]Iected and this heating
season then constitutes the comparison phase, The result of these measurements
are given in Table Il d-l1. To facilitate a comparison ihe data have been
normalized in such a way that the average energy consdmption of the reference
building during the calibration phase has been set equal to 100. No other
measurements than those of the total energy consumption were performed.

course of investigation: al! measurements were made a posteriori,

data treatment: from the data of Table II d-1 one noticed that the energy
consumption of the reference building was 2 % lower during the comparison phase
than during the calibration phase, The corresponding number for the test
building was 1.5 %. One therefore concluded that the effect of the retrofit was
negative. '

comments: one first notes the relatively uniform energy consumption of the
reference building during the calibration phase, The spread is very small. The
energy consumption of the test bﬁilding varies more; the spread is four or five
times larger than for the nominally identical reference building, The reason
for this ought to be investigated. Is 1t‘ due to change of occupants, have
adjustments been made to the heat plant of the test building, er is the heating
system of this building not balanced? The average and the spread of the
difference in energy consumption between the two buildings during the
calibration phase are of the same size, 4.8 and 3.8 respectivély. The observed
difference during the comparison ‘phase, 4.3, is therefore not statistically
significant and no conclusions in either direction can be drawn. Dne would
prbbabTy have to inciude several heating seasons in the comparison phase before
any conclusions can be drawn, /
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TABLE II d-1

Energy consumption of the buildings

Heating season Reference building. Test building Difference

1 101.2 90.4 10.8

2 100.3 94,2 6.1

3 99.2 99,9 -0.8

4 99.8 94,7 5.1

5 99,5 96.8 2.7
Average of
calibration phase 100,0+-0.7 95.2+-3.1 4.8+-3.8

6 98.0 93.7 4.3
{comparison phase) '

- Example 2

type of object:two groups of single and double occupancy flats for old
people. The total number of flats is 56, One of the groups consists of 24
flats of @ "medium” or “low™ insulation level. The other one consists of 32
flats of a “high” or “medium” insulation tevel. The distance between the two
groups of flats is about ten km. All f]ﬁts form part of two- storey blocks of a
heavyweight construction. The installed heating systém consists in electric
radiant ceiling panels with a thermostatic as well as a time control which can
be operated by the occupants. However, only a small fraction of the occupants
used the installed heating system as the only means to heat their dwellings.
Instead, most occupants used auxiliary electric devices for heating. Some used
only devices of this kind. The occupants used only electricity for hot water
generation and cocking. A1l flats are of a similar size and layouf. Half of
the two- person flats were occupied by only one person.
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aim of the experiment: to determine the effect of the insulation level of

the flats on the consumption of energy for space heating.

experimental design: to facilitate the analysis of the data the flats were
divided into four classes: ' '

1) one persoﬁ flats from group one, insulation level high

2) u ‘n " " " tWo a " med ium
3) two " ! " " one " * medium
4) " " 1 n " two " ] Tow

By making the appropriate comparisons between the four classes of flats,
the effect of the site, of the size of the flat, and of the insulation level on
the energy consumption can be determined,

measures taken: as both groups of flats existed when the investigation
started, the effect of the retrofit had to be evaluated by a direct cpmparisoh
as described above, and no additional retrofitting was performed.

measurements: the total electricity consumption of each flat was measured
weekly during one year. The indoor air temperature of the living room, bedroom,
and kitchen of each flat was recorded every hour, and so was the external air
temperature at the site of both groups of buildings, The global solar radiation
was also recorded at both sites. Im addition to these measurements, data on the
external air temperature, sun hours, and wind speed were obtained from a
meteorological station situated about fifteen kilometers from both sites.

A survey of the tenants was made. They were asked about how much time they
spent at home and what use they made of hot water and electricity fof cooking.

course of investigation: the occupants of six flats objected to the

installation of sensors 1in their flats, thus leaving a sample of fifty flats,
In some flats there were gaps in the occupancy, change of occupants, and
measurement equipment brekdowns, This meant that only for part of the flats
there was a continuous time- series of measurements,

data treatment: the time resolution used in the analysis of the data was

~ one week . Even if the measurements went on for one year, only data from weeks
belonging to the heating season were used in the analysis. The weekly average
of the measured variables was calculated for each class of flats. Due to the
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incomplete dataset, it was necessary to apply some criteria for the inclusion of
data from a certain flat in the calculation of a class average, To include a
flat in the analysis it was judged necessary that temperature as well as energy
consumption data were available for at least two thirds of the weeks. For the
calculation of a weekly average for a class it was required that data from two
thirds of the flats belonging to the class were available for the week in
question. These demands reduced the number of flats considered 1in the final
analysis to 42, with about ten in each of the four classes, From the above also
follows that the number of flats for which a weekly class average was calculated
could vary somewhat from one week to another.

If the external temperature or the solar radiation data were missing for a
certain period at one of the building sites, an estimate of the missing data was
made so that the period could be included in the final analysis. These
estimates were based on a linear relation, determined by regression analysis,
between, on one hand, the external air temperature at the building site and that
at the meteorological station, and, on the other hand, between the gbserved
global solar radiation at the building site and the number of sun hours recorded
at the meteorological station. This procedure was judged to be reliable because
of the relative vicinity to the meteorological station and the good correlation
obtained in the regression analysisT

In the final analysis of the data a linear model was used, taking into
account the combined fabric and heat losses {Hloss), the electric energy used
for space heating (Hel), the electric energy used for domestic appliances
contributing to the heating of the dwelling (Happl), the metabolic heat from the
occupants (Hmet), and the contribution to the heating of thé dwelling from the
solar radiation {Hsol). It was assumed that the combined fabric and heat lasses
were proportional to the indoor- outdoor' temperature difference aT, with a
proportionality constant CT, or Hloss= CT*AT. It waﬁ also assumed that the
contribution to the heating from solar radiation was proportional to the total
global solar radiation Qsol, with a proportionality constant CQ, or Hsol=
CO*Qsol. The model can fhen be written as: o )

CT* AT= Hel+ Happl + Hmet + CQ* Qsol

The entities Hel, Happl and Hmet were calculated as described below. It was
observed that, for all classes of flats, the total electric energy consumption
decreased linearly with the outdoor air temperature up to a certa2in temperature,
Above this temperature it remained constant, and there was a constant base load
of electric consunption, Hbase, This base load was interpreted as the electric
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energy used by electric appliances.

It was then assumed that the difference between the total consumption of
electric energy and this base load, Hbase, constituted the electric energy used
for space heating, Hel, "From the base load, Hbase, one also estimated the
contribution to the heating of the dwelling from the energy used by appliances,
Habpl. From the survey of the occupants .one could estimate that about one third
of the energy used for appliances was used for hot water generation, one third
for cooking, and one third for lighting and other uses, Ohe also estimated that
302 of the energy used for hot water generation, 75% of the energy used for
cooking and all the energy used for other purposes contributed to the heating of
the dwelling. One c¢ould thus deduce that 68% of the electric energy used by

“appliances contributed to the heating of the dweliing, and this amount of energy
was fdentified with the term Happl of the model, i.e, Happl= 0.68*Hbase.

From the survey of the occupants one also had information about how much
time they spent at home, Assuming an average metabolic heat rate of 80 W the
term Hmet of the model could be estimated.

As the entities AT and Qsol of the model were known from the measurements,
the parameters CT and CQ of the model could be determined by a fit to data by
use of regression analysis. This was done separately for each of the four

"building classes.

Comparing the differences between the Qalues of the parameters CT obtained
for the four classes, it was found that these differences agreed reasonably well
with the differences between the theoretically estimated U-value*area of the
flats. This would then mean that the theoretically higher insulation level had
'been achieved also in practice (provided of course that the infiltration rate of
. the four building classes was the same, which was never checked). This was not
a trivial finding as the estimated effect of a better insulation would have been
much lower if one had compared only the total energy consumption, The reason
for this difference in interpretation could be ascribed to a higher averége
indoor temperature of the better %nsh]ated flats, and a possibly more efficient
way of taking advantage of the incidental heat gains from solar radiation and
energy used by domestic appliances.

It was the conclusion of the experimenters that the theoretically
calculated , effects of an increased insulation on the thermal losses could be
verified, What the effect on the total energy consumption would be in other

~
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buildings could not be estimated. For this one needed more information about
how the incidental heat gains were used.

comments: one should first note the reduction of the sample size for
different reasons. In this case only 75% of the original flats could be used in
the final analysis, This is something which often happens in experiments of
this kind. The griginal intention of the experimenters was that each class of
flats should be great enough so that the effects of occupancy could be
neglected. Now each class finally consisted of only about ten flats, which may
be too small a number to neglect the effects of occupancy.

Two parameters were estimated, CT and CQ, in the model, being constants of
proportionality of the terms containing respectively the indoor-outdoor
temperature difference AT, and the total solar radiation Qsol. There is often a
strong correlation between the outdoor air temperature and the amount of solar
radiation, Estimating the value of these two parameters may therefore be a
dangerous procedure, because CT and CQ may not be independent. The model can
repraduce the experimental data equally well if the values of CT and CQ are baoth
increased or decreased.

The conclusions drawn by the experimenters rely to some extent on the
assumption that the air infiltration was the same for all the four classes of
flats. It would probably have been an advantage if this assumption had been
checked,

Despite these shortcomings, the experimental design was in this case rather
ambitious and reliable, and it is therefore highly probable that the results of
the investigation are reliable too,
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11 e Simuiated occupancy experiments and Movers and stayers
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- simulated occupancy experiments

The retrofit effect of energy conservatipn measures has been defined (see

_App. 1) as the change in energy consumption which is imputable strictly to the

retrofit, This change is due to the improvement of the building or heating

system perforhance, but it will also, as a second order effect, be influenced by
a possible change in the occupants habits™ in consequence of the retrofit.

As already seen in the previous chapters, the comparison of the energy -~
consumptions in two-buildings {test-reference experiments), or in two different
heating seasons (before-after experiments}, will in general produce a result
which differs from the retrofit effect, This difference is in B-A experiments
mainly due to varjations of the weather from one heating season to another, It
is mainly due to occupancy differences in T-R experiments., However, while a
fairly accurate correction is possible in B-A experiments, when a relatively
small number of meteorological quantities’ are measured, in T-R experiments such
a correction would require the monitoring of a great number of activities
performed by the occupants. This kind of approach therefare has te be rejected
in many cases because of technical and economic difficulties. A better wa} of
reducing the error in these experiments, (see <ch, II d) is to perform a
calibration before the measurement campaign, assessing the relevant differences
between the occupants of the two buildings.

A good solution is Lo choose the two buildings in such a way that their
energy bills have been the same in the bast and there has not been a change in
occupancy., A slight wvariation of occupancy can still occur between the
calibrat%on period and the measurement period, and possibly to a certain extent
spoil an experiment which is Jikely to be expensive and time consuming.

To avoid this risk, simulated occupancy can be used in, e.g., T-R
experiments, Actually, when the two investigated buildings are both equipped
with an apparatus simulating the energy-related activities of the occupants, the
"noise", produced by the presence of occupants, of the measurement will be
suppressed. ’
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There would also not be any "noise" if the presence of occupants were not
simulated at all, but this procedure leads to results ' that cannot be
generalized. Moreover, the utility of the experiment itself will then become
disputable since the results could be more easily obtained by means of a good
computer model! of the building energy balance. On the contrary, simulated
occupancy does not eliminate the influence of occupants on energy consumption,
but will rather allow its control. The main drawback of this method is that it
will not provide any information on human behaviour, but it will rather require
such information as input. It will not enable the experimenter to investigate
the second order retrofit effect (see ch, II a}, unless the simulation can be
influenced by some feed-back mechanisms based on physiological indexes, such as

illumination, thermal comfort or noise indexes,

This kind of simulation requires that the physiological indexes can be
objectively determined and measured; and that the relation between these stimuli
and people”s reactions can be assessed. This 1is the weak point of such a
procedure, besides its technical feasibility and cost.

Summing up, the use of simulated occupancy in T-R experiments presents the
following advantages:

a reliable separation of the building effect on the consumption of energy

from the weather and the occupancy effects

- the repeatability of the experiment .

- the easy adjustment of the simulated occupancy if one wants to perform a
parametric study of its effect on the consumption of energy

- the easy monitoring of the octupancy, since the equipment for simulation
will be electrically driven {(see ch., IV d)

- the establishment of “standard occupancy schedules" makes it possible to

compare results from different experiments. It must be mentioned that this

jdea has already been used in cases when the relation between subjective

physiological behaviour, and objective physical -quantities had to be

established, like the_"étandard eye” in illumination and the "standard ear"

used in acoustics., '

1

On the other hand, the disadvantages are the following:
- the loss of information on actual human behaviour, and its variation due
to energy conservation measures
- the technical and economic difficulty of constructing simple schedules
which do not consist. of stereotyped preset trains of activities, but are
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dynamic and inc1ude a feed-back mechanism simulating physiological stimuli
(see ch. IV d) ’

- the extra cost for the rent or purchase of the dwellings, that cannot be
occupied by actual residents

- the extra cost for the purchase of the simulation apparatus,

- movers and stayers

When a study of the enérgy consumption is performed on a number of singie
family dwellings, there wiil often be some houses that have changed ownership
during the measurement period. Data from these houses are generally excluded
from the collection of data before the final analysis of data is performed. .

A method has been advocated how to retain these data so that they can be
used to shed tight on the 1influence of the occupants on the total energy
consumption of the house (Sonderegger 1977). One then assumes that the
variation of energy consumption between nominally identical houses can be

ascribed to one of two factors:

1) wvariation is due to .occupant behaviour

- 2) wvariation is due to differences between nominally identical buildings
(e.g. differences due to building damage or to bad workmanship during
the erection of the building).

The houses are divided ihto two categories, one consisting of houses where
a change of cwnership has occured and the other of houses where it has not. The
latter category serves as a controel group. The energy consumption of one
heating season is then compared to the energy consumption of a second one.

‘ If energy. consumption s mainly determined by the properties of the
building structure, the difference in energy consumpticn would be expected to be

‘the same for the two categories of houses. If energy consumption is mainly due
to the behaviour of the occupants, one woﬁ]d expect a smaller change in houses
belonging to the first category than to the second one, In reality one has to
make corrections for differences in the exterior climate between the two heating
‘seasons.
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If this method is to be applied, the only required data are the total
energy consumption of two heating seasons, and data about where and when there
has been a change of occupants. HWhen this method was first applied (Sonderegger
1977) it was found that about two thirds of the variation in energy consumption
between nominally identical houses could be ascribed to the behaviour of the
occupants,

When this method was applied to.lo years of collected data from a set of
nominally identical Swedish SFD (Lundstrom 1980), no correlation was found
between the energy consumption of two consecutive years if there had been a
change in ownership. There was, however, a very good correlation for houses
having the same occupants, )
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App. II The probability of a retrofit effe;t

- general introduction

The aim of the experiments we are dealing with is to establish fhe average
effects of energy conservation measures (retrofits) in a population of
buildings, The first source of error is the design of the experiment itself,
Whenever information, due to only a small number of variables Seing measu}ed'
{for example, the inside-outside temperature difference and the related energy
consumption over a period}, does not allow the experimenter to relate
deterministically the effect of the retrofit to the building energy budget, the
results should be examined with the help of statistical techniques (Everett,
1981,'SCBR, 1981, Sonderegger, 1978). This approach is particularly suitable in
a test- reference (T-R) experiment, if a large sample of buildings can be used,
but could alsoc be used in before- after (B-A} experiments whenever the
measurement campaign extends over several heating seasons. In these cases it.
would be advantageous if the relation between the number of experimental units
and the precisfon of the estimated retrofft effect was known, This kind of
analysis may lead to the conclusion that the estimate will be affected by such
large errors that ne conclusions can be drawn. In other cases it may lead to
the conclusion that an adequate precision can be reached with a smaller size of
the sample.

When applying the statistical techniques that will be described below, the
underlying assumptions are

1) all systematic errors can be identified and rémoved when chodsing the
the experimental units '

2) the systematic error may be eliminated when calculating the effects
of retrofits. In this case one can make use of the statistical theéry
dealing with random samp]fng and evaluate the problem by means of the
“t-test" (see e.g. Cox 1958, or Kendall and Stuart 1963)

For the estimate of the difference in energy comsumption between two groups
of retrofitted buildings {GR8)} and non retrofitted buildings {GNRB}, define:
= aveﬁage energy consumption in GNRB

Xy
iz = average energy consumption in GRB
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u

number of buildings in GNRB
= number of buildings in GRB

1

3
[+
1

We also need a measure of the variation which affects thé error of the
average retrofit effect R in the population of buildings studied. This is the
so called resfdual standard deviation s.

From prevﬁpus experience the residual standard deviation for occupancy, sg,
{T-R experiments) is known to range from 20% to 30% of the total building energy
consumption (Everett 1981, Sonderegger' 1978), white the residual’ standard
deviation for the weather, based on the seasonal degree-days variation, s, {B-A
experiments) ranges from 6% to 10%.

However, when the two groups of buildings are chosen in such a way that
they have almost fdentical energy consumptions before the retrofit, the residual
standard deviation, due only to variations in occupancy in time and unrelated to
the retrofit itself, will generally be around 10% {Sonderegger 1978). -

The estimated retrofit effect R is defined as:
R =Xy - Xp (App II - 1)
and the estimated relative retrofit effect F is defined as:

r o= 2(Xq - Xg)/{Xy + X3) (App I - 2) :
Assuming that s4 and s, (standard deviations of xq and x5 respectively) are
both close to s, the standard error Sp in the estimate of R is given by:

sg = sv1/ny + 17n2 (App 1II - 3)

and the standard error s 1in the estimate of r is given by:

spo= s/{xg + Xp)x 2 *VI/ng+ 1/n, {App Ii - 4)
For the case when the two sets contain an egqual number of units n, the eq.
App II -3 and App 1I -4 become:

Sp = 25(2/ni/2 \4x1 + xz) . (App II - 5}
sg s(2/n)1/2 ) (App II - 6)
Here, then, two different evaluations can be made:

1) determine from the measurements the confidence interval which for a selected
level of probability {confidence) covers or contains the average retrofit
effect. '
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2) determine, before the experiments are performed, for different probability
levels, the required sample size for some definite length of the confidence
interval. '

- determination of the limits of the retrofit effect

For qualitative evaluations, it can for large samples, be said that;

a) when the estimated retrofit effect is smalier than 1.65 times the standard
error, s, there is no evidence that there is any true difference at all,

b} when the estimated retrofit effect is about twice its standard error, S
there is good evidence (probability level above 95 %) that the difference_
is not zero.

c) when the estimated retrofit effect, Sy is more than 2.6 times its standard
error, there is a strong evidence (probability level above 99 %) that the
true difference is not zero,

For a more significant quantitative evaluation, it can be said that the
relative retrofit effect, r, is situated, at a probability level p, in the
interval (so called confidence interval)

(F = t(pam)* s, 1+ t{pon)* s,) (App 11 - 7)
where
t(p,n) is a function of p and n given 'in Table App II -1

The width of the confidence interval w will be given by:
w=2% t(p,n)* s, {App II - 8)

Example 1. Let us consider two groups of 10 buildings in a T-R .experiment. The
GNRB gives i1=80 Gd/yr, while the GRB gives i2=65 GJ/yr. Then, assuming.s,=20%,

we have: 5,7 0.2+/2710 =0.089 =8.9% and = 2*(80-65)}/(80+65) = 0.207 = 20.7%
which gives 7/s = 0.207/0.089= 2.32. '

As a gualitative evaluation, we are able to say that there is good evidence
that there 1is a difference between the two groups. If we wish a qyantitative
evaluation with a 95% probability level, we will find . that’ t(0.95,10)= 2.26.
Then r 1iés between 0.207- 0.089*2.26 and 0,207+ 0.089*2.26, i.e., between 0.6%
and 40.8%., Similarly, with a probability of 2/3 (67%), the true r lies between
0.207- 0.089x1.03 and 0.207+ 0,089x1.03, i.e., between 11.5% and 29.9%.
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- determination of the sample size

In this case the problem is that of determining an appropriate sample size
for the experiment, leading to a preset length of the confidence interval. From
the eq, App Ii-6 and App II1-8, we derive the following implicit relation:

n = 2x(2*s*t(p,n)/w)?
the salution of which, for p = 67, 75, 90, 95%, is given in graphic form as a
function of 2s/w in fig. App. II -1.

Example 2. Suppose we are planning a T-R experiment assuming, as before, that
So= 20%. We want to achieve a result which deviates at most 5% from the
estimated r with a prebability of 2/3.

We find 2s/w = 4, and from fig. App II - 1 we get n = 31. If this number
is considered too high and, because .the expected retrofit effect is fairly
Jarge, we can accept a larger confidence interval {for example, w = 20%), we
will find that 25/w=é and therefore n lies between 8 and 9.

Similarly, if the two groups had been checked in advance and their pnergy
consumption were very much the same, a lower standard deviation can be expected,
for instance 10%. Accepting, as above, w=20% at a probability of 2/3, we, would
in this case find 2s/w=1 and n=3, .

Example 3. For a 8-A experiment, assuming Sy = 1:5%, we would need about 5 to 6
6 heating seasons in each group in order to get a +-5% confidence interval with
a probability of 2/3, and just 2 if a +-10% interval could be accepted.

As a final comment we want to point out that there are no “recommended"
" values of w and p. However, it appears that the confidence Tevel p should not
be choseh below 2/3, while the length of the confidence interval w should be
fixed, taking into consideration the expected result of the measurement, e.q.,
the smaller the expected retrofi; effect, the smaller w should be taken.
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Fig. App 1I-1.

Relation between sample size n and 2s/w, where
s is the standard deviation and w is the width
of the confidence interval, with the confidence
level, p, as a parameter.

.35
30 / /
25 p=0.95/ [fo90 075 /067
20 / /
15—
/
0
0 1 2 3 4 5
2s|w



App I1-6

TABLE App IT -1

values of t for different probability levels p and sample size n.

95 12.71 4.30 3.18 2.78 2.57 2.45 2.37 2.31 2.26 2,15 2.09 2.05 2.02 1.96
90  6.31 2.92 2.35 2.13 2.01 1.94 1.90 t.86 1.83 1.76 1.73 1.70 1.69 1.65
75 2,52 1.64 1.44 1.36 1.32 1.29 1.27 1.25 1.24 1.21 1.20 1,18 1.18 1.1%
67 1.77 1.28 1.16 1.11 1.08 1.06 1.04 1.04 1.03 1,01 1,00 0.99 0.98 0.97
50 1,00 0.82 0.77 0.74 0.73 0,72 0.71 0.71 0.70 0.69 0.69 0.68 0.68 0.67
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IIIa General introduction and methods of measurement

-general introduction

Part III will deal with instruments, methods, and principles of measurement
that can be wused when evaluating the effect of retrofitting a residential
building. A great number of different methods and techniques of measurement
traditionally wused in.different scientific disciplines can then be applied. If
the investigation includes the monitoring of a residential building, most of the
necessary measurements will consist in a direct measurement of physical
quantities.

Measurements of this kind will here be referred to as direct
measurements,This topic is dealt with in ch, [II b through III f,including the
measurement of

- outdoor climate

- indoor ¢limate

~ thermal performance of buildings

- infiltration

- energy conversion and flow in heating systems

The measurement of household energy and hot tap water, how to complement
direct measurements by information on the behaviour of the occupants when,
monitoring a residential building, and performing simulation studies is dealt
with in Part IV. Part III ends with ch. III g dealing with data acquisition
systems and installation rules. .

[f an invesqigation invoives a Targe number of buildings it will net be
practical- or possible- to monitor all of them, Instead, the direct
measurements will consist only of the measurement of the total energy
consumption. The evaluation will then be performed using group comparison, To

generalize the results of the energy measurements, one will in general want to
classify the studied residential buildings according to some simple building
characteristics.Background data for this classification must then be collected.
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Several methods can be used for the collection of data on the behaviour of
occupants - and data on statistically meaningful building characteristics. These
methods ifnclude observations, survey techniques and wuse of archive records,

Under other circumstances it may be advantageous to use experimental methods.
This may be the case, e.g., if one wants to study the behaviour of a building,
simulating the influence by the occupants, instead of performing experiments
with occupants in the building {see ch. Il e and IV d).

If one wants to use existing data on behaviour and attitudes of occupants
in residential buildings, and place any reliance on information of this'kind,
one should be able to judge the adequacy of the research behin& it by evaluating
the reifability of the research design, and by judging its applicability to.the
issues being confronted. In princ%p]e there are no differences between the'
demands on the methodology used when collecting data of this kind and the -
demands when performing, e.g., physical measurements. The terminology used to
describe the procedures is the same. It is .the data gathéring techniques that
are different. The usual demand for objectivity, reproducibility and validity
in a scientific investigation must always be fulfilled. Of these demands it is
often the one for va\ﬁditj that is most difficult to fulfil. Intraductory
articles on how to obtain and use behavioural information can be found in Lang-
Burnette- Moleski- Vachon (1974}, The use of observational techniques and data
gathering from archives and records is described in Webb- Campbell- Schwartz-
Sechrest (1971}, ’

- relation between measurements and model

When the aim and design of the experiment have been decided and a model
describing the energy flows of the building has been chosen, one has to
determine what measurements are to be performed.

If the model describes the energy balance of the whole building or a
component of the buiiding, it will contain terms, each representing a particular
energy flow, the sum of which is zero. Examples of such energy fiows are given
in-ch. II a.

Some terms will represent a directly measured energy variable 1ike the heat.
output from the heating system or the electric household appiiances. Other

‘terms will contain one or more building parameters {physical properties of the
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building) aleng with variables. An example of this'is a term representing the
conductive heat flow through a building component, being the product of the
" transmittance (the “U- value) of the component (a parameter), and the
temperature difference across the component (a variable).

It is then clear that the determination of the energy flows will involve
the measurement of directly measurable energy flows, other variables and
parameters.

Assuming that the values of all parameters are known, a straightforward
measurement of an energy flow can be performed in two ways:

1) a measurement of one energy variable only
2) a simultaneous measurement of several variables

1) In many cases it is possible to use a sensor which can directly measure
the energy variable. An example is a Watt hour meter recording the electric
consumption by electric domestic appliances.’ -

i

2) Sometimes the determination of an energy flow has to be performed by a
simultaneous measurement of more than one variable and a calculation of the
energy flow from the value of these variables. An example is the determination
of the net energy oufput bj a water heating system. The water flow and the
temperature difference between the feed and the return water can be measured
separately, From this the energy flow can be calculated,

If an energy flow term contains parameters of the model as well as

variables, the variables will in most cases have to be measured directly. These
variables can be, e,g., the outdoor air temperature, the amount of solar
radiation, the wind speed, the air pressure difference across the building
envelope, indoor air and surface temperatures, the temperature of the hot tap
water, the rate of air exchange, the amount of cold tap water consumed, the
degree of shielding of windows etc.

A numerical value will also have to be assigned to the parameters of the
model. This can be done in various ways:

1) the parameter is already known
2) the parameter can be directly measured

3) the parameter is determined by a fit to data
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1} The vatue of the pérameter can be assumed to be known from previous
experience, from laboratory measurements, from construction data of the building
etc. Some examples are: the constant term of a degree- day model, representing
the '“free heat", can be assumed to be known from previous measurements on
similar butidings. The U- value of windows can be assumed to be krnown from
laboratory experiments. The rate of air exchange produced by a mechanical
ventilation system or the window area can be inferred from construction data.

2) The parameter can-be determined with a single or a few measurements.
Some examples are: the U- value of the exterior walls can be determined using a
heat flow meter. The exterior wall area can be determined with a single
measurement. The average heat capacity of the building can be determined by
letting the internal temperature drop when the heating system is shut off.

3) The pérameter c¢an be determined by a fit to experimental data once all
‘measurements have been performed. Some exampies are; the slope of the
internal- external temperature difference term in a degree- day model,
representing the average U- value of the building envelope. When the
infiltration rate has been assumed to be proportional to the wind speed, the
proportionality constant can be determined by a fit to experimental data if the
- U-vé]ue of the external>wall is known, The case when the amount of solar
radiation through the windows has been assumed proportional to the solar
radiation, incident on the exterior wall, can be treated in an analogous way.

What has been said above about parameters can in some cases apply also to
variables., Sometimes the temperature of the ground or the "internal air
temperature can be assumed to be constants and treated as parameters.

The choice of the model wiil also have implications for the measurements
other than those mentioned above like:

1) the time resolution of the measurements

2) the resolution and precision of the measurements

3) the accuracy of measured entities

4} the possibility of comparison with other experiments

5) the storage of data

1) The model will determine the time- resoluticn of the measurements., This
may vary from one hour or tess for dynamic models up to one month or one heating
season for a degree- day modei. All variables should, if possible, be recorded
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with the same time- resolution. It is, however, necessary to perform the
measurements for rapidly fluctuating quantities more frequently than indicated
by the time- resolution of the model, But it should also in this case suffice
to store data averaged over a time gi#en by the time resolution of the model.

2} The measurement precision and resolution should be consistent with the
model and- the model should of course in¢lude only factors that can be estimated.
An example: the model contains the heat flow across the external walls and also
that through the ceiling, If both the U- value of the .exterior walls and that
of the ceiling are to be determined from the data, it will be necessary to
measure the temperature difference across the exterior walil as well as across
the cefling. If these two temperature differences are strongly correlated, it
will not be possible to estimate the difference befween the two U- values. This
will then necessitate a revision of the model,

If one of the energy flow terms of the model is associated with a large
error, this will have implications for the demand of resolution and precision of
the measurement of variables and parameters contained in other terms. It will
not make any sense to require a too good accuracy or precision of these
measurements if the error of model calculations is anyway determined by the term
with the largest error. This error must in any case not exceed the required
maximal error of the model.

3) The accuracy of the measurements of the variables has to be determined.
Many models contain the “indoor- outdoor temperature difference".  But the
indoor temperature may vary from place to place inside the building. The air
temberature in a room may differ by several degrees between two points in the
room, The temperature of the building masonfy is different from that of the
indeor air and does not have the same time constant. It is therefore 1mportant'
how, and where, in the building the "indoor temperature" is measured if the
wanted maximal error of the model is not to be exceeded.

4} If the results of the measurements or the results of the experiment are
to be combared to results from experiments in other buildings, it is important
that the variables have been measured in the same manner. This demand can never
be completely fulfilled in practice, as no two buildings are identical.
However, one should always try to perform the measurements in an identical way,
at least if the same model is going to be used
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5) The design of the experiment and the model will determine how the data
are to be analyzed, It is then an advantage if the results from the
measurements are stored in such a way that this task is facilitated, It is aiso
En advantage if already before the measurements start one knows how the results
of the experiment are gbing to be presented. Data can then be stored in such. a
way that the amount of work is reduced.

What has been said above about measurements shduld not be regarded as a
one- stage process, There should be a feed- back to the previous stage of
design of the experiment and choice of the model. Some measurements which haye
been planned may turn out to be too expensive. If it is not possible to perform
measurements with an accuracy and a precision demanded by the model, this will
have to be changed. ' '

- measurement methods

i) direct measurements

If applicable, direct measurement is generally the method to be preferred.
It is often more objective than the other techniques discussed below. Even if
error sources are inherent alsg in this method, the resulting errors are often
small compared to errors when another data gathering technique is used.

"Using direct measurements it will be possible to achieve a break-down of
the end use of energy in a residential building. Measurements of this kind can
also be performed with a very small resolution in time, e.g., one-hour averages
can be recorded.

The maximal error that can be allowed in the measurement of variables and
parameters will 1in general be given by the demands on the model, which in its
turn are determined by the aim of the investigation. What is interesting is
then not the accuracy or resolution of a single sensor, but the resulting error
of the sensor, data acquisition system, data storage, and data handling
procedure. Before being implemented every data acquisition system shouid be
evaluated to ascertain that it fulfils therfollowing requirements (see also ch,
II1 q):

1) the system accuracy is sufficient to meet the aim of the investigation and
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more specifically the demands of the model

2) the reliability of the system does not lead to unacceptable loss of data

3} there are no unnecessary processing of inordinately large amounts of data

4) the system is maintainable by the available staff

5) the complexity of the system is compatible with the training and experience
of the staff _

6) the time schedule for the installation, debugging,calibration and processing
of the data is realistic

7) the important variables being monitored are easily verifiable in the field

8) the redundancy of the system is sufficient for the purpose of the experiment

Other important questions than technical enes also have to be considered.
These have to do with the interaction between the occupants.and the measurement
system. Some examples are: what are the relations with the landlord, occupants
and the ‘caretaker of the residential buiiding? Will the sensors be disturbed by
the occupants? (Can the caretaker be asked to survey the measurement system and
‘report malfunctions? Can the caretaker or the occupants be instructed not to
change the function of any component of the building that is being studied?

The answer to these and other questions have to be found before the
experiment ‘starts. It will give the monitoring crew the necessary information
for the choice of the monitoring equipment and the set up of the measurements.

i1) observations

Observational methods have traditicnally been used to observe the behaviour
of the occupant in social studies, Of more interest here are observations
related to the energy consumption. An example is an energy audit -performed 1in
order to qualitatively assess the energy status of a building using, e.q.,
thermographic methods to observe surface temperature differences on a wall,
Another example 1is 'the observation of the quality of craftmanship when a
retrofit is implemented. This information may be useful to explain disagreement
between the calculated and the actual energy saving. Another example is
counting the number of open windows of a residential building in order to relate
it to the exterior or the interior air temperature. Only little effort has so
far been spent in this direction.

From these examples it is clear that observations are not always of a
qualitative nature. They can sometimes be quantified. Observation is therefore
an alternative to direct measurements especially if a continvous monitoring is
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not necessary,

A drawback of ‘observation is that it 1is often an expensive and
time-consuming method. "If the observation involves cbserving an obcupant, the
interaction between the observer and the occupant observed is often
uncontrollable. it is difficult to know to what extent the presence of the
observer influences the behaviour of the occupant. '

Observations are more reljable than survey techniques in gathering
information about the accupant™s actual behaviour. @bservations_ give the
possibility of recording and measuring the occupant”™s behaviour in his usual
environment.

iii) survey techniques

Survey techniques include the use of interviews, diaries and
questionnaires, Any of these can be used as an instrument to obtain information
about the attitudes, behaviour and habits of the occupant related to the energy
consumption. Data on, e.g., the occupant™s use of household eguipment,
frequency of taking baths, or window opening habits are often not very reliable
due to unreliable estimates by the occupant of his own habits and behaviour.
Using these methods it might be possible to obtain more reliable i{nformation
from the occupant about his habits of dressing at home {see chapter I c¢}.

The jinterview isa quick way of gathering information. It is flexible and
can be carried out at the occupant™s home or by telephone. [nteryiews by
telephone have thesadvantage that the respondent c¢an tell about his actual
behaviour just before the interview. He does not have to remember. Compared to
many other techniques it is possible in an interview to maintain a better

control of the sample and less effort on the part of the respondent is required,

Questions can be closed or open, In closed questions the occupant has to
choose bLetween a number of categories. In open questions the occupant is
allowed to elaborate updn his response, In this case the interviewer can give
additional questions to clarify the response of the occupant., The skilled
interviewer can estimate the validity of the answer and obserﬁe how the
information i§ given,
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The interviewer”s task is not oniy to present and record questions, but
also to .elicit accurate and unbiased information, To do this he has to
establish cohtact with the occupant, be personable and demonstate an appropriate
level of interest. He must Jlead the interview and not let it digress into
irrelevant discussions.

An alternative to interviews is to let the occupant keep a diary.. He is
then instructed to write down when and where he performs some specified
activities. This method can give accurate answers to gquestions about the
behaviour and habits of the .occupant. The drawback of this method is that
keeping a diary can get rather boring after a while. The occupant should not be
asked to perform this task over a prelonged period of time, This method has
often been used in time-budget studies (see e.g. Szalai 1972}. A discussion of
the advantages and drawbacks of the use of diaries in energy-related studies can
be found in Walker-Stafford-Hildon (1982).

Using questionnaires is an inexpensive method which enables the researcher
to obtain information from a large number of people. Is is less time-consuming
to administer a questionnarire than to conduct an interview. When a
questionnaire 135 wused, the situation is more uniform. The information can be
coded and permits comparisens between indfvidgals. The respondent can be given
the possibility of remaining anonymous,

Questionnaires must contain specific instructions on how the form is to be
used and how the questions are to be answered., The layout should be clear and
legible, The questions have to be as unambiguous as possible, stated in simple,
terms. Each question should be clear and readily understood by all respondents.
A1l available alternatives of answer should be presented. MWoerdings which are
emotionally Toaded or Jleading should be avoided. Questions should not be
grouped so that a tendency to respond in a particular way is developed. - The
gquestion should. be used to communicate, not educate.

There exist ready-made sets of questions intended to cover a large set of
possibie purpeses of investigations of this kind. An example of questions asked
in a national survey on household activities including aiso questions relevant
to the energy consumption in domestic dwellings can be found in Newman and Day
{1975).,
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In any case, survey techniques should not be Used without consulting
experts,

iv) use of archives

" Data collection from archives include, e.g., the collection of finformation
on the energy consumption of a residential building from the sales records of an
oil distribution firm. It can also include the collection of data on the age,
size, and other building characteristics from an official estate office or from
the records of a real estate agent.

Compared to survey techniques this method has the advantage of
nonreactivity. Even if there may be substantial errors in the material, it is
unusual to find masking (e.g. introduction of false records} of data because
the producer of the data knows that his records will be studied.

There are two major sources of bias in archival records - selective deposit
and selective survival. Selective deposit here refers to e.g. the fact that
the record- keeper may choose between different ways of recording or presenting.
the: data, ©Data on a residential building taken from a municipal tax record may
also be erroneous simply because the owner of the building has given false
information to the tax office,

Selective survival is wusually a problem assoctated with old records.
Sometimes official records are cleansed from "unnecessary” information., Some
data will be kept, some will be thrown away. This may lead to the effect that
the remaining data are no longer representative of the original population.

4

v} laboratory comfort measurements

An example of experimental methods is the use of ﬁsycho— physical
laboratory techniques to study the comfort of an occupant for different indoor
temperatures.

Experimental methods have for many years been used in psycho- physics to
determine the human level of comfort when exposed to different combinations of
air temperature and heat radiation and sometimes also humidity and air velocity,
given the clothing and the activity. The optimal-level of comfort when varying
indoor climate variables mentioned above is well-known under certain
‘circumstances (see chapter I c),
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This can be used to predict the energy used when the occupant is performing
certain activities. Assume that the occupant is resting in an indoor
environment 'of optimal thermal comfort. If the indoor air temperature starts
rising, he will try to lower it when it has reached the upper limit of the
temperature interval where he feels comfortable. He will try to restore -the
temperature to its previous level. Whether this is to be done by shielding from
solar radiation, opening a window or some other activity will depend upon the
circumstances - and will in general not be known, However, a Tower limit for the
change of the energy balance caused by this activity is given by the difference
in  heat content of the air and this can be calculated. It will only be a Tower
1imit because if the activity involves airing out over a prolonged period the
amount of energy consumed will be larger.

The operation of shutters and blinds can also to some extent be predicted
using a similar method. Suppose windows are covered to shield from solar
radiation. If the indoor illuminance falls below an acceptable level blinds or
curtains will be operated upon by the occupant to allow an increased penetration
of light from the outside. However, in this case the occupant may choose to
switch on the lighting instead of operating the blinds,
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IIT b Outdoor climate measurements

- general introduction

Knowledge of the outdoor climate is of primary importance to establish the
energy budget of buildings. A description of how meteorological factors affect
energy consumptions of buildings is given in ¢h, 1 b.

The measurement of outdoor climate is an. important task in many different
fields of science. and applied science, However, all factors are not equally
important in each of these fields. Since the major meteorological stations are

used as a support to air navigation, measurements performed at these stations
will mainly yield data useful to air navigation. As a consequence, it will not
always be possible to find, among the data recorded at meteorological stations,
the data which can be used to assess the energy balance of buildings, and
vice-versa,

Furthermore, the weather at the meteoroiogical stations will generally be
different from that at the building site. These data are not dalways available
in such a form that they can be used for experiments on buildings. For these
reasons it is sometimes advisable to place a station for meteorological
measurements close to the building.

Recommendations for the correct measurement of weather parameters have been
given by the WMO (World Meteorological Organization) 1971. It will ndt always
be possible to meet these recommendations at the butiding site. When, on the
other hand, data from a nearby meteorological station are used, an important
guestion is how to relate them to the climate at the building site. Usually the
buitding forms part of an urban environment; the microclimate can then be
strongly affected by the environment. 'In this case the .data have to be
corrected by means of appropriate algorithms when extrapolating ‘from the
' meteorological station to the building site. Since this procedure s guite
complex, an expert should atways be consulted.

Teletransmitting devicyg ,pe particularly recommended for outdoor climate

measurements.  The measurements of the following meteorological factors will be
discussed in this chapter:

it
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- solar and atmospheric radiation
- wind

- air temperature

- air humidity

- precipitation

- measurement of solar and atmospheric radiation

Almost neglected for a long time, solar and terrestrial radiation is now
taken into greater account in energy conscicus building design. The request for
more wide-spread, accurate, and detailed measurements has Simultanecusly
increased. Many texts {e.g., Duffie and Beckman 1974, Kreider and Kreith 1977,
8alcomb 198Q) have recently been published on solar energy, most of them related
to 1its technological wuse, They usually contain some information about the
physics of solar radiation and the angular relations which provide the sun
position on the sky vault.

Detailed information about solar radiation measurements can be found in
other more specific texts (e.g. Coulson 1975, Kondratijev 1969 and IEA 1978).
We refer to these texts, and to the instruments instructions for fgrther and
more detailed information.

According to the form it assumes when reaching the Earth, solar radiation
can be divided into:

i) direct solar radiation

i1} global radiation

iii) diffuse solar radiation

iv} reflected solar radiation

When no instruments are available for solar radiation measurements, some rough
information can be obtained by using records of

v) sunshine duration

In this case supplementary information will be given by recording

vi) cloudiness

We further have to consider that part of the Earth radiative bqlance for which
the Earth itself is directly responsible, called

vii) atmospheric radiation

Finally, a description will be given of instruments measuring the radiation
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balance of the Earth.over the whole spectrum, also called
viii) total radiation

In experiments on buildings the measurement of global horizontal solar
radiation fs often sufficient, but sometimes the global solar radiation on
facades turns out to be more conventient. Detailed experiments wiil scmetimes
need more than one vertical instrument, placed in front of and behind the window
panes, Sunshine duration and cloudiness records should be avoided. For Special
scientific purposes the measurement of atmospheric or total radiation can-
provide new and interesting data. -

Many of the instruments for measurement of solar and atmospheric radiaticn
are very fragile, To' avoid any measurement errors, tne'instructions of the
manafacturer -regarding calibration, positioning, shielding, mounting, and
maintenance must be rigorously followed. In some cases calibration and
maintenance must be performed very freguently.

Care must be taken in the treatment of solar and atmospheric radiation
data, Since solar radiation (especially its direct component} is a repidly
varying physical quantity, .an integrator, sampling data at least every 5
minutes, will have to be used whateyer the time resolution of the experimental
apparatus, Usually such integrators are provided directly by the manufacturers
of radiation dinstruments. Sunshine duration and cloudiness records require
theoretical elaboration in order to provide estimates of global solar radiation.

" Atmospheric radfation is a rather slowly varying quantity. Hourly sampling can
be sufficient.

i)  Direct solar radiation

Direct solar radiation is the energy flux coming directly from the solar
disk falling on a unit surface per unit time, For the measurement of direct
normal solar radiation Pyrheliometers are used, generally based on  the
thermoelectric Seebeck effect, The WMQ has classified.pyrheliometers (PYRH)
according to sensitivity, stability, temperature dependence, spectral
selectivity and time constant.

The sensitive element of the Eppley Normal Incidence Pyrheliometer, NIP
(Eppley Tlab., 1975) is a wire wound plated {copper- constantan} multijunction

thermopile, provided with a temperature compensating circuit. The thermopile is
mounted &t the base of a brass tube, the aperture of which subtends an angle of

|

1
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5.70. The signal of the NIP is suitable for remote recording and the case is
weatherproofed for continuous operation at exposed locations. In this case the
instrument has to be attached to an electrically driven tracking device.

The Linke-Feussner Pyrheliometer (Kipp and zonen Actinometer) uses a Moll
thermopile consisting of 40 manganin- constantan thermocouples arranged in a
circle of 1 ¢m diameter. The thermocouples are arranged in two opposite arrays,
one exposed to the sun and the other shaded, in .order to compensate for
temperature fluctvations. The angle aperture of its collimator is 10.20, and
the maximal response time is 8-10 seconds.

Pyrheliometers which are normally used as operational instruments are not

designed to be absolute instruments, and they require calibration against

standard instruments in the case absolute values are to be determined through
their indications. The primary standard is the Rngstr&m PYRH. Once a secondary
instrument has been calibrated against it {this operation is . usually
accomplished by the manafacturer), it can be used to calibrate an operational
instrument. The comparison should be made under clear and stable sky conditions
and the two instruments shouid -be very close to each other. For every
calibration many (at least 10) comparisons should be made. For an instrument
working continuously this calibfation should‘be repeated several times a year.

The first step in setting a tracker is the choice of the location. A site,
free from shadows, should be chosen to insure that the tracker will be free to
rotate 3600. There are four settings which have to be considered to insure
proper tracking of the sun:

- North to South
- Latitude

- Declination

- Time of the day

ii} Global splar radiation

Short-wave solar radiation is composed of the direct component of sunlight
and the diffuse component of skylight. When measured together, the value is
referred to as the global radiation. The other short-wave component of the
radiation budget is that reflected from natural surfaces. The wave-length of
these components is usually identified with the interval 0.3-3 micrometers.
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 The instrument for the measurement of giobal solar radiation is called
pyranometer (PYR); the sensor itself is usually a thermoelectric generator;
less precise sensors, based on photovoltaic cells, are also available at Jlower
prices. A1l these instruments are meant to be used on a horizontal plane, All
attempts to use them at different inclinations {e.g. vwvertically)}, without a
previous specific calibration, will Tead to large errors.

The WMD (1971) has given a classification of PYR according to sensitivity,
stability, temperature dependence, spectral selectivity, time constant, cosine
response and azimuth response.

The Kipp and zonen {called solarimeter by its manufacturer) PYR is widely
used in Europe, It uses, as a transducer a Moll thermopile; for protection
against atmospheric influences this thermopile is mounted under two glass domes
with an effective transmission range of 0.3 to 2.5 um. In order to achieve
perfect stability regardless of temperature changes of the outer dome, a second
glass hemisphere which blocks the radiation exchange between the thermopile and
the outer dome is incorporated within the outer dome, A white screen prevents
the mounting from being heated by radiation.

The Eppley PSP PYR comprises a circular muiti-function Ebpley—thermopiie of
the wire- "wound type. The instrument "is supplied with a pair of removable
precision ground and polished hemispheres- of Schott optical WG7 glass, which can
be removed or substituted by other Schott glasses and with a spirit level and a
desiccator, The WG6 clear glass is transparent from a (0.285 to Z2.800 um, For
solar .UV measurements, quartz hemispheres are available.

The detector in the Eppley BW PYR is a differential thermopile with the
hot- Jjunction receivers blackened and the cold- junction receivers whitened.
The element s of radial wirewound - plated construction. Temperature
compensation 'is provided by a built in thermistor circuit, A precision ground
optical glass hemisphere of Schott glass WG2Y5 uniformly transmits energy from
0.285 to 2.800 wm, This hemispherical enve]bpe seals the PYR from the weather,
but is readily removable for instrument repair. Models designed now can be used
with any tilt and orientation angle without any effect on sensitivity.

Pyranometers based on Photovoltaic cells make use of silicon photovoitaic

cells., They have some advantages against the previously described pyranometers:
the low cost, simplicity, the almest instantanecus response, the high current
output, the direct propoftiona]ity between current and radiation and.the
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stability with respect to time and weather,

The principal disadvantage of these instruments 1is, however, the low
accuracy, due to the selective response, of the cells to incident solar
radiation, Their sensitivity is restricted to wavelengths from 0.4 to 1.1
micrometers, Therefore, due to the vartability of the solar radiation spectrum,
the ba]ipration is not very reliable, and it can lead to an error of perhaps 2%.
Another source of inaccuracy is the deviation from the cosine laﬁ, {Coulson, .op.
at,, p. 121-124} which, at an angie of incidence of 60° is already 20%, and
reaches 50% at 800; this source of error is however strongly reduced by
mounting the cell below a plastic diffuser.

.

PYR are generally calibrated by exposure in an integrating hemisphere
(artificial sky) with a diffuse radiation of approximately 700 N/mz. In routine
operation in the field, there are two ways PYR™s can be checked for constancy of
sensitivity. The first is to preserve a similar (calibrated) pyranometer for
this purpose and occasionally (once a year) compare it with the field
instruments, 1ideally on clear days. The second way requires that a weil
calibrated pyrheliometer is available: direct solar radiation lb is measured
by the pyrheliometer and simultaneously the decrease AV of the signal from the
pyranometer, when shaded from direct radiation, is measured. Hence, the
calibration constant k is given by the relation k = AV/ I,* cos(z), where z is
the zenith angle of the sun.

The site for a PYR should be free from any significant obstructions above

the plane of the sensing element, free from shadows, and not be close to any
object reflecting sunlight onto it. A flat roof is generally the best location.

There are two main requirements for the operation of a PYR

- periodic verification of PYR calibration
- application of corrections, when horizon obstruction has to be considered

The procedure to make these corrections consists in isolating the diffuse
radiation (by measurement or estimation), correcting it and then adjusting the
total short-wave global radiation accordingly. In general, radiation coming
from'ang]eé less then 50. above the horizon will give a neglidib]e contribution
to the total.

iii) diffuse solar radiation
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Diffuse solar radiation is caused by aerosol and molecular scattering in
the atmosphere,.and it reaches the ground from all directions of the sky vault,
By preventing direct solar radiation from reaching a pyranometer, one can
measure the diffuse component, The shading can be done in a very simple way, by
means of a band stand, intercepting the sun beam. Of course, the measurement
must be corrected for the portion of sky screened by the band, The problem of
correcting the pyranometer data should be approached both thecretically and -
experimentally. The fraction of diffuse radiation shaded by the shadow band can
be calculated theoretically (see IEA, op. cit.}).

iv) reflected solar radiation

The value of the reflected solar radiation {see'ch. Ib) depends on the
view factor between the ground and the surface, and on the shortque
reflectivity of the ground surface {often referred to as aibedo}.

In order to measure the shortwave solar radiation balance over a surface,
an instrument called albedometer (ALB) is used. The Kipp and zonen ALB consists
of two identical pyranometers mounted in opposite directions: one measures the
incident solar radiation, the other the radiation reflected by the surface. The
technical features of an ALB do not differ from those of common pyranometers.

v) sunshine duration

Sunshine duratien is the amount of time of the day during which direct
normal solar radiation is higher than 2D0 w/mz. The most common instrument for
this burpoée is the Campbell- Stokes sunshine recorder (sométimes caled
heliograph), which has an average threshold of about 210 w/mz. It consists of a
. cut glass sphere which concentrates direct solar radiation on the spot on a
graduated paper strip corresponding to the time of the day. The rays leave a
burnt trace on the paper, The Campbell- Stokes sunshine recorder must be
~accurately oriented 1in a north-south direction and the latitude be adjusted,
The paper strips must be sUbstituted every day. Manual interpretation of the
records is the drawback of this kind of sunshine recorders,

.

There are only a few electrical sunshine recorders commercially available,
They are generally based on photosehsitive elements which are alternatively
illuminated and shaded by a rotating aperature.
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A model of sunshine menitor for automatic registration of sunshine duration
has been introduced (Thornblad 1975) and is now commercially available, It has
no moving parts, since sunshine is monitored by 18 photodiodes placed around a

central axis. These are connected to a common cutput which is driven by the
element receiving the strongest radiation. The moniter is te be mounted
vertically and the cylinder inclination must be equal to the local latitude.
The inaccuracy of this instrument, due to the selective behaviour of the
photodiodes, can be considered to be 25% or § minutes at threshold intensity
(200 wm?).,

vi} cloudiness

Knowledge of cIoudiness'(see ch. 1Ib), of the prevailing cloud type and
their height can lead to a first estimate of solar radiation by using, for
instance, the method developed by Kimura and Stephenson (1969).

The measurement of cloudiness is performed by visual observations, The
¢louds base height can be determined by means of aircraft reports, radar and by
using a ceilometer (based on light reflection)

i

vii} atmospheric radiation

For the definition of longwave atmospheric radiation, see ch. Ib. The
instrument for the measurement of longwave atmospheric (also called terrestrial)
radiation is called Infrared Radiometer, or, sometimes, Pyrgeometer. It

measures the exchange of radiation between a horizontal blackened surface {the
detectorj and the target viewed (sky or ground). In the case of a net
radiometer, the instrument can be designéd to eliminate the radiation emitted by
the detector. ‘

A common type of Pyrgeometer ({PYRG) 1is the Eppley Precision Infrared
Radiometer. This radiometer is a development from the Eppley PSP, intended for
unidirectional operation in the measurement of incoming or outgoing terrestrial
radiation, Temperature .compensation of the detector 1is also incorporated:
radiation emitted by the detector is automatically compensated.

For the measurement of longwave radiation and for separating its flux from
the solar shortwave radiation in daytime, the glass hemisphere system has been
replaced by a hemisphere of KRS5. On its inner surface there 1is a vacuum-
deposited interference filter; the outer surface has a weather protective
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coating, The composite envelope transmission shows a sharp transition between 3
and 4 micrometers, from complete opaqueness to maximum transparency, and a
transmittance of about (.50, decreasiﬁg to 0.3- 0.4 around 50. micrometers, A
thermistor- battery-.resistance circuit is incorporated for detector temperature
compensation, .

The fundamental calibration of detectors is based on their exposure to an
ideal blackbody radiator. However, the aiternative method of comparison against
a}calibrated standard PYRG can also be employed. In this instance, a good
source of steady long-wave radiance is a cioudless night sky. There are three
main requirements for PYRG maintenance: periodic verification of calibration,
periodic testing of battery stabiiity, and verification that there is no
obstruction to a free horizon.

viii) Total radiation

Total radiation comprises solar and atmospheric radiation. The instruments
for measurement of total radiation are <called pyrradiometers. Net
pyrradiometers measure the difference of total radiation in the upward and
downward directions.

Among net pyrradiometers which can be used for continuous monitoring, hence
provided with shielded sensors, the following can be mentioned {Coulson, aop.
c¢it., Ch. 11) the CSIRO Net Pyrradiometer, the S5chulze Net Pyrradiometer, the
Eppley Pyrradiometer and the Net Pyrradiometer of the Physico- Meteorological

1

Observatory of Qavos.

All these instruments make use of thermojunctions and differ mainly for the
number of junctions and the choice of the thermocoupie elements. The shielding
of the sensors is obtained by means of domes which are completely transparent to
radiation of any wavelength. Calibration of pyrradiometers and net
pyrradiometers is usually performed following the sanie procedures as for the
other radiation instruments.



IIT b-10

- measurement of wind

The influence of wind on the building energy budget has already been pointed
out in chapter Ib. A sufficiently complete description of weather conditions
during an experiment, requires the measurement of '
- wind speed

- wind direction

- wind pressure on facades may be measured in some cases.

Most instruments for wind measurements cannot measure the three components
of the wind velocity simultaneously., Instead the horizontal component is
determined by measurements of the wind speed and direction. In meteorology,
wind speed is measured at a height of 10 meters above open terrain, and is
reported in m/s, There are many ways to measure the flow of a fluid,. but for
wind measurements weather- proof and rigid built instruments are necessary.
Among them we find:

1) deflecting vane anemometer
2) revolving wheel anemometer
3) cup anemometer

4) hot wire anemometer

5) propeller anemometer

1) The deflecting vane anemometer consists of a pivoted vane enciosed in a

case., Air exerts a pressure on the vane passing through the instrument upstream
to downstream. The instrument gives instantanteous readings on an indicating
scale, Three vanes can be combined to measure all components of the wind
velocity. Its range is from 1 to 120 m/s and its accuracy fis 5%. Needs
periodic check of calibration.

2) The revolving wheel anemometer consists of a 1light revelving wheel

connected to a set of recording dials which read linear meters of &ir passing in
* a measured. time., This instrument has a very low sensitivity, and 1is usually
employed in the range of 1-20 m/s. [Its accuracy varies between 5% and 20%.

3) The cup anemometer is the most common instrument for measuring wind
speed. It consists of three or four hemispherical cups mounted on a vertical
shaft. For electrical transmission an AC or OC generator 1is used, which
converts the number of revolutions {which are proportional to the wind velocity)
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into analogous voltage values. Th%s transmitter can be used in the range from 0
to '60 m/s and within a temperature range from -35. to +80.C, but the effective
range depends on the mechanical features of the sensor. A drawback of the
heavier types of cup anemometer 1is its high starting speed and low response
time, ’

4[ For temporary use and when there 1is ne precipitation, hot wire
anemcemeters can be employed. This instrument is based on the principle that if
a suitable sensing element is heated electricaily at a fixed rate, and exposed
te an air stream, the temperature difference between the air stream and the
sensing element is a function of its velocity. In the hot wire anemometer a
resistance thermometer is used as the sensing element. Its main advantages are
high frequency response and high sensitivity, which makes the heot wire
anemometer best fit for Tlow velocities. The disadvantages are that it is an
expensive and sensitive.instrument and requires frequent calibration. A correct
calibration of this instrument requires consideration of air humidity and
pressure and of all factors that can affect the convective heat transfer between
the air and the sensor. ‘

5) The propeller anemometer consists of a light h]astic propeller mounted
on an axle, The nﬁmber of revolutions per unit of time is proportional to the
wind velocity component parallel te the axle, Three propellers can be mounted
on axles perpendicular to one another to measure all three components of the
wind velocity. The advantages of this instrument are: the short response time
making it possible to measure velocity and large- scale turbulence in three
dimensions (Hicks 1972), e.g., close to external walls, and the relatively small
error, This instrument has therefore become popular in monitoring of buildings.
The disadvantages are the need for calibration and frequent maintenance. This
instrument should not be used in strong winds {above about 20 m/s). -

Wind direction is defined as the direction from which the wind is blowing.
The wind direction sensor is wusually a wind vane or a “wind flag". The
conversion of wind direction into a Toggable value presents some difficulties.
Sometimes an endless coiled and 3 times tapped ring potentiometer is supplied
for the transmission according to the principle of the electrical axle. The
indication of direction is often noncontinuous, since it is given by a maximum
number of 8 indicators in parallel connection requiring auxiliary D.C. voltage.
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Sometimes special ring potentiometers with built-in relays are “available
for the 540° recording of wind direction; the output is a direct current of 0
to 4 mA, For continuous direction recording, two self-synchronous motors, one
at the transmitter vane and the other at the receiver, can be used.

Wind velocity and direction are particular]j influenced by the environment.
The correct procedure, suggested by WMO, would require that the instruments are
placed in an open site, where the air stream is undisturbed by buildings, trees,
etc., and mounted on a mast 16 m high. However, it will generally be useful to
know the wind conditions close to the building, where the site is frequently far
from being free from obstacles. As a general rule the instruments should be
mounted higher than the top of the buitding, and, if possible, at a certain
distance wup-stream from it, so -that there 1is little uncertainty about the
indicated direction.

It is generally preferrabie that all meteorological data are collected on
the s<ame time basis, Nonetheless, a shorter sampling interval (ranging from a
few seconds to a few minutes) should be used for rapidly varying quantities such
as wind velocity and direction. For most models describing the energy balance
of the building, the average values over a period ranging from a quarter of an
hour to four hours (Day 1983}, should be sufficient. For more detailed models
of ventilation, root mean squared values or statistics describing the frequency
of occurrence of various wind speeds should be used. Combinations of wind
direction and velocity are sometimes presented in typical polar graphs called
"wind roses".

Wherever wind velocity is monitored far from the building site, a pre-
elaboration of data to extrapolate them to the building site is necessary. The
following formula is sometimes used for calculating the wind speed, v at a
height z at the building site:

v = vs*(ds/zs )55 *(2/dy )50

where

index s stands for “"meteorological station™ and b for “building"’
d is the boundary layer thickness .

8 is the characteristic exponent of the local boundary'layer
Typical values of d and g can be found in Jackman, 1978.
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As has already been peinted out in ch. 1Ib, the action of the wind is
especially important from the point of view of natural air infiltration through
the building enclosure, due to the pressure difference established across it.
The‘ relation. between wind pressure, wind vefocity, and wind direction is often
difficult to predict, as shown in the experimental works by de Gids, Ton and
Schijndel, 3

It may therefore be useful to directly monitor the wind pressure over the
building' external walis. This can be accompiished by measuring the deformation
of a thin pane of glass by means of an estensimetric transducer (Meert and van
Ackere), Another technique makes use of electronic differential low pressure
transducers, which can go down to 0.1 Pa in the range from 0 to 100 Pa, and
which are fixed on the two sides of the building walls. Instruments for the
measurement of pressure differences are in general guite expensive.

- measurement of air enthaipy

Enthalpy can be defined as the “total heat", that is, both the so called
-sensible and tatent heat, possessed by a thermodynamic system. In the
evaluation of atmospheric air enthalpy fts content of water vapour, almost
negligibte from the point of view of its percentage weight, turns out to be
quite important because of the high amount of Tatent heat possessed by it.

¥When measuring air enthalpy it is necessary to measure separately

i)  air temperature and

i1} air humidity .

the humidity being 0ften negligible in the heating season, when water vapour
content of the outdoor air is low,

i) measurement of temperature

The measurement of temperature is made by using sensors which are based on
the same. physical principles. A very wide literature is available on this topic
(e.g., Herzfeld and Brickwedde 1§62, Omega Engineering, 1980). We refer to it
for furtner expianations,
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Any device for measuring temperature is a thermometer, The quantity which’
detects temperature variations in a sensor is called thermometric quantity. In
Table III b-1 an overview of the main temperature transducers and some of their
features is given. The sensors fmore widely used in building experiments are
shown in fig. [If b-l1. Their main advantages and di;advéntages are Jisted in
‘Table III b-2.

A correct siting of temperature instruments is very important, due t¢ large
temperature’ gradients occuring <close to surfaces exposed to radiation. These
gradients are influenced by the amount of solar radiation, by re- emitted
infrared radiation in the night- time, by the fadiative properties of the
surrounding surfaces, and by tocal air movements. WMO (1971) recommends that
the instrument is placed 1.25 m above a surface covered by grass with free
exposure to the wind, Calibration of thermometers should always be performed
before the instrument is used for the first time and then at regular intervals.
The instruments should be calibrated ‘against some more accurate (secondary
standard) calibrated temperature sensor.

For almost all purposes hourly sampling of outdoor air temperature should
be sufficient, since air temperature is not rapidly varying. For more accurate
measurements the sampling c¢ould be done every 5 minutes and an average value be
recorded hourly. In other cases even daily or weekly averages could be used,
but sampling should always be performed at least every third hour,

In building experimentﬁ the most suitable thermometers, considering the
possibility to perform remote measurements, precision, and cost are
1) thermocouples
2) resistance thermometers (e.g. Pt 100)
3) thermistors
4) integrated c¢ircuit {IC) transducers

1) In thermocouples the thermometric quantity is the e.m.f. generated by
the temperature difference between the junctions of two dissimilar electrica?
leads, (Seebeck effect).  If one of the junctions is kept at a constant known
temperature it will possible to determine the temperature at the other junction,
To measure the voltage generated by the thermécouple, a high precision vbltmeter
with high impedance, to avoid current flow, has to be used.
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General features of some temperature sensors (source: ASHRAE, 1977)

Measurement means Application Range, °C  Precision, K
1) Glass-stem thermometers
Mercury-glass Temp., of gases and -39/300 < 0.05 to &
Alcohol-glass liquids by contact -73/78 < 0,05 to 5
Jena or quartz mercury
nitrogen -39/500 < 0,05 to 5
2} Thermocouples
Chromel-alumel {K) High temp., rem. read. < 1200 0.05 to 10
Iron-constantan (T) High temp., rem, read. < 800 0.05 to 10
Copper-constantan  (T) Low temp., rem, read. < 400 0.05 to 10
Chromel-constantan (E) Low temp., rem. read. < 400 0.05 to 10
3} Resistance thermometers
Platinum-resistance High precision, rem,
read. by contact -200/1800 < 0.01 to 3
Nickel-resistance Rem, read. by contact -100/ 150 0.2
4) Thermistors Rem. read. by contact ~ < 300 0.05
5) Integrated-circuit Remote reading < 200
thermometers
6) Bimetallic thermometers For approx. temp. 0/500 > 0.5
7} Pressure~bulb therm.
Gas-filled bulb Remote testing =70/ 500 1
vapour-filled bulb Remote testing -10/ 250 1
Liquid-filled bulb Remote testing -50/1200 1
8) Radiation pyrometers For intensity of
tot. high temp. any range

rad., (remote)
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Fig. III b=1 Some representatives of temperature sensors. The sensors
depicted here (if in enlarged scale the actual size is
indicated inside a frame) are from Left to right:
resistance thermometers, thermocouples, a thermistor-and
IC temperature transducers.
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Instruments of this type generally contain an automatically compensating
cold junction relieving the wuser from the need to furnish a reference -
temperature, Such a 6ompensation will work only within a limited temperature
interval. Therefore the instrument must be calibrated. This should be done by
comparison to a reference having a constant temperature,

Thermocouples are available in different sizes. ' Small thermocouples have a
faster response than large ones. Some practical precautions should be taken
when using thermocouples, to avoid measurement errors. Most of them may be
traced back to one of these sources:

poor junction connection

decalibration of thermccouple wire

shunt impedance and galvanic action

thermal shunting

Two thermocouple wires can be -connected in many'ways: soldering, ‘silver-
soldering, welding etc. When the thermocouple wires are soldered‘together a
third metal is introduced into their circuit, but if the temperatures on both
sides of the thermocouple are the same, the solder does not introduce any error.
Since the solder 1imits the maximal temperature to which the junction can be
subjected, at high temperatures it is convenient to weld the joints. A poor
welding or scldering can result in an open connection, which can be detected by
performing an “open thermocouple check", a common test function available with
data Toggers. '

Decalibration is the aitering of the physical make- up of ,the thermocouple
wire caused by temperature extremes.

Atmospheric and thermal effects can make the insulation resistance decrease
to the point that it creates a "virtual junction", If the leakage resistance is
so low that an alternative circuit is closed, an improper voltage reading will
result, Atmospheric effects can be minimized by choosiné the proper protective
metallic or ceramic sheet. The dyes used in some thermocouple insulation can
form an electroiyte in the presence of water; this creates a galvanic action,

with a resultant output hundreds of times greater than the Seebeck effect.
Precautions should be taken to shield the thermocouple wires from harsh
atmospheres and liquids.
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DISADVANTAGES

TABLE III b-2
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Advantages and disadvantages of some thermometers
‘(after Hewlett & Packard 1980, and other “sources)

_

THERMOCOUPLE

v

R

THERMISTOR

I.C. SENSOR

vorl

. Amplificatién
required

stante change

¢ Low absolute
resistance

s Self-heating

required

Self-heating

® Self-powered e Most stable e High output e Most linear
o Simple ® Most accurate ® Fast o Highest output
e Rugged ® More linear ® Two-wire dims ® Inexpensive
. than thermo- measurement
# Inexpensive couple .
' . e Large resistance
¢ Wide variety change at low
of physicat temperatures
forms
. e Inexpensive
e MWide tempera- P
ture range ® Accurate
¢ Fast
e MNon Linear e Expensive e Non linear o T < 200%
e Low output ¢ Slow e Limited tempera—| g Power supply
) - ture range i
s Reference junc- e Current source 9 required
tion required required 8 Fragile o Slow
e Least stable e Small resi- e Current source

o Self-heating

‘e Limited confi-

gurations

¢ Poor stability




IIT1 b-19

" Thermal shunting s the alteration of measuremed tewmperature -due to the

insertion of a transducer. To avoid this, small thermocouples are used, but
small wires are susceptible to' contamination, annealing, strain and shunt
impedance. To reduce these effects, an "extension wire" can be used, which is
intended to cover long distances betweeh the measuring thermoéouple and the
voltmeter, It 1is generally larger in size, Qtronger_and cheaper than a small
thermocouple wire,

Thermocouples can be arranged in series forming a thermopile. Every second
Junction is kept at a common temperature. An instrument of this type is useful
for observing small temperature differences. Thermocouples are well suited for
the measurement of surface temperatures, An advantage is that thermocouples are
cheap, 2 draw-back is.their low sensitivity. A typital output d§s around O0.04
mv/K.

2) In RTD"s the thermometric quantity is the electric resistance of metal
wire, usually made of platinum, nickel or "Balco" (a nickel alloy), varying with
temperature. The RTD does not require any reference temperature during the
measurement ; it relies, however, on a constant current source. This fact is a
source of errors for two main reasons:

- power is dissipated by Joule effect and hence self- heating occuré.
- if the sensor is connected to the measurement syétem by means of two <cables,
used also for power suppiy, the measured resistance is that of the sensor

plus that of the connection cables.
To minimiZe these problems, it is necessary:

- to operate with low currents through the sensor ( around 1 mA for continuous
excitation, or 25 mA for pulse measurements). : .

- to know the resistance of the connecting cables if these are used for power
supply and measurement together {fig. 111 b-2a), A similar solution {3-wires
arrangement) is shown in fig. III b-2b. A better solution is to use the 4-
wires arrangement shown in fig. IIl b-2c, where the use of a high impedance
voltmeter avoids the current flow in measurement cables., In this way, the
exact e.m.f. difference across the sensor is known, and hence its, resistance,

With a current flow of 1 mA the typical output of a Platinum RTD will be

0.385 mv/K, about ten times greatef than that of thermocouples. The greét

fragility of the RTD should be taken into account, together with 1its high

thermé] shunting. Platinum RTD"s can be used to very high temperatures, while
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/POWER SUPPLY + MEASUREMENT I11 b-2a

true voltage difference

vV =
X
V_ = measured voltage difference
VOLT- m
RTD A . Ym METER GE) R, = cable resistance
I = current intensity
V =V -R I
x m ¢
-POWER SUPPLY
MEASUREMENT II1 b-2b

VOLT- '
RTD METER G%)

POWER SUPPLY

A/HEASUREMENT III b-2c
I Im = current intensity in
] . .
Im VOLT- measurement ¢circuit
RTD% Vx /—\ vrn METER @ I 20
m
Vv =y
X m

Fig. III b-2 Possible arrangements for measurements with resistance
thermometers (RTD's). From top to bottom: 2-wire, 3-wire
and 4-wire RTD measurement.




IIT b-21

platinum film thermometers are generally used.in the range from -50°C to 150°C.
They are very linear in this range.

3) A resistance thermometer where the sensing element consists of a semi
conductor compound i5 calied a thermistor. Compared to thermocouples and RTD’s,
thermistors have some advantages:

- the temperature coefficient is about ten to one hundred times greater then
that of RTD"s; this fact is a warranty for high sensitivity,

- a much higher resistance than that of metals reduces errors due to wires and
contact resistance.

~ since thermistors produce a high output for a low current drive, they can be
used with battery equipment.

- low cost of the sensor

- small dimensions of sensor, and therefore low thermal shunting.

Disadvantages and/or limitations are:

- high non- linearity which requires a linqarisation apparatus or an tndividual
calibration, :

- high dispersion between individual sensors { 20% ), which requires individual
calibration if high accuracy is to he achieved. A consequence of this is non-
interchangeability

- the stability of calibration is good n a narrow range of temperature. In the
literature the best stability is considered to be found below 110°C.

- to reduce self- heating of the sensor, the excitation current has to be less
than 1 mA,

- thermistors must be carefully mounted due to their fragility, which is even
higher than for RTD"s, In some cases they need to be encapsulated in glass or
otherwise protected; thus increasing their thermal inertia.

4) The IC temperature transducer yses a fundamental property 'of silicen

transistors to produce a voltage which is proportional to the absolute
temperature, This voltage can be converted into a currept by means of @ iow-
temperature- coefficient resistor, Typical IC transducers are the Analogue
Devices ADS90 and the LM134Z. Unlike the other thermometers discussed above,
the output is thus either a current or a voltage, both Tinearly proportional to
absolute temperature. Typical values are 1 A/K and 1D mv/K, IC temperature
transducers do not need any reference temperature or device for measuring
resistance. They can be constructed to have high accuracy and to be almost
linear over a limited temperature range {Timko and Suttler 1978, 0"Neill and
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Derrington 1979). However, they have the following disadvantages:
- self- heating

- fragility

- need for external power source,

Air temperature measurement requires particular care, due to solar and
infrared radiation impinging on the sensor from the surroundings,To reduce this
source of error two techniques can be used:

- shielding of the sensor : \
- ventilating the sensor

The shielding can be performed by surrounding the sensor with from one  up
to three polished screens. Aiuminium, steel or wooden screens of cylindrical or

[

spherical shape are commercially available.

Natural airing should in any case be provided. But, as previously stated,
this type of protection is often not sufficient, éspecially when strong
radiation occurs, even if the whole apparatus is accurately screened. In this
case the thermometer should be inserted in a protective casing with electrical
ventilator, The ventilation speed at the measuring bulb should be at Teast 3.5
m/s. If such an apparatus is set up, the measurement error can be reduced to
0.1 K at 0°C when platinum resistance thermometers, according to the DIN 43760
Standard, are used. ‘

ii) measurement of air humidity .

Air humid{ty should be measured only when information is requried about its
effect on building heat 1losses, or on atmospheric radiation, or when one is
especially interested in air conditioning and ventilation. Atmospheric
radiation can be estimated from the empirical equations (see, e.g., Kondratijev
1969 and ch, 1 b), relating it to air temperature, humidity and cloudiness.
There are many methods for measuring the air relative humidity; only some of
them are suitable for remote reading.

The Psychrometer} or Wet and Dry bulb thermometer, consists of two
temperature sensors, one with a cotton sock wetted with distilled water. The

sensor with the sock will register a temperature close to the thermodynamic wet
bulb temperature. Knowing the dry bulb and wet bulb temperatures and the
barometric pressure, the relative humidity can be determined,
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Some of the requirements for psychrometers, as taken from WMD (1971) are:

- the wet and dry bulbs should be ventilated and protected from radiation b} a
minimum of two polished metal shieids.

- at sea- level air should be drawn across the bulbs at a rate between 2,5 and
10 m/s,

- measurements should be performed at a height between 1.25 and 2 meters above
ground level.

Psychrometers cannot be used when the air temperature is below 0°C. They need

frequent cleaning and replacement of the cottbn sock,

Dew point hygrometers measure absolute humidity by means of the temperature

of a cooled polished metal mirror exposed to external air. When the surface
.begins to be covered with condensated water vapour, the témperature reached 1is
the so called "dew- point temperature". Moisture is detected using a light
source and a photo- electric cell. The measuring apparatus is rather
complicated and expensive, due also to the necessity of coeling the surface by
means of a thermoelectric device or by the adiabatic expansion of a compressed
gas. Dew point -hygrometers are not suitable for measurements at low
temperatures if one does not know whether dew fs‘composed of supercooled water
or ice crystals,

Mechanical hygrometers ({Lambrecht, 1975} make use of organic fibrous
materials (Pernix element, or human hair), which change their dimensions

according to the quantity of water in the air. The dimesional variation is
converted into the analogue variation of an electrical signal or the oscillation
of a mechanical indicater. This measuring apparatus is widely used,.due to its
easy mounting and low cost; its precision is, however, not high and it needs
periodical {sometimes even daily} calibration. Furthermore, the instrument is,
extremely unreliable at low temperatures {below -10°C).

The Lithium-Chloride celi hygrometers exploit the .property of the salt-
Vithium- chloride ({LiCi}) to become eiectrically conductive when absorﬁing
méisture from the air. The senscr, a cell contafning a lithium- chloride
solution, is . heated by passing an AC between the electrodes. This reduces the

moisture content and increases the resistance of the solution. An equilibrium
temperature which 1is measured by a separate sensor, is reached. This
‘temperature can be converted into a dew-point temperature., The LiCl hygrometer
is a simpTe and comparatively cheap instrument.
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- precipitation

There is still little knowledge about the {influence of rainfall on the
building energy- related performances, especially in the Tong run.

An instrument for measuring precipitation is called a pluviometer, or rain

gauge. The height of precipitation is the height of liquid precipitation, that
would cover the ground surface. A widely used instrument for the measurement of
brecjpitation is the Hellman rain gauge, which consists.of a receiving vessel
with known surface, of a col]qcting can and of a measuring cylinder. The
collected precipitation - which may have to be melted - will be recorded by an

observer at regylar intervals,

Rainfall recorders can also be used; they consist of a cylindrical case to

which a receiying vessel 1s soldered. The rain-water entering the receiving’
vesse] is led through a metal pipe 1ﬁto a cylindrical vessel. Inside the vessel

there 1is a float with a vertical hollow axie soldered to it. The pen arm

béaring the recording pen is fastened to the qx{s. When the 1level reaches 10

mm, the water is automatically discharged by means of a glass siphon into the

coilecting can located at the base of the instrument. This type of rainfall

recorders can be used for temperatures down to -25°C, provided they are equipped

with heating and with a therm%l]y insulated double walled casing. Electrical

transmission of rainfall is feasible by means of resistance teletransmitters, or

impulse transmitters using a “tipping bucket" device.

Combined wind and rain produce the so called driving rain that is the
horizontal component of rain, It can lead to moistening of walls and,
consequently, to the Qecrease of their insulation performance. Driving rain on
facades can be measured with an instrument described by Lyberg (1979) which
consists of a collar of aluminium {diameter = 200 mm} as collector, and ‘a
tipping bucket system, and which is mounted on the building facade.

In the absence of measuring devices driving rain can be calculated through
the wind speed v, the terminal velocity of water drops v, (linked to their
radius) and the vertical intensity of rain I.: [,=C*v*1,/v,, where I, is the
driv%ng rain component and C is a constant
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III ¢ Indoor climate measurements

- general information

When defining indoor climate it can be advantageous to make a distinction
between indoor climate as a factor in physical energy calculations, the physical
indoor climate, and as a factor in human environment, the physio]ogiéa1 indoor

climate. The physical indoor climate can almost be reduced to indoor air
temperature. The energy losses due to heat conduction through external walls is
in first approximation proportional to the temperature differente between indoor’
and outdoor air, The energy losses due to infiltration and ventilation are
proportional to this temperature difference times the flow rate.

Indoor climate as a factor in human environment is much more comp]éx;, Here

indoor air temperature, interior surface temperatures, air velocity and'aumidity
interact in a complicated way to determine the thermal comfort of the resident.-
However, temperature gradients, temperatures changing with time, and temperature
differences between e.g. indoor air and floor are also important for the
thermal comfort., Still, thermal comfort alone does not constitute the indoor
climate of the occupant. Noise and lightning are important compoﬁents of the
indoor’ climate. Another factor that must be taken into account is the presence
_of air contaminants,. odour and dust, which can be counteracted by e.g,
ventilation. The air exchange rate is therefore also important for the indoor
cliinate. Many of these factors can be directly experienced by the occupant
through his senses. Others, Tike many air contaminants, can not, but may still
affect the health and well-being of the occupant.

It is the combined effect of all these factors that will determine the
physiological comfort of the occupant.

In the sections of this chapter the measurement of indoor climate is
discussed, With a few exceptions only instruments that permit remote
measurements will be described. These sections describe measurement of indoor
air, surface and resulting radiant temperature, measurement of air velocity,
measurement of humidity, measurement of air contaminants, measurement of
lighting and measurement .of thermal comfort. The greatest attention is given to
the measurement of temperature. This section 1is the only one where the
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questions of sensor positioning is discussed in some detail. For a discussion
on error evaluation see App. I11. For a fuller treatment of the topics
concerning indoor climte we refer to Givoni {1976} and van Straaten (1967), who
however mainly discuss indoor climate in hot and mediterranean climates,
McIntyre (1980) and Fanger - Valbjdrn {1978). For topics concerning instruments
for the measurement of indoor climate we refer to ASHRAE Fundamentals (1981),
Doebelin '(1966), Neubert (1977) and McIntyre (1980} and the proposed IS0
standard (1980),

- measurement of indoor air and surface temperature

i)} temperature distribution in a dwelling

The thermal environment in a room js asymmetric with -respect to thermal

radiation and air temperature. A typical room has one or two exterior walls
through which most of the heat loss occurs in the winter time, This may be
nearly all if the room is at an intermediate floor of a multi- storey bﬁilding.
The effect of this heat Toss is to produce large cold surface areas, which
radiate less to the occupant than do the interior partitions, and a major
movement of cold air towards the floor along the full length of the exterior
walls. This down draught at the exterior wall surfaces produces a vertical air
temperature gradient from floor to ceiling and a horizontal air temperature
gradient from the cold wall to the warm partition unless the heating system

effectivily counteracts this effect. In fact, the major performance requirement
of the heat terminals is to compensate for this asymmetrical air and radiant
temperature pattern in a room in a residential building {Eberhard 1969) .

In fig. IIl ¢-1 some qualitative examples are given of what the vertical
temperature stratification might 1look like for different heating systems. 1In
fig. I1I c-2 some examples of the temperature distribution on interior surfaces
are given,

The asymmetry of the thermal environment is even greater under summer
conditions where air conditioning is contemplated. This unbalanced environment
is caused by ne or more exterior walls exposed to outdoor conditioné, to
instantaneous solar gains through windows, and to warm ceiling surfaces at a top
floor level. ‘
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Fig. III c~1 Examples of the vertical temperature stratification
in the middle of a room for different heating systems.
From top to bottom: radiators, floor heating, ceiling
heating.
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Fig. III c-2 Examples of isotherms on partition walls and

exterior walls im a room.
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~ The temperature is often not the same in different parts of the living area
of a flat or a house. Closets and bathrooms may not be equipped with heating
facilities. Rooms where the occupants spend much time can have a higher
temperature than other rooms, due to the presence of the occupants, and the use
of electric appliances. The temperature of the cellar and the attic in a house
is often different from that of the living area. In a residential building with
many flats there will often be a temperature difference between the bottom floor
and the top floor if the heating system is not very efficient, Flats at the
gable often have a lower temperature than other flats. The temperature can rise
in rooms having windows on a facade exposed to solar radiation.

The local air or surface temperature will alse fluctuate with time even in

a roon where the temperature is controlled by a thermostat. It is therefore
clear that "the" indoor air or surface temgerdture does not exist even for a
single room,

For calculations inside the framework of a model it is in general necessary
to define a space-averaged temperature (and also time-averaged if the model is a
static one), This can be done if it is possibie to place température sensors at
several locations inside the'dwelling. But due to the existence of temperaturé
gradients, and to the fact that the number of sensors is always limited, the
calculated average temperature will always differ from the “true" space-
averaged temperature,

For practical reasons it is often possible to place only one sensor in each
room. The reading from this one sensor must then represent the average
temperature of the room. It is then obvious that the placing of this sensor
must be carefully considered.

4

The variation of the indoor aijr temperature and the variation of the
surface temperature of a partition wall or exterior wall in a roomqboth'are
typically at teast 2-4 K. If the measurement of one of these entities is’
performed at only one point, and this point is badly chosen, the measured
temperature will differ from the average temperature by 1-2 K. '

Taking a time-average of the temperature will often introduce a smaller
error than the space-avéraging procedure because it is generally possible to
read the temperature frequently. These questions will be -discussed in more
detail below. ' '
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i1} temperature measurements fn uninhabited rooms

When measurements are performed in an uninhabited room,. sensors for the
measurement of air temperature can be placed openly. A ventilated sensor is
required for an accurate determination of the air temperature. If- it is not
possible to use a ventilated sensor, the sensor shouid at least be shielded from

“heat radiation, which should be done in such a way that air movement 1is not
hindered.

The vertical ‘temperature stratification of the air 1is often, stronger in
uninhabited rooms than 1in inhabited ones, [t is therefore customary to place
several sensors above each other to get a good estimate of the average
temperature. How many sensors are needed will depend on how the temperature
gradient changes in the vertical direction. This should therefore be
“investigated before deciding the required number of sensors. Often one uses
three sensors placed, e.g., 0.1 - 0.2 m above the floor, at medium height of the
room, and 0.1 - 0.2 m below the ceiling, or four sensors placed, e.g., 0.1, 0.8,
1.5, and 1.8 m above the floor. To get a good estimate of the average room
temperature the lateral temperature gradient also must be taken into account.
The-magnitude of this gradient will be determined by the presence of windows,
radiators annd cold or hot walls., In fig. III c-3 we give a few examples of
the required minimum number of measuring points to get a good estimate of the
average temperature., At all these laterally distributed points, the temperature

should be measured at more than one height. "This arrangement of the sensors
-wil1 in most cases give a good estimate of the average temperature, provided the
rate of air change is not too high {i.e. not substantially jarger than 1 air
change per hour).

When measuring surface temperatures, there should be good contact between
the sensor and the surface in question. The sensor should have the same
radiative properties as the syrface of the wall, One way to do this is to cover
the sensor by a sheet of thin metal foil which is then painted in the same
colour as the surface,

The temperature distribution on the surface should be investigated before
it is decided how many sensors should be used and where these should be
positioned. This can be done by using e.g. thermographic methods. However, it

must be kept 1in, mind that this temperature distribution is not a static one.
There are, e.g., often strong diurnal variations of the surface- temﬁeratures,
specially if there is a strong solar radiation during the day and cold cloudless
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nights,

The measurement of surface temperatures of windows is difficult. If ‘the
sensor is placed in contact with a window pane, it is in general not possible to
shield the sensor from radiation which in most cases will cause a deviation of
the measured temperature from the actual surface temperature of at least a few
degrees K,

If the window ;urface temperature is measured using radiative methods, the

reading will be affected by the radiation penetrating the window and this will
cause a deviation from the actual value. In this case a simultaneous
measurement of .the incoming “radiation and knowledge of the transmittance
properties of the window would make it possible to calculate the surface
temperature .of the window, In practice, however, this method gives rather
uncertain results (see ch, III f).

iii) temperature measurements in inhabited rooms

The measurement of the temperature in an inhabited room poses more problems
in addition to -those encountered in measurements in am uninhabited room. The
occupant will not be Tikely to accept more than a few sensors in his Iiving
@rea. This creates problems especially for the measurement of indoor air
temperature as it will not be practical to have a sensor positioned anywhere but
attached to a partition wall. In this case contact between the sensor and the
wall must be prevented by placing an insulating material between the partition
wall and the sensor. The sensor should also be shielded against heat radiation
from surfaces, but this poses a more difficult problem as the air movement in
the vicinity of the sensor must not be prevented, The sensor should be placed
on a partition wall far from radiators or any other surfaces with a temperature
that is noticeably different from the air temperature. Nor should the sensor be
positioned in such a way that it faces a window or a radiator directly.

Because of the vertical temperature stratificétion, the sensor should not
be positioned close to the floor or the ceiling, but preferably at medium .
height. Because of the insulation between the sensor and the surface,
instruments where self- heating may be a problem are not well suited for this
kind of measurements. For the measurement of surface temperatures there are no
special problems connected with measurements in inhabited rooms coppared to
uninhabited ones,
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The local mean radiant temperature at a point in a room can bé caiculated

if the surface temperatures are known. An easier way is a direct measurement of
the mean radijant temperature using, e.g., a globe thermometer. A measurement of
this kind is of interest when considering human comfort criteria. It can also
be used for energy balance calculations (Lebrun - Marret 1975). In this case 1t'
will not be necessary to measure the air temperature and the surfasce
temperature. For human comfort applications measurements must be performed at
least at -two points, e.g., near the centre of the room and in front of the
window.

iv) temperature measurements in buildings

In this case the possibility that all the rooms of the living area do not
have the same average tehperature must be taken into account. If the
temperature is not measured in every room, the sensors should be placed so that
a representative average temperature of the flat can be obtained. In a
multi-storey building the temperature should be measured at least at one
position on each storey.

In model calculations of a house, it is often necessary to treat the living
area, the cellar, and the attic as separate components of the house. Therefore
the temperature of the cellar and the attic should be measured separately (see
ch. Ib),

For a large residential building with many flats, it will 1in_ general be
practical to measure the indoor temperature only at one position in a limited
number of flats, The positioniﬁg of this single sensor in a flat must of course
be considered with the same care as discussed above, The choice of the flats
where a sensor is to be installed should be determined by statistical means if
one wants to obtain a representative indoor air temperature.

Suppose one is interested in determining the average temperature of a
residential building with mahy flats. If one suspects that some flats, e.g.,
those at the top floor, or at the gable, of a 1long parallel epiped shaped
building have an air or interior surface temperature different from the rest of
the flats, the flats can be divided inte two or more groups, (see App. III).
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v) sensors for indoor temperature measurements

Thermometers of different construction can be used to measure the indoor
air and surface femperatures. However, their properties depend upon
construction and some are more suited than others for a given measurement, An
instrument of a certain kind is often available in many d}fferent designs, [t
is therefore often possible to obtain an instrument that 1is well suited for
-exactTy the kind of measurements one wants to perform. ’

The sensors used for indoor temperature measurements are most often
thermocouples, resistance thermometers, of integrated circuit transducers
(IC-transducers). For a description of these sensors see ch., III b and III g.-

In physiological applications it is often of interest to determine the heat
balance of the human body at a point in a dwél]ing. It is then common to use
instruments which measure a combination of air temperature and the mean radiant
temperature at one point, One such instrument is the globe thermometer. [t

usually consists of a thin-walled sphere painted black with a temperature sensor
at the centre of the sphere. The globe thermometer is suspended at the test
point and allowed to come to thermal equilibrium with its surrounding, Over a
limited temperature interval, the globe thermometer can be considered to measure
a linear combination of the local air and mean radiant temperature.

The influence of the iocal air temperature on the reading will depend oﬁ
a&ir flow past the sphere. If the air temperature is measured separately, it is
then possible to calculate the local mean radiant temperature. The globe’
thermometer s a simple instrument, but the calibration is difficult especially
if it is necessary to correc% for air f19w. The time necessary to reach thermal
equilibrium with the surroundings can vary from 5 to 20 minutes for different
globe thermometers., The performance of several globe thermometers has been
investigated by Graves {1974). The performance of & globe thermometer can be
improved by enclosing the globe in a po]yéthy]ene enselope. Such an instrument
has been'described (McIntyre 1976).
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- measurement of air velocity

The measuyrement of air flow in a dwelling is in general difficult because
the flow pattern is seldom stabie and the air velocity is relatively small, The
velocity fluctuations are often of the same magnitude as the speed of the air.
This makes it very difficult to perform measurements with visual reading of the
instrument.

The thermal comfort of an occupant exposed to "draught" will depend not
only on the average speed of the air, but also on the-magnitude and frequency of
the fluctuations in air velocity, It is therefore in general not sufficient to
measure only the average air Speed if the aim of the measurement is to determine
the thermal comfort (Olesen- Thorshauge 1978 and Lebrun- Marret 1975). To
obtain a stable average value of the air speed, it is in general necessary to
extend the measurement over a time of at Teast several minutes and then perform
the averaging over this time interval.

The magnitude of the air speed for which complaints about draught are
Tikely to be made by the occupants depends on the indoor air and surface
temperatures (see ch. Ic). However, for air speeds smaller than 0.1 - 0.2 m/s
there are setdom any complaints at a normal room temperature, Some typical
situations when the air speed can exceed 0,15 m/s are illustrated in Fig.
I1ic-4 {Eriksson- Lofstedt- Valbjern 1979).

+ Before measurements of the air velocity in a dhel]ing are performed, it is
important to get a picture of where in the dwelling large air velocities are
frequent, This can be done rather quickly using a smokepuffer or a smoke-stick
{see also ch. [III e). -

For measurements of air speed in a dwelling it may seem advantageous to use
a non-directional anemometer (an anemometer that can measure only the speed of
the air stream, not the direction}, since the air flow in & room {5 wusually
neither visible nor constant. The instruments that can be used in practice ére
however either completely directional (the response of the sensor depends on the
direction of the air flow), like the hot wire anemometer, or difficult to make
non-directional. An instrument with only a small directional dependence has
been discribed by Jgrgensen (1979). One therefore has to determine the main
direction of the air stream before the instrument is used. This can be done
e.g. using a simple hand-held smoke- puffer. '
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The sensor of a hot wire anemometer consists of a thin metal wire having a
Tength of 1-2 mm. The wire is either kept at a constant temperature, or else
the electric current through the wire is kept constant. In either case the
voltage drop across the wire will be a function of the air velocity over the

wire and the angle between the wire and the air stream, The hot wire anemometer

has a very high accuracy and can measure very rapid velocity fluctuations, It
is the basic research tool used in wind-tunnel studies, It 1is, however, a
costly instrument.

Other anemometers use the rate of cooling of a heated body as the sensing
head, If the heated body is spherical in shape such an anemometer would in
princip1e be non-directional, However, in practice most instruments of this
type are more or less directional. ‘Often the heated body is of a shape other
than spherical. The response to a change of air speed is often Sslow.

The heated thermocouple anemometer is calibrated to give velocity in terms

of the difference in electromotive force between the two thermojunctions of a
thermocouple exposed to an air stream. This anemometer has a rather slow
response to rapid velocity fluctuations, and is rather insensitive for small air
velocities, Therefore, this type of instrument should only be wused for
steady-state measurements and for air velocities greater than 5 cm/s. The
heated thermocouple anemometer is a comparatively cheap instrument.

¢

In a thermistor anemometer a thermistor is coupled in series with a fixed

resistance, The supply voltage is kept constant. When an air stream passes the
heated thermistor, its temperature and thus its resistance will change, The
voltage across the thermistor is a measure of the velocity. The thermistor used
as sensor is often given an e]iipsofda] shape, If there is no temperature
compensation, the air temperature must be measured separately. Thermistor
anemometers can be designed to be rather insensitive to heat radiation and to
have a small time constant. {Hirdeman 1974). Several thermistor anemometers have
been critically reviewed by Finkelstein et al. {1973}.

- A simultaneous determination of air speed and direction can be performed if
directional sensors, e.qg. hot wire anemometers, are used. But this will
require the use of six sensors and the data must be numerically processed,
Determination of the air flow in this way is therefore seldom performed in
practice, ‘ '
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When the instruments discussed above are calibrated, one must take 1into
account the temperature, humidity, and atmospheric pressure., They require
accurate calibrations at regular intervals, These calibrationélshould always be
carried out in a miniature wind tunnel, or socme other suitable device, at the
relevant temperature, ‘

Measurements of air flow velocities are likely to be rather rare,. and the
indoor airflow 1is of interest for the comfort, but only indirectly through the
influence on the behaviour of occupants, for the energy consumption, General
information about the measurement of air velocities can be found in Ower -
Pankhurst (1977).

-_indoor humidity measurements

The humidity inside a dwelling is not evenly distributed. Often the
humidity 1is substantially higher in the bathroom and somewhat higher in the
kitchen' than in other rooms. Often instruments that are used for the
measurement of outdoor humidity can be used also for the measurement of indoor
humidity. This includes the psychrometer, the lithium-chloride cell, the
mechanical and the dewpoint hygrometer, For a detailed description of these
instruments see ch. III b, N

_ .

Humidity vélues in a dwelling are not very important from the energy
consumption point of view, except' possibly when certain neaf—exchangers are
used, Humidity is important mostly with respect to human comfort, and only if
some upper or lower concentration Timits are exceeded.

Indoor humidity can lead to condensation on parts of the building structure
which in turn can damage the building material. There is a risk that the
occurence of such damages will increase when a building becomes better insulated
after a retrofit. [t is therefore important that a retrofit is performed in
such a way that the risk of condensation is minimized.
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- measurement of air contaminants

As measurements of air contaminant concentrations are of interest only to
determine if some absolute 1limit of concentration, unacceptable for human
wellbeing and health, has been exceeded, this subject will only be discussed
here briefly.

The identity and concentration of gaseous contaminants can be determined
through  analytical methods. The analytical data are often obtained by

accumulation in collectors containing organic polymer absorbents. .The sample
collected in situ can then be analyzed in a laboratory using gas-chrematography
or mass spectroscopy {see e.g. Dravnieks, Whitfield and Shah 1979). For field
meaurements simple instruments are available which use the property of gases to
absorb infrared light. But these instruments can only be calibrated to measure
the concentration of one gas at a time.

The first method describeﬁ above for the determination of  gaseous
contaminants _can also be applied for the identification of odourous
contanimants. However, even if the 1dénﬁ1ty and concentration of the odour is
known, this does not adequately characterize the resulting odour and the human
response to the particular odour, Instead one has to rely on a sensory
evaluation in order to quantify the odour effects in indoor air. »

A subjective determination can be obtained by using a scentometer. The use
of the nose is required. The method consists of making an odour comparison with
clean air as reference. The clean air is obtained by filtering, The observer
makes the comparison by sniffing alternately and estimating an odour level. If
an experienced‘ panel is used, the method gives good results for the

determination of odour threshold. '

For the determination of odour supra thresﬁolﬂ intensities, there exist
standardized methods (ASTM 1978) using a reference odour instead of fresh air as

a reference. For a discussion of the above topics see Dravnieks (1978).

Nuclear radiation can be instantaneously detected using ionization type

counters or scintillation counters. The ignization type Geiger-Muller counter
(G-M-counter) meaures radiation from beta or gamma sources, The G.,M. counter
is sensitive and inexpensive. The electrical output is high.
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When ionizing particles pass through certain crystals, e.g., a ‘gamma-photon
through a NaJ “crystal doped by tallium, a scintillation detector can sense
flashes of light produced in the crysta]: If a photomuitiplicator is optically

coupled to the crystal, the light is amplified and converted to an electric
' signal, which can éive ihformation about the number of photons and their energy.

scintillation instruments are more effective than Q.M. counters for gamma
counting. They are expensive and require freguent maintenance, Other detectors
use photographic emulsions to detect alfa particles. These detectors provide a
permanent record but require exposure over a prolonged period.

The number of particles of the indoor a{r can be‘ determined after a
coilection of such particles. The particles are generally collected by letting’
an ajr stream pass through a filter, The amount of particles can then be
determined by optical methods, counting particles by the use of a microscope, or
by weighing the filter before and after the collection of particies.

- lighting measurements

Lighting measurement traditionally means ‘measuring the illuminance in Jlux.
There are simple and more sophisticated Jux-meters available with a photocell
designed to have the same spectral sensitivity as the eye and also arranged to
have the expected variation in sensitivity with the angle of incidence, the so
called cosine-correction,

For more elaborate measurements of the visual environment one should also

measure - the luminance of the room surfaces. There are Tfairly few
luminancemeters on the market.

Measuremént of the daylight factor is more complex as it involves a
simultaneous measurement of daylight 11luminance indoors and outdoors from an
unobstructed overcast sky. It is important that the measurements are made at
the same time as the daylight varies rapidly even when it appears to be
constant, ' [n many countries there are standards or recommendations for daylight
in dwellings. In some cases a certain availability of sunshine is also
' requested, The- standards are expressed in different ways in different

countries., Various points of reference in the rooms are used {fig, IIIc-5).
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Fig. III c¢-5

Examples of reference points for definition of

the daylight factor. B is the darkest point. C gives
gives more of a mean value with some guarantee

that the daylight is not too uneven. D is right in

in front of the window and there is a risk of very

dark parts of the room.
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A theoretical daylight factor is generally calcu1§ted based on the design
of the building, The windows are assumed clean and no shadings like curtains,
blinds or potted plants are supposed to reduce the daylight penetration. When
measuring the daylight in an occupied dwelling, it is often difficult to remove
all shadings. A control is therefore best .done by calculation of the daylight
facfor after the retrofit. What daylight level the occupants have in reality
then depends on individual habits, interior decorations etc.

The factors influercing the‘cha&ge in the thegretical daylight factor are
mainly the <transmission factor of the glass, fixed shading devices outside the
.windows, and the gléss area,

] Which method of calculation to use is generally stated in the standard. |If
no method is given, the "BRS Daylight Protractors™ ' {Longmore 1968} are
suggested. For vertical double glazed windows a corresponding method has been
presented (Fritzell-Lofberg 1970).

- measurement of thermal comfort

Observations of behaviour and of energy consumption 1in the home gain
‘fmmgnsely in value if they form part of a field experiment rather than a péssive
survey of existing conditions. In the latter case, secondary . and often quite
unexpected linkages between factors can negate the value of the observations or
even give rise to incorrect interpretation. A properly designed field
experiment, 1in which one or more factors are varied without regard to other,
possibly more influential factors, their linkage broken by proper randomization
techniques, yields clear- cut comparisons and an unequivocal interpretation.
There need be no dichotomy between the field and the Tlaboratory, merely a
gradatioﬁ of reaiism for the participants. The home can be more or less
cenverted into a }abordtory, or participants can be made to feel more or less at
home in a laboratory. The choice is wusually governed by the practical
difficulties encountered in gaining the required degree of control over the
factors to be studied, or in achieving the required degree of realism. The aim
should always be to provjde the maximum amount of realism for the participants
while achieving the necessary degree of control and measurement. The best
features of laboratory experiments can often be incorporated inte field

experiments.
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Field measurements of human comfort, Thermal comfort can be defined in a

variety of ways. It is wusually defined as the absence of discomfort. This
negative definition defines a no- complaints zone that permits a certain
latitude for variations in the thermal climate even for an individual. However,
thermal comfort is sometimes defined as the state where a subject ¢annot decide
whether he would like the temperature raised or lowered even if pressed. This
point can be found fairly exactly by experiment, Unfortunately it differs
greatly between individuals even if they are all under the same conditions. The
comfort zone is then defined as the region where a certain, quite arbitrary
proportion of people are in exact thermal comfort. This provides very little
information about the consequences, for an individual rather than a large group
of people, of deviations from the ideal. .

Compiaints of thermal discomfort are caused in the first place by an
unsuitable combination of the six factors determining the heat balance of the
human body: temperature, thermal radiation, air velocity, humidity, clothing
and metabolic rate,. They are also caused by a.mismatch between what the
occupant is trying to do, and what he would have to do to be thermally
comfortable- wundress, stop work or sweat if it is hot, dress up, work harder or
shiver if it is cold. Any study of thermal comfort must take account of what
the subject 1is doing and would like to be doing. Thermal comfort cannot be
measured as if it was some inevitable product of environmental factors alocne.
Occupants must be given an idea of the activity for which the environment is
supposed to be comfortable .

Thermal comfort responses can be obtained by means of questionnaires with
Jabelled categories of response. The 7-point scale below is used almost
universally ’

. Much too hot
Too hot
Comfortably warm
Ideatly comfortable
Comfortably cool
Too cold

— RN W s O~

Much too cold

I possible, the réplies should be obtained by a verbal sequence of
questions, starting by asking whether the temperature is comfortabie. This
‘places the response unequivocally in the 345 "comfort zone" or outside it. If
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the analysis later calls for an assessment of the proportion "too hot" or "too
cold", there is then no doubt about where to draw the line: the subjects
themselves have done so. ‘

" Mean skin temperature is closely related to thermal comfort in the cold,
_ but hardly at all in the heat, where skin-wettedness is the best predictar.
This is very difficult to measure. In most energy conservation work' it is a
good 1idea merely to obtain a measure of hand or finger surface temperature,
This provides good information about the thermal state of the body in the region
where vasodilatation and vasoconstriction are sufficient to regulate the heat
balance of the body. Finger temperature is itself of interest because of its
influence on finger- tip sensitivity and manual dexterity, usually important in
dwellings as well as workplaces, whereas hand temperature is probably a better
predictor of grip strength.

Studies using skin temperature as a criterion can involve repeated measures

with no Tlimitation. Useful data can in this case be obtained from a mere 5-10
subjécts. If thermal comfort responses are to be studied, it is unwise to ask
‘for too freguent assessments, and often better to use an independent measures
design to avoid routine answers or boredom. In this case, 10-20 subjects will
be required to distinguish reliably between conditions differing by a few
degrees K, i.e. 10-20 subjects to experience each condition once only. This
number is also appropriate for independent comparisons of skin temperature
measurements. If behavioural measures, for example of work performance, are to
be obtained, it is not advisable to use repeated measures because of the
learning that takes place between repeated exposures, Independent measures
designs involving work . performance usuaf]y require 20-30 subjects under each
condition if significant differences are to be shown, even between canditions
that clearly differ subjectively.

It is usually also worth supplementing the information obtained by a
thermal questionnaire by asking for a simple 3-category (too low /OK/ too high)
assessment of thermal radiation, air velocity, humidity and floor temperature,
if appropriate, for diagnostic purposes and remedial action.

An assessment of air quality (stuffy /normal /fresh) is also informative
and easy to obtain at the same time.
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Human beings in controlled laboratory experiments. The usual justification

for this approach is that extraneous factors will be absent or under control,
but it is often so that the measurement techniques or procedures to which the
participants are to be subjected are so intrusfve that the experiments might as
well, for convenience, be performed in the taboratory, i.e. realism for the
participant would be 1low. even in- the field. One way of dealing with this
problem is to deliberately mislead the participants as to the purpose .of the
experiment, perhaps presenting a second factor, such as noise, as the
independent variable of interest while in fact studying respenses to teﬁperature
or humidity. In this way the subjects” reactions to the concealed, true factors
may be more naive and therefore approximate better to the reactions occurring in
real life outside the laboratory. Ethical committees requiring full and
informed consent can make it very difficult to employ this method except by
using subtly different emphasis on the true and “decoy™ factors of the
experiment.

The measures taken in laboratory experiments on human requirements of the
environment fall under three headings: physiolological, subjective and
behavioural. These rgfer to the three levels of the system hierarchy comprising
body systems, man as a unit, and the context in which he acts as a component.
The criterion measures should be so defined that they are relevant to the system
objective at each level, and are if possible measures of the degree to which the
objective has-been attained. Thus as the lowest level, body systems, the goal
is continued, undamaged efficient functiening. Environmental factors are
assessed at this level in terms of the impairment of function they introduce to
baody systems - the damage done to ears by noise, to eyes by light, to central
nervous functions by chemicals or by heat. At the next level, man himseif. the
goal may be comfort and wéll-being or it may be perfbrmance despite discomfort.
This must be determined or set by the conditions of the experiment. The
subjective assessments obtained verbally or otherwise from the subject can be
designed to provide information relevant to the achievement of these aims.
Whereas physiclogical measures can be made on an interval or ratio scale,
subjective assessments should usually be treated as ordinal, or even as nominal
if  category scaling is used, Subjective assessments are usually as
stress-specific as physiological measures - it is difficult for subjects to make
cross-modal  comparisons, for exampie to compare heat discomfort with noise
discomfort.
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Behavioural measures refer to the functioning of man as a unit in context,
interacting with his environment, with equipment, with other people., Such
experimental measures demand a hfgher degree of realism of the experiment.
Physiological measures can and often are made onh prone, naked subjects
instructed not to move or talk, subjective assessments can and often are
obtained from bewildered subjects sitting in a bare room and waiting for
something, anything, to happen. Behavioural measures involve observing what a
subject does in- a defined context. This may often include measuring his
performance of a giveh task, The task should be chosen from or modelled on a
task really performed in the environment in question. This is obviously the
case in workplace studies, where the task provides the “raison d’etre” for the
workplace, However, numerous well-defined activities are performed in the home
- housework, study; reading, watching television, conversation, resting,
sleeping. Measures of how well these activities can be performed are relevant
criteria for energy consumption, They have the advantage over physiologicail and
subjective measures that they are not stress-specific but are affected by all
manner of environmental variables. They are also in many cases considerably
more sensitive to sub-optimal environmental conditions.

Simulation with dummies, Physiological, subjective an& behavioural

measures must obviously be obtained from real people. Not so physical measures.
Dummies simulating people have a place in energy conservation research; They
can simulate the thermal and acoustic impact of people on the eﬁvironment of a
room. Care should be taken in simulating the‘therma1 contribution of a human to
a room. All too often a heat source of the required wattage is used without
regard to its size, shape and surface temperature, Small, hot sources Jlead to
quite different convective and .radiation exchange conditions in a room even
though their total heat contribution may be correct.
)

Physical measurements of the heat loss from heated mannequins have been
extensively used to measure the total insulation wvalue of clothing. Such
mannequins must fit the clothing and should also have realistic skin temperature
distributions. More detailed measurement of heat Toss from different parts of
the body in response to clothing, draughts, asymmetric radiation, etc. will
require more sophisticated mannequins with physiclogically correct skin
temperature distributions even under sub-optimal thermal conditions. The
influence of posture on heat balance can suitably be assessed using a thermal
mannequin, In the near future thermal mannequins with the ability to sweat and
to move realistically will be developed for more sophisticated assessment of
clothing assemblies and 'their importance for energy conservation.
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III d Thermal performance of buildings

- general information

The thermal performance of a buiiding appears as a set of properties
defining the ability to maintain a pleasant indoor ciimate throughout the year,
It is, therefore, the technical answer to the user’s requirements.,

From a physical point of view, as there exists a temperature difference
between the outside and the inside, energy flows will cross the envelope of the.
building. These energy flows will depend on:

- the composition of components (windbw, wall, roof, basement ) of the envelope
- the order in which the constitutive layers of the wall are arranged
- the material used for each layer.

A short review of conductive heat transfer problems is given in ch. I b,
The measurement of thermal properties of materials is first described.

In the steady-state regime the material considered is characterized by its
thermal conductivity A = . A description will be given of the different

measurements allowing the determination of this quantity, efther in the
laboratory, or in situ,

In the transient-state regime a material is characterized by its thermal
diffusivitya {see ch. I b). The measurement of this physical quantity can be
performed directly or indirectly (i.e., following the methodology adopted for
the determination of conductivity). ’

In the field, the problem is generally not to find the relevant thermal
properties of a given material, but rather to handle a multilayer wall, all

_ layers being different, Here again one has to distinguish between steady- state
and transient- state conditions., 7

In steady-state conditions the therma]vperformance of a multilayer wall can
be described by means of a single parameter: the thermal transmittance
{U-value) of the wall, The equipment to measure this quantity in the field will
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be described. Sceme information will also be given about the measurement of
surface heat transfer coefficients and of the U-value of windows.

For transient-state conditions, it 1is generally impossible to measure
directly the parameters introduced by the different mathematical methods such as
finite difference and response factors. An indirect validation can be obtained

measuring the surface temperatures, introducing them in the algorithm to be
tested and finally comparing the calculated heat fluxes with the measured
values,

When the Fourier transform method is used (see c¢ch. Ib), which solves the

heat transfer problem in the simpler case of periodic heat fluxes, the so-called
“Fourier coefficients" can be measured in the laboratory. Regarding the
building as a whole, its--behaviour 1in <transient- state conditions can be
synthetically, even though unprecisely, described by its equivalent thermal
parameters {ETP"s) (see ch. [ b}.

The last section of this c¢hapter analyzes the methods for measuring
emittance, reflectance and transmittance of building materiais. An application
of growing importance in the field of building science, namely thermography, 1is
described. ‘ .

- thermal properties of material

It is impossible, except in the case of gases at low temperatures, to
predict the value of thermal conductivity, x, (see ch, I b} theoretically.
Therefore, all available information about the thermal conductivity is based on
measurements.

In general, A varies with temperature, but, at least' for building
" materials the change is so small that, in most situations, thermal conductivity
can be assumed constant.,” In a similar manner, the pressure dependence of
thermal conductivity may be ignored.

Nevertheless, a factor which strongly affects thermal conductivity 1is the
moisture content of the material. This is especially so for porous materials,

i.e. materials consisting of solid matter with small voids. This category
includes most of the.- insulating materials. Therefore, one should dlways be
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conscious of this fact when applying values from standard tables of thermal
conductivity of building materials, These values generally take into account a
certain moisture content of the material and therefore give higher values than
those measured in the laboratory on dry samples.

The two standard methods used in the laboratory for the measurement aof
thermal conductivity in the steady-state and for an oven-dry sample, will here
be described to stress the difficulties involved,

The guarded hot plate method (described by ASTM C177), is wused for the
determination of the existing thermal conductivity of dry homogeneous specimens

of building materials., In its simplest form, the apparaius used in this method
consists of an electrically heated plate and two liquid-cooled plates, as
indicated in fig, III d-1,

Two similar slabs are mounted on each side of the hot plate, A cold plate
is then pressed against the outside of each specimen by a clamp screw. -The
heated plate is divided into two portions: the central. or measuring section,
and the outer or guard section. During testing, the two sections are mainta{ned
at the same temperature, the guard section minimizing errors due to - edge
effects, The electric energy required to heat the measuring section is
carefully monitored., The thermal conductivity of the material can be calculated
knowing the energy required, the area of the seﬁtion, the temperature gradient,
and the specimen thickness.

The guarded hot box method (described in ASTH C236), is designed for
measurements of non-homogeneous panels, e.g,, components such as walls, roofs
and floors of buildings., The hot box apparatus, as shown in fig. IIId-Z; is a
device by which a constant temperature difference can be established across a
test panel for the time necessary to ensure constant heat flux, and temperature
distribution, across the panel. The apparatus consists of three five-sided
boxes: a cold box cooled by a refrigerating machine; a hot box, electrically
heated; and a metering box, enclosed in the hot box, e]ectéical]y heqted as
well,

The hot box is kept at the same temperature as the metering box to minimize
heat exchanges to or from it. Therefore, the heat supplied to the metering box
is equal to the heat flux across the panel, Knowledge of the electrical energy
supply, the temperature difference, and the specimen area affords the
calculation of the thermal conductivity or conductance of the test panel.
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Unfortunately, the two methods presented abéve cannot be applied to
deterane "thermal conductivity of wet! materials, which are the ones used in
reality. The reason for this is that the establishment of steady state
conditions,' required for the tests, modifies the humidity content of the
materials.

In order to perform measurements of thermal conductivity of materials in
the transient-state, it 1is pot necessary to develop new experimental devices:
the "guarded hot plate" apparatus may be used {Fuet et al., 1979, D Eustachio
‘and  Schreiner, 1952, Hooper and Lepper, 1950). In fact, the thermal
‘conductivity of the sample is obtained by analyzing the temperature reaction on
the face of the sample affected by an imposed flux. Such an analysis is made
possible thanks to the various solutions of the heat equation under specific
boundary conditions (see, e.q., Carslaw and Jaeger, 1959). The use of the )
guarded hot plate in tﬁe transient-state reduces considerably the duration of

the measurements and thus makes it possible to deal with wet materials.,
However, this requires an apparatus that .can produce cyclic boundary conditions,
and the determined value of the conductivity will be valid only for the cyclic
frequency of the boundary conditions,

Another transient-state method, named "the heated wire method" has been
developed by T.N.0. (Holland) and 1is based on the theory of cylindrical
temperature fields. A constant heat flux is sent into the material through a

wire embedded in it. Then, the temperature gradient in the area around the wire
(a function of the thermal properties of the material as well as of time .and
position) fs measured. As the temperature at that point varies 11nearly with
the Togarithm of time, one can calculate the conductivity.

The main advantage of this method is that it is the only one which has lead
to the development of a device which can be used for in situ measurements. This
device is called the “ ;3 -probe" (Erkelen, 1960, Hooper and‘Chang, 1953). 1t is
a needle-shaped instrument that can be inserted into a small hole drilied for
this purpose through the wall. This inStrument makes it possible to moniter the
temperature at different depths in the wall., 0ne can then perform measurements
in a non- destructive ménner, whereas, formerly, samples had to be extracted

~from the wall,

A wire heater is dwelled, together with a temperature transducer, 1in the
material under test. Temperature measured near a constant heat source after a
certain time is used to calculate thermal conductivity of the material. Fig.
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ilid-3a shows the x -probe. The heater is a double-foided constantan wire 0.3,
mm thick., »Glued to this wire are constantan- manganine thermocouples (0.1 mm
wire) in the Tlengthwise direction, in order to save space, each set of
thermojunctions has a common constantan wire {see fig., [1Id-3b). The whole is
then ihcorporated in a small glass tube with an external diameter of 2.8 mm.

- walls: steady-state parameters

This section is devoted te field measurements of the.thermal perfermance of
walls, in steady-st&te conditions, the parameters which characterize the
thermal behaviour of a wall are ifs thermal conductance and its overall heat
transfer coefficient, also called U-value. They are defined in Ch, Ib.

A method of determining the U-value of a building component is to test. a
representative section in a guarded hot box: the measured and calculated values
are generally in good agreement when there are n¢ air cavities within the
construction. When there is not sufficient information about the composition of
the wall, it is, however, better to perform on-site measurements,

i) U-value of walls

The most coammon method for the measurement of the U-value of walls makes
use of special devices called Heat Flow Meters (HFM) (ASTM C518, Gier and
Dunkle, 1954}: the basic principle of this apparatus consists in detecting and

amplifying the temperature gradient of an auxiliary layer inserted in the
thermal circuit.

Most HFM™s consist of a thin, thermally and electrically insulating layer
which acts as a support to a {e.g. qopper—constantan) thermoelectrical circuit,
The solderings of the two metals are placed alternatively on the hot side and on
the cold side of this sheet. These thermocouples, thermally in parallel and
electrically in series, detect and amplify the temperature difference between
the two faces of the Tlayer when it is crossed by a thermal flux, The whole
probe is generally covered by an aluminium layer to improve the homogeneity of
the thermal flow.
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The heat flow meter must be calibrated (e.g., by means of a guarded hot
plate) to make it ready for on-site measurements: the output voitage is
generally a linear function of the heat flow, While (Devisme and Marechal,
1979) the thermal Tresistance of the heat flow meter is responsible for the
temperature difference between its two faces, its thermal capacity is
responsible for the difference between the in- and out- going heat fluxes.
Therefore, a material has to be chosen having both a sufficiently high thermal

‘resistance and a low thermal capacity.

The definition of the U-value refers to steady-state conditions, and
therefore is not directly applicable to field measurements, where steady-state

conditions can never be achieved. However, if the energy flowing across the
wall, q, is recorded for a time long énough, the amount of energy stored in the
wall can be neglected., OQutdoor radiation has aiso to be taken into accouqt. An
approximate way of doing this is to identify the outdoor temperature with the
sol- air temperature. Leaving the exact definition of the temperatures till a
later stage (see below), we have:

u =;:£1 dt/f:.’ (T; - Ty) dt {111 d-1)

where

T3

indoor temperature

-
0]

o = Outdoor temperature

heat flow across the unit area

L
"

Measurements cannot actually .be carried on for an infinite time. One has
therefore to study the ‘errors which may occur because of the finite time used
for the integration. These errors depend on the wall construction and weight as
well as on the amplitude of the temperature difference during the measurement.
The integration time {in eq. IIld-1) to achieve a 10% precision ranges from a
few hours up to almost ten days depending on the considered wall (see fig.
[11d-4).

Three quantities have to be measured in order to obtain the U-value:
- inside (surface) temperature

- outside (surface) temperature
~ inside heat flux
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Fig. II1 d-4 The development of the ratio U/U0 in time during
2 measurement of the U-value of a wall with a heat
flow meter. U is the measured U-value and Uy is the
correct U-value (after EMPA 1981). :

"Table II1 d-1

U-value and specific mass of walls examined in Figu}e I11d-4.

N Type of wall u (w/mgcﬁ) Mass/area (kg/m3)
1 Brick wall 1.10 407
2 Brick wali 0.90 505
3 Two-shell brick wall 0.40 367
4 Sandwich wall 0.40 8
5 Concrete wall with inside ins. 0.60 387
6 Concrete wall with outside ins, 0.60 387
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The measurement of the quantities in parantheses yields the value of
thermal conductance. -In theory the heat flux could be measured outside as well

as inside, because the two integrals of heat flux should coincide in the Tlong
run. However, this is very often not true, especially when the wall inciudes an
air layer; moreover, the strong outdoor radiation field would emphasize the

difference between the HFM radiative properties'and those of the wall on which
the HFM is inserted,

Since the wall construction 1is not homogeneous,: temperatures and heat
fluxes will not be constant over its surface. In this case, an infrared scanner

can be extremely u§efu1 to assess the thermal state of the wall and choose the
points where the measurements should be carried out (Roberts and Reinke, 1982).
Particular care shouid be taken. when installing the sensors: for U-value
measurements, a wall shaded from direct solar radiation should be chosen,
Otherwise, sol-air temperature, defined in Ch. Ib, should- be chosen as the
representative outdoor temperature; this, of course, cannot be directly
measured.

For conductance measurements, where the surface temperatures are .required,

the temperature sensors should be as small as possible and should be embedded
into the wall, under a thin layer of plaster. In this way ‘the short-term
temperature fluctuations, due fo the turbulence in the boundary layer, adjacent
to the wail surfacé, are automatically averaged, and the problems related to the
representativity of the sensor position are diminished,

The use of heat flow meters involves some specific problems, such as:

- additional thermal resistance of the sensor itself;

- alteration of the wall thermal field;

- unsteady-state conditions occurring during the measurements, while the HFM
has been calibrated in steady-state conditions;

- difference between radiatfve properties of the HFM and the wall.

- calibration depends on the properties of the wall the HFM is on

A way of minimizing the second effect listed above is to surround the HFM
with a material having the same thickness and thermal conductivity as the sensor
material. The third drawback can be by-passed if a low-capacity material is
employed for the HFM, thus minimizing the heat stored by it. The fourth problem
can be partially avoided if the HFM is embedded into the plaster and coated with
the same painting as the wall. For further information on these topics see e.q.
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Ltav and Norberg {1979}, Flanders and Marshall (1982).
ii} surface heat transfer coefficients

Surface heat transfer coéfficients,'h, {SHTC) can be measured using the
same experimential setup as for of U-values. The measured quantities are:

- inside (or outside} air temperature,-T,

- inside {or oufside) surface temperature, Tq

- inside {or outside} heat flux, q N
The {radiative + convective) SHTC is given by:

h=q/(Ty -Tg) (111d-2)

Since the boundary layer has no thermal capacity, the SHTC can be
determined  instantaneously. On the other hand, the SHTC 1is not, as
counductance, a constant property of a wall, because it depends on variable
boundary conditions such as air temperature, air velocity, solar and atmespheric

radiation, etc... Moreover, as experience shows, the SHTC has 1ittle physical
meaning, since it refers only to the air and surface temperatures, while surface
heat transfer is influenced alsoc by other quantities, particularly radiation
from the surroundings. ‘

The accuracy with which "h" can be determined depends mainly on how c¢lose
the radiative properties of the HFM are to those of the wall. The need for
precise sensors is even stronger here than for U-value measurements, since the
temperature difference in eq. III d-2 is very small, -

ii1) U-value of windows

The on-site measurement of U-values of windows is not a procedure to be
recommended, mainly because of the disturbance introduced by radiative
exchanges. Moreover, the U-value of windows depends greatly (and, for
single-panel glazings, exclusively) on the surface heat transfer coefficients,
which are affected by meteorological factors, varying, in their turn, with time.
For these reasons, the procedure presented  above can lead to large errors,
‘especially when the window is directly flooded by the sunlight, In this case,
the HFM will pever be able to repreduce the radiative properties of the glazing
itself, especially not its transmissivity,
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It is thus-advisable to make use of data from laboratory measurements or a
theoretical analysis. A mobile apparatus for direct measurement of the energy
performance of fenestration systems has been recently developed by Klems and
Selkowitz (1981). The so-called Mowitt (after Mobile Window Thermal Test}
provides a number of capabilities, e.g.:

- full-scale testing of windows of various sizes and types;

- dynamic performance measurements using real weather conditions, including
solar gain;

- flexibility in simulating interior building environments of different weight,
insulation, and leakiness. ‘

On the other hand, it should be stressed that the MOWITT does not _perform
field measurements, but rather operates uﬁon full scale test samples. An

interesting feature of this apparatus, based on the principle of the guarded
calorimeter, s that it makes use of particular large-area, high-sensitivity
heat-flow sensors (Klems and Di Bartolomeo, 1982). This kind of heat-flow
sensor is based on alternate current resistance thermometry. The first
prototypes, having size of 0.09 mz. showed linear response, a sensitivity of
about 35-40' mV/(W m~%), with a minimal detectable flux of 0.08 W/m2.

The procedure adopted by Caluwaerts and Verougstraete (1979) for laboratory
measurements is  also presented, The experihental apparatus is of the
"guarded-hot box" kind and has been used to test a number of windows, having
different number of glazings and. different frames, in different environmental
conditions, The following qualitative conclusions can be drawn:

]

the U-value is influenced by outdoor conditions, especially by temperature
and air velocity;

the U-value is slightly affected by the heating system, except in the case
when floor heating is used, where a relevant decrease.has been noticed.

the U-value is strongly affected, beyond the number of glazings, by the
type of frame; PVC, wood and aluminium show respectively growing U-values.

the window position in the wall opening seems to be irrelevant.

A Supplementary heat resistance is provided by curtains (0.03 mZ/N) and
outside roller blinds (about 0.25 m2/w). When there is a radiator under the
window, one has observed the effect (Dubbeld 1978) that, compared to a single-
glazed window with window sill, the U-value of the window increases with 15% if
the sill is removed, decreases by 21% if there are curtains above the radiator '
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or the sill, and fincreases by 8% if there is a long curtain in front of the
radiator.

- walls: unsteady-state parameters

The analysis of time-dependent thermal response of building walls is a
useful tool to determine their behaviour wunder actual transient-state heat
loads., Twe different approaches can be adopted, both making reference to some
theoretical method yielding the flux response of a wall once the properties of
each layer are known: ‘

- determine the unsteady-state parameters of the wall.
- validate experimentally the résults-of the method by comparing the measured
flux and the calculated one.

Not all methods are suitable for the first approach; for éxamp]e. the
response factor method makes use of too large a number of independent
parameters, compared with the accuracy with which fluxes and temperatures are
known. On the other hand, the second approach can always be applied, but yields
only indirect information on the wall thermal performance., The determination,
in  the laboratory, of the parameters of the Fourier transform analysis, and the
"Envelope Thermal Test Unit" method belong to the first category.

1) determination of the parameters of the Fourier transform analysis

The Fourier transform method provides four complex coefficienfs Av, BQ, Cys
and Dy, (defiped by Eq. Ib-8) for every frequency considered in the thermai
oscitlations, These coefficients depend on Tiy and Tous
air temperature, and on qj, and dov» the indoor and outdoor heat fluxes. The

the indoor and coutdoor

measurement of these coefficients can be performed in the laboratory, according
to the procedure developed by Codegone, Ferro and Sacchi (1966) and briefly
outTined here,

For the measurement of parameter Ay, two identical wall elements are placed
close to each other so that, e.g., the outside surfaces are in close contact,
and equal temperature sinusoidal oscillations are imposed on the inside surface
of the walls. 'Therefore, since dov = 0, the coefficient A, is given by
A=Ti/To,
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For the measurement of parameter B,, using the same experimental set-up as
before, a thin layer of known thermal capacity and high diffusivity is inserted
between the two symmetrical wall elements in close contact with the outsides,
By imposing equal temperature oscillations on the inside surfaces and record1ng
the surface temperatures, one gets:

By = (TiwToy = Avl/ {GiwTov)

The twoe wall elements are reversed so that the inside surfaces are in
contact. In this case, since qj, =0, the coefficient D, is.given by D=Tqu/Tiye
The last coefficient, C;, is calculated from the relation Ay*D, -« B,*C,=1 ( see
ch. Ib), or by inserting a thin Tayer between the walls, in this case in
contact with the insides.

ii) the Envelope Thermal Test Unit Method
_The Envelope Thermal Test Unit (ETTU} is a portable modification of the

"guarded hot box" (Condon, Carroll and Sonderegger 1980). It can be used both
for field and Tlaboratory measurements. It provides the dynamic thermal

properties of walls, with reference either to a dynamic simplified model using a
set of Equivalent Thermal Parameters {ETP"s) (Sherman, Sonderegger and Adams,

1982), or to the Fourier transform method described above.

The basic principle on which ETTY is based is that a regulated heat flux is
applied on one or both sides of the walls, and the resulting surface
temperatures are measured. The ETTU consists of two identical "blankets" which
are placed in close thermal contact with the wail to be tested. Each blanket fs
made of a pair of electric heaters sepérated by an insulating layer of Ilow
thermal capacity. Temperature transducers are placed in each heater layer.
Heat is provided to the inner {primary) heaters, while the oﬁter {secondary)
heaters act as quards.

A microprocessor-controlled data acquistiOn'system is used to drive the
system and record the system temperature responses, The analysis is restricted
to the central region of the blanket to reduce the effect of transverse heat
flow. The secondary heaters are driven by a servo-control which drives their
temperature towards the primary heaters temperature, thus minimizing the heat
provided by the blanket which is not contributing to driving the wall.
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iii} experimental validation of the transfer function coefficients

Using the response factors method, the internal surface heat flux is given
by egq. 1b-9. The- unknowns are the sets of coefficients c, b, d; all other
quantities can be measured using the procedure outlined for the measurement. of
the U-value.

There are several numerical methods to solve the eguations above, but it
should be stressed that the system may be i11- conditioned, thus yielding very,
different results for small variations of the coefficients. A better approach
{(C11 et al., 1979) consists of two steps:

- the ¢, b, d coefficients are computed according to the procedure outlined by
Mitalas and Arseneault {1967) or using the pre-calculated values reported in
the ASHMRAE Mandbook of Fundamentals (1981};

- the heat flux convolution, calculated using the measured temperatures in eq.
[ b- 9, is compared to the heat flux values, measured by the HFM technique
previously described.

- measurement of radiative properties

i} radiative properties of building materials

The radiative properties of building materials, defined in Ch, Ib, do not
.differ significantly from one material to the other; moreover, the values

provided in the literature may often be confidently applied. In some special
cases it may, however, be wuseful to determiné experimentally the radiative
properties of byilding materials. In this case, different approaches and
instruments must be used whether ore is dealing with shortwave or longwave
radiation,

The transmittance of shortwave (solar) radiation (0-4 ym) can be measured

using' the same instruments as those presented in ch. IIIb for solar radiation
measurements. With two sclarimeters (pyranometers) placed on the two sides of a
glazing, and parallel to it, one can measure the incoming global solar radiation
flux outside I0 and inside I the window. Thg ratio [1./!0 can be defined as
the shortwave transmittance, T of the glazing.
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Reflectance can be measured, as before, using two solarimeters, one facing
the wall, and the other facing the opposite direction, If I;» 1s the shortwave
(solar) radiation reflected by the wall and I, the one impinging on the wall,
we have pg=Ir/lp

The third radiation coefficient, as (absorptance), can be easily deduced
from the relation p_tagtte=1 (see ch, Ib}, -

The value of the shortwave radiation coefficients will depend on the
incidence angle of direct solar radiation, and therefore on the ratio of direct
to {diffuse + reflected) solar radiation.

The transmittance of longwave radiation {4 - 100 um}, 7g, is generally
assumed to be negligible both for glazings and opaque walls. The longwave
reflectance, ey, 15 defined analogously to short- wave reflectance, However, an
instrument for longwave radiation measurement {pyrgeometer) facing the wall wiil
read not only the reflected component, but also the emitted radiation, Ia '

e = e*o*T4

where

g = the emissivity of the surface
¢ = the Stefan-Boltzmann constant

If Te+r is the value given by this instrument, and if 1, is known from a
measurement performed with the same type of instrument, we have py ={la+r-1a)/Io
and pg={le+r-co T4)/IO, and, sincepy +ag+tgsl and & = ap (see Ch. Ib), we
get

)
pp = (Tewr = 6*T)/ (1, - a*1')

As before, applying py + ap + 15 = 1, absorptance can be immediately found.
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ii) thermography

The term termography is. used to characterize the process which makes
visible and quantifies the thermal state of a given object. The basic physical
principle on which it is based is the relation existing between the surface
temperature of a body and the infrared radiation it emits.

The instrument employed is the infrared scanner which, generally, records

the radijation of wavelengths between 2 and 5.6 um, or between 8 and 14 um.
These two intervals have been' chosen because they correspond to two
atmospherical '"windows" where the transmission of infrared radiation is nearly
independent of the humidity content of the atmosphere.

Once the.radiation emitted by the object under observation has crossed the
atmosphere, it s localized with the help of suitable objectives (just like in
photography, it is the objective which determines not only the size of the image
field, but also its spatial resolution). The objectives must be made of
materials transparent to infrared radiation {e.g., silicium or germanium) and

.are optically treated in order to increase their transmissive power,

Once localized, the emitted radiation is projected on to the infrared
detector by means of a scanning mechanism {2 silfcium prisms optically treated
and driven by 2 synchronous motors in the AGA camera),

The detector is a semi-conducting material (indium antimonide In Sb for
systems working in the range from 2 to 5.6 um or mercury cadmium tellurium Hg Cd
Te for those working in the range from 8 to 14 um), which has the property of
converting the incoming infrared radiation into an electrical signal, the
intensity of which varies with the energy of the incident signal. In order to‘
guarantee a high thermal resolution (e.g. 0.1 K at a temperature of 30°C for
the AGA 780 camera) such detectors are placed in a Dewar vessel and cooled with
liquid nitrogen. . Next, the electrical signal emitted by detector is
electronically treated, in order to obtain, on the screen of an oscilloscope,
the thermal image of the object under consideration, This thermal image can be
photographed with an ordinary camera, thus obtaining a thermogram.

Certain types of scanners reproduce the temperature distribution both on a
grey scale (ranging from black to white) and on a colourscale. 1In the’

black-and-white thermal! image, portions, which are darker 1in the grey scale,
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represent surfaces of a Jlower temperature than portions of a lighter grey
colour. In a colour-thermogram, each shade of colour corresponds to a certain
temperature interval, A clear picture of the distribution of temperaturé over
the surface s obtained.

The basic difference between a thermal image and a photographic one is that
the Jatter reproduces the reflected radiation within the visible range, while
the thermal image reprodﬁces both part of the reflected radiation and part of
the emitted radiation.,

A thermal image often has a coarser structuré and the contours are more
diffuse than those of a photographic image. This is primarily due to the
difference in resolution, but also to the fact that the boundaries of the
surface are sometimes less definite because of thermal conduction. '

It is evident from the working process of the infrared scanner that only
relative temperature differences in the image field can be determined. If the

actual temperature of the surface is to be determined, it is necessary to know
the actual temperature of a reference point on the surface under test; the
emissivity of the reference surface and of the entire object, and finally, the
temperature function and calibration curves of the camera. '

A correction due to the attenuation of thermal radiation in air {primarily
caused by the absorption which occurs in the molecules of gas, and by the
absorption and dispersion which occurs in particles) should be necessary
whenever measurements are made aver distances greater than 10-20 m (see fig.
I{Id-5), Thus, for the measurements made aver the distances common in
thermography indoors, the influence due to the distance is negligible.

According to investigations made in Sweden {Pettersson and Axén 1980), the
probable error in determining differences in surface temperatures with an IR
scanner in the range of room temperatures can, by 'assessing the errors. in the
components along the chain of measurements, be estimated to 10% of the measured
temperature difference, but not better than 0.5 K.

Finally, in order to correct a misleading interpretation, we want to stress
that thermography does not directly give the thermal resistance or airtightness

of the construction. In cases where the thermal resistance or airtightness are
to be quantified, additional measurements, as those indicated in the preceeding
sections, must be made,
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The a]réady mentioned publication (Pettersson and Axén 1980) developes a
complete analysis of the requirements which must be satisfied when buildings are
subjected to thermography, Moreover, this publication also gives the rules for
the interpretation of thermograms and the use of comparative thermograms, It

deals also with the problem of correct camera setting for the quality of the
thermal image, and with the reliability of this methed, i.e. the possibility of
locating and determining with satisfactory accuracy defects in the insulation
and airtightness of a building, Therefore we need oniy report the main
recommendations for the use of thermography.

Thermography is to be carried out in such a way that the least possible
interference occurs due to external climatic factors. Measurements should
therefore take place indoors. Outdoor thermography is to be applied only for
preliminary measurements over large wall areas. In certain cases, for instance
when thermal insulation is very bad or when the pressure indoors is higher than
that outdoors, these measurements outdoors can provide valuable information,
The following conditions should be satisfied: '

1) For at least a 24- hour period before starting thermography, and while it is
in progress, the difference in air temperature across the building element
must be at least 10 K. At the same time, the difference between the 1indoor
and outdoor temperature should not vary by more than 30%. When thermography
is in progress, the air temperature indoor should not vary by more than 2 K.

2) For at least 12 hours before starting thermography, and as lTong as this is
in progress, the building element in question shall not be exposed to sun-
shine to such an extent that it can influence the reQETEs. T

3) The pressure drop across the construction shall be 5 Pa.

Of course, these rules regarding conditions during measurement limit the
period when thermography can be carried out.
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IIT e Air infiltration

- importance of air infiltration to retrofits’

By air infiltration we will here mean the uncontrolled leakage of air. into

a building through openings in the building envelope such as cracks and
interstices, and through ceilings, floors and wal1s.- Exfiltration is the
uncontrolled air movement out of the building. Generally air infi]tratibn is
applied to both inward and outward uncontrolled air movement.

By ventilation is here meant the process of supplying and removing- air by
natural or mechanical means to and from any space. Such air may or may not be
conditioned,

In many cases one has to consider also air flows in the interior of the
building through bypasses, By this is meant the unintentional openings within .
the building that allow air to move from one space to another, Examples include
openings around plumbing and exhaust stacks that provide a path for lining space
air to enter the attic. Such openings are often a main air infiltration
component.

Reviewing the studies of infiltration in Europe and North America, energy
losses due to air infiltration and ventilation in exiéting housing is generally.
stated to amount to between 20 and 40% of the energy used for space heating.
Infiltration rates in the housing vary from approximately 0.1 ACH for the
tightest of new housing to several ACH for leaky, older dwellings. Recent d&ta
(Grot 1979) collected 1in several hundred low income, older residential houses
located in the United States indicate an air exchdnée rate very close to one air
change per hour (ACH}, the value used in many ASHRAE calculations. However, the
air infiltration level can vary significant]y from house- to- house and
location- to- location. Normalizing for leakage area, fig. 1[I e-1 illustrates
the variations across the United States due to weather/location factors.

The air infiltration component of heat loss 1is often the most cost-
effective to correct in an overall retrofit strategy, provided proper detection
"methods are used (such as infrared scanning combined with depressurization).
Simple measures may often be taken to reduce afr infiltration levels to those
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Fig. III e-1 Heating season average infiltration for the United
States (48 of 50) expressed as air flow per equivalent
Leakage area, ELA (m3/ h,cm2). Data from the contour
may be translated to ACH for an individual house by
muttiplying by the ELA and dividing by the house volume,
-e.g. 0.30 translates to 0.83 ACH for a 360 m3 (150 m2)
house with a 1000 cm2 ELA,
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associated with reasonable energy loss and the maintenance of desirable ,indoor
air quality.

Air infittration often takes place through cracks and holes that are
present hecause of poor building components and practices, and the settiing of

the buildings as they age. Traditionally, windows and doors have been
considered the most important sites of such air infiltration. However, tes;ing‘
by several groups (?amura 1975, Caffey 1979, Collins 1979, Harrje et al. 1979)
has revealed that, although fmportant, leakage in frame construction associated
with these components tends to constitute a fourth or less of the overall
equivalent Tleakage area {an area that would provide equivalent flow through an
otherwise tight envelope). Construction using plastic vapor barriers and
extremely - tight masonry construction would teﬁd to alter this breakdown and
place more emphasis on door and window leakage,

Construction features that are associated with the way in which walls,
ceilings and floors join each other, and how electrical and plumbing components
pass through the envelope, have been proven to be even more important. Two
questions need to be resolved:

1) where are the specific leakage sites in each housing style within a country?
2} how can the undesired air Teakage be reduced to an acceptable tevel through
an economical and structurally sound retrofit procedure?

Without such retrofitting the air infiltration in the homes will remain
very susceptible to changing weather conditions as shown in fig. III e-2.

The identification and relative magnitude of the leakage sites have been
investigated 1in a number of new and old American houses (Tamura 1975 and Caffey
1979) as shown in Tables IIT e-1 and 2. Were the leakage of the floor -wall
joint is very evident as are the problems associated with electrical outlets and

duct systems. (The electric outlet leakage seems unnaturally high, but the
table is used to illustrate that many components can provide air leakage. These
components could also be grouped differently since openings where interior walls
meet ceiling are noted as soleplate and electrical outlet leakage, faor example).

These data are shown as an itlustration that leakage may result from &
variety of sites including doors and windows. Control of such lezkage must be
achieved if the triple goals of low energy use, suitable comfort and a healthy
indoor environmet are to be attained. '
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TABLE [IT e-1

Infiltration test results (after Caffey 1979)

Leakage per -item Number of

Location of Leak Total Percent Cummulative
(m3/h,un1t} units leakage of total

Soleplate 20.2/m crack 53 m crack 1070 24.6 24.6

Electricai wall- 13.6/outlet 65 outlets B8B83 20.3 44,9

outlets -

A/C duct system 587 /system 1 system 587 13.5 58.4

Exterior window 39.5/window 13 windows 513 11.8 70.2

Fireplace 239/fireplace 1 fireplace 239 5.3 75.7

Range Vent Zé6/range vent 1 range vent 226 5.2 80.9

Recessed spot Jight 56/1ight 4 lights 200 5.2 86.1

Exterior door 66.7/door 3 doors 122 4.6 90.7

Dryer vyent 122/dryer_vent 1 dryer vent 122 2.8 93.5

Sliding glass door 74/door 1 door 74 1.7 95.2

Bath vent 56/bath vent 1 bath vent 56 1.3 96.3

Other 152 3.5 100.0

Total 4348 m./h

TABLE III e-?

Total leakage rates of typicallhouses (after Tamura 1975)

House type/Exterior  Total Leakage Ceiling Outer walls Doors/Windows

finish of house {m3/h) (%) (%) (%) ’

One story stucco 1160 65 16 20 -

One story stucco 1100 LY, 21 22

One story brick 2410 16 65 19

One story brick 2620 T 42 24

Two story brick 2170 8 77 15

Two story brick 2240 11 66 23
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The plot in fig., IIl e-1 is indicative of variations predicted for heating

.season average air infiltration. Where detailed air infiltration measurements
have been conducted both during the heating and cooling seasons, it is evident
that summer air infiltration rates tend to be substantially less {order of half
the winter rates). This is because the inside -outside temperature differences
are reduced as well as the average wind in many instances. Under mild weather
conditions _housing of only average tightness can expgrience very low air
infiltration rates. This poses the vital question: c¢an such variable air
infiltration leve]s; highly dependent on weather, provide the necessary
ventilation and proper indoor air quality throughout a typical year?

The documentation of total air change rate inciuding air infiitration and
ventilation through the full heating (and cooling) season is almost nonexistant,
apart from a few studies {Owen Corning and de Gids 1977)}.

The role of the occupant of the building on the air exchange rate cannot be
overlooked as an energy flow item, Occupant attention to those house items
controlling ventilation is critical here. Questiens arise: Are windows and
doors closed properly, making full wuse of latching mechanisms? Are vents
periedically checked for proper closure? What are the use patterns of vent fans
in bath, kitchen and window areas? [s airing excessive or unnecessary? Thus,
the house has a variable Teakage rate from the occupant- related activities (see
ch. 1l e, IV ¢ and Socolow et al. 1980). '

A major concern of those who have studied air infiltration is whether
tightening the envelope of existing structures or improving the tightness of new
buildings will result in indoor air quality problems. Excessive increases 1in
humidity may be a warning sign that ventilation, whether natural or forced, is
inadequate. When moisture levels saturate building materials, additional
problems result, e.g., loss of insulations properties, rotting of wood
~structure, mold and odour problems, etc. For a further discussion on air
quality problems see ch. Ic. ' ‘
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- tracer Qas measurements

i} properties of tracer gas

The use of tracer gas, as the name implies, provides a method by which the
air in the building'can be identified so that an accounting can be made as to
how much outside air replaces it. This method is then used to measure the
ventilation rate in buildings or parts of a building. A wide choice of tracer
gases is available, but the choice is strongly reduced when the agreement with
the following criteria (Baqgetzi 1977, Honma 1975) is checked:

- the gas concentration wmust be measurable with good accuracy, even when highly
diluted

- the gases present in the indoor air should not affect the tracer.gas analysis

- the gas should be cheap and easily available :

- the gas should not be hazardous when breathed in the concentrations used for
measurements ’

- the gas must not be flammabdle or explosive

- the gas density should be as close as possible to that of the air {unless one
can demonstrate that the achievment of uniform mixing is ngt a problem)

- the gas should not be normally present in the ambient air

The most common choices; according to the previously listed criteria, are
sulphur hexafluoride (SFB) and nitrous oxide (NZU), also known as laughing gas.

i) tracer gas techniques

The general equation of concentration versus time of a gas diluted in the
air of a lTimited space is: :

C{t) = Cb + F*{1-exp(-n*t))/(n*V} + Corexp{-n*t) (Ille-1}
where
C{t) = concentration, function of time t (in hours)

C,, = background concentration of tracer gas in ambient air
F = tracer gas flow, m3/h

n = rate of ventilation, air changes/h

v = volume of the space, m3

Cp = initial concentration of tracer gas
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The rate of ventilation is the unknown of eq. [Ile-1, which can be solved after
it has been simplified using three different experimental procedures:

1} decay technigue
2) constant flow technique
3) constant concentration technigque

1) When the decay technique is applied, a small quantity of tracer gas is

added and mixed with the air in the building, circulating the air by waving a
fibre board sheet, using one or more floor fans, using the warm air system 1in
the home, etc. After seeding, the concentration decay is observed over time,
If Cb = ¢ and since F = @ during the measurements, eq. III e-1 yields:

n={lnCq- 1n C{t)}/t ‘ (111 e-2)

The rate of ventilation n represents the slope of a straight line when In C(t}
is plotted against time. However, it has been demonstrafed that a more accurate
way of determining the air infiltration rate is to use the expression obtained
by integrating the (exponentiated) eq. III e-2 (Sandberg 1982):

n = (Co- C(8))/ 7] C(t)dt
where
f; C(t)dt is the area below the concentration curve in a (t, C(t) } plot.

The use of tracer gas techniques can involve anything from a short term
check of an hour or so, to long term monitoring of a week or even a year or
more, For the short term tests, the detector cam be brought to the site and
(after seeding with the appropriate amount of tracer gas) the concentration
décay monitored over a period of two hours,

Another approach is to seed and then gather samples of the building air in
bags or bottles. Sampling before and after retrofits can be done in this
manner. These containers are then analyzed “back at the 1iab". This approach
allows sampling at a number of field locations {over the same time and weather
period if desired) with one Taboratory maintained detector. Additional details
are provided on this technique because of its simplicity in the evaluation of
building retrofits. The method used in the case of bottle sampling is almost
identical to that used with the bag samples. The step- by step process used in
the National Bureau of Standard study {Grot, 1979) is shown in fig. 11 e-3,
One variation is that the tracer gas, SF6 in this case, may be also provided in
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bottle form together with empty sample bottles,

One can proceed as follows: Tloosening the.cap on the SFs bottle one need
only walk around the house squeezing the bottie to achieve seeding of the SF,.
Periods when wind speed tends to be low are normaily chosen for the test.
Qutside and inside temperatures are recorded as well as wind speed. With a warm
air system one can use the furnace blower to finish the mixing process. If the
ducting system does not couple with the outside air, the furnace blower may be
used throughout the test period. If such coupiing is suspected, a measurement
with furnace blower on, intermittently, Or on over the test period, will
immediately reveal such coupling by registering an elevated air infiltration
rate. The normal on cycles (e.g., 20 minutes out of the hour) of the furnace
have proven to be more than adequate to maintain reasonably wuniform gas
concentrations in the house. One or more floor fans may be necessary with
hydronic ar electric baseboard heating.

Following the initial mixing period, bottles are filied every half hour
with representative.air samples (six numbered bottles over 1/2 hours with times
noted). Squeezing the bottles first from one side and then 90° away, for ten
squeezes, fills the bottles with room air. One central location in the house
has usually proven adequate. Returning the bottles to the 1lab, by mail if
necessary, one is ready for analysis using the equipment as shown in fig, 1II
e-4,. Each of the bottles has a natural rubber gasket and the plastic cap bhas
been drilled so that the SFG detector probe, which is adapted to a hypodermic
needle, can be inserted into the bottle (the gasket acts as a septum with many
reuses possible), As air is withdrawn from the bottle at a controlled rate {as
measured by a sensitive flow meter), pressure must be exerted on a hottle to
avoid injestion of room air., This is achieved by a weighted clamp. S5Fg
concentrations are recorded for each of the six sample Bottles (double or triple
readings can also be taken as a check on possible error) together with the
préviously noted time and temperature data. A simple hand- held ‘calculator
program provides the air exchange rates over the five periods.

Automated monitoring requires more complex equipment., Such equipment, if

it uses discrete sampling to observe the tracer gas concentration decay,
requires that periodically new tracer gas must be injected and that the readings
"must be recorded on a regular basis. An example of such an automated system
*that has been developed for a variety of air infiltration measurement
applications is shown in fig. [I11 e-5 {Harrje et al. 1975 and 1977). The most
recent developmet in this type of equipment uses a micro-computer to control
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Fig. III e-4 Eqguipment for bottle sample analysis for air infiltration.

. Bottle squeezer, flow meter, SF6 detector.
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sampling from a variety of building locations (Grot et al, 1980).

The main advantage of the decay technigue is its simplicity both in the
ease of preparation of the test and in the anéiysis of the results. To provide
accurate results, however, uniform mixing of the tracer gas with air in the test.
volume must be provided. However, this is true for- all three techniques.

2) Another approach using tracer gas dtilizes a constant flow technique

(see Harrje, et al,, 1977). This means the tracer gas is steadily injected,
thereby minimizing mixing problems between tracer gas and the house volume under
measurement. Since the concentration 1is not coenstant, a volume term will be
present and the eq. III e-1 becomes:

C(t) = F*(1 - exp{-n*t] )/(n*V}
which yields:
n o= F/(C*V) - exp({-n*t)/{C*V) ) (II1 e-3)

The time rate of tracer g9as concentration is recorded using an appropriate
detector.  That portion bf the record where the concentration changes are small
represents the condition where the second term in eq. IIT e-3 represents a
small correction. The system can run for days and thus give continuous
infiltration measurements. One disadvantage of the system is that large changes
of the air infiltration rate will drive the gas analyzer off scale thus loosing
the data (Sherman et al. 1980). N

As previously discussed, long lterm .averaging of air infiltration is
necessary for proper accounting of associated energy loss. A simpler, low-cost
version of the constant flow system is being used to meet this need (Sherman et
al, 1980}. The system makes use of two sampling pumps. One slowly pumps a bag
of tracer gas (SFg) into the home over a period days; another pump slowly fills
a bag with house air containing a representative concentration within the range
of the detector. Measurements of SFg to 0.001 ppm allow high sensitivity and a
large dynamic range.

Adding a micro-processor to a constant flow system allows adjustment to
avoid the off-scale problem previously mentioned. Grot et al. (1980} refer to
"continuous flow" infiltration monitoring in describing this system. As in the
tracer gas decay automated system, the micro-processor plays an active role and
calculated values are stored. ' :
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The main advantage in the use of constant flow technique is that it allows
for the continuous measurement of the air infiltration rate, whereas the decay
technique provides-an average value over a period (a period that can be less
than one minute, however).

Among the disadvantages of the constant flow technique one should mention
the larger amount of gas consumed during the measurements, and a requirement to
estimaté infiltration rates to keep the tracer concentration levels within
suitable bounds.

3) The ultimate system for air infiltration measurement would maintain a
constant concentration of tracer gas. This 1is referred to as the constant

concentration technique. In this case eq. IIl e-1 becomes: n = F/CV.
However, this requires a feedback-type design where the rate of injected tracer
gas is directly proportional to the building air exchange rate,

This is a difficult problem to solve. Developments on such new
measurements systems have been reported (AIC 1980). In multi-zone buildings,
whether zoned houses or more complex structures, it is necessary to .maintain
constant' concentrations to analyze multi-chamber interactions. Some of the
systems are measuring as many as ten zones simultaneously. An alternative
solution is to use a variety of tracer gases and detectors.

iii) measurement equipment and Standards

All three experimental procedures previously described need the same basic
equipment, not necessarily at the test site, that is:

a cylinder with tracer gas, provided with a valve

a gas analyzer

tubes {rubber or plastic} for suction and/or injection of gas

a recording device, or, at least, a watch.

The gas analyzer itself is by far the most sophisticated part of the
experimental apparatus, For example, to detect SF;  one version of the
equipment includes a portable gas chromategraph, coupled to an electron capture
detection system, The gas chromatograph separates the Sk from other
background gases, inciuding oxygen, and the detector supplies the quantitive
information as to the actual gas concentration, The sensitivity of current
equipment allows concentrations below §.001 ppm, thus the amount of SF
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necessary to seed a typical house is less than 40 cm3 {Harrje et al., 1975).
Such equipment is rather expensive,

In contrast, the gas analyzer used with N,0 is based on the principle of
measuring the change in the infra-red absorption characteristic of the air/Np}
mixture; it usually works with tracer gas concentrations up to 1000 ppm.

Oetectors for other tracer gases can use such .principles  as thermal
conductivity or chemiluminescence, . In general it can be stated that-all
detectors are of comparable complexity and cost.

Determination of the air leakage rate in building has necessitated. the
generation of standards as to methods. In the United States such a standard has
been developed (ASTM 198D). 'This is a "standardized technique for measuring air
change rate in buildings under natural metecrological conditions by tracer gas
dilution”. The Standard cautions that it does not cover individual building
component contributions to air c¢hange rates and that a knowledge of the
principles of gas analysis and instrumentation is required, The Standard points
out that ‘current state of the art does not possess analytical techniques to
extrapelate precisely measured air change rate to meteorological conditions

-different from those prevailing during measurement". Safety precautions
concerning the maximum allowable concentration of tracer gas are stressed. In
order to insure that maximum concentration aliowances are not exceeded lgcally,
the Standard suggests concentrations be targeted no higher than one quarter of
the maximum. ' ‘

The Standard indicates that release of the gas, in order to insure proper
mixing, fs dictated by the buwilding and air handling system{s). Forced air
systems help promote gocd mixing, while in many other situations floor fans must
be deployed.. Homogeneity of mixing determines when sampling for air exchange
rate can begin., The Standard states that mixing is sufficient when samples from
a number of Tocations in the volume to be measured differ by less than 5%. In
residential structures "two or more samples from widely separated lTocations are
required. In multi-storey structures, two widely separated samples per floor
are required". Sampling networks are also described which allow one to blend
air samples prior to concentration analyses.

Calibration of the gas analyzer is emphasized 1in the Standard using
"standard mixtures of at Tleast two different concentrations in the range
anticipated for the actual test, wunless maanacturer‘s specification allow
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single point calibration".

According to the Standard "insufficient data exists for purposes of
precision and accuracy determination. A reasonable estimate of the uncertainty
in a given air change rate determipation is of the order of 10% or less".
Indoor-outdoor temperature difference and wind speed and direction are ‘often
strong functions of the air change rate and should be taken into account "when
interpreting or comparing air change rate data”,

- pressurization of buildings

An approach to rating the tightness of a building envelope makes use of
pressurizing, or depressurizing, the building, and measuring the air exchange
rate under these artificial conditions.

Several countries ‘use this approach. Efforts to correlate these
measurement with tracer gas measurements have been made (Blomsterberg and Harrje
1979, Kronvall 1980, Sherman and Grimsrud. 1980, Nylund 198b). Used as a leakage
rating method, the pressurization technique provides a pressure vs flow graph
for the building being inspected and achieves this goal in minutes.

This may be done at any time of the year since natural infiltration only
plays a minor role under these artificial test conditions. For retrofit
_performance testing this is an important advantage (fig. III e-6},

A powerful fan or blower is used to pressurize or depressurize the
structure. The variations include fans with calibration sections included and
others where the calibration is done in the laboratory and fan speeds and
pressure differences are translated into air flow rates. Some of the designs
make use of the windows as an access point whereas other designs use the door

opening as a means for mounting the “blower door"“.

Sweden has made use of pressuéization techniques to monitor tightness in
new housing., These samples provide data to show that leakage does not exceed
the three ACH "standard" at 50 Pa pressure difference level to rate houses
although it is recognized this condition is far removed from any natural weather
effects.
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One such equipment design, the Blower Door, is shown in fig. [II e-7. An
important feature that was previously mentioned s that not only can this
approach point out when a home is too leaky and monitor the improvements, it can
also point out when the house is too tight.

-
Values of tightness approaching the Swedish Standard mean that forced
‘ventilation  is necessary to avoid problems of indoor pollution and excessive
moisture.

Following the proposal for the formulation of a Standard (SP 1977), some
.further information is here given, both on the test equipment and conditions:

- the fan must be controlltable and have sufficient capacity to produce a 55 Pa
pressure difference ) .

- a flow meter to measure the air flow through the fan is required (calibrated
units such as the blower door use rpm to determine air flow)

- a micromanometer for measuring pressure differences between 0 and 55 Pa with
an accuracy of 2 Pa is required '

- the fan and flow meter should be able to be reversed -

- the indoor and outdoor temperatures should be measured, along with the wind
direction and velocity. Extremal values for performing the test are B m/s for
wind velocity and 30 K for the temperature difference

- all ventilation openings should be sealed before the test (including
fireplaces and drain taps). In contrast, the U.S. testing has allowed vents
and stacks to remain open since natural ventilation takes place through these
openings. This should be taken into account in comparing tightness values
from one country to the other.

- a]] doorS and windows facing outside shou]d be closed

- all internal doors should be kept open during the test.

"It should be also taken into account that tests performed hith over
pressure in the building will generally give different (and often higher) air
change rates compared to tests when the building is underpressurized. A common
solution is that of taking the average of the two results. Finally, corrections
should be made on the volume flow due to indoor and outdoor temperatures
(Kronvall, 1980).

The location of air infiltration sites makes use of the abilities to

pressurize and depressurize the house. Using pressurization in the tiving space
and forcing warm air into the attic (heating season example) one can use infared
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-

scanning to detect the leakage sites. (ften these locations are associated with
plumbing and electrical penetrations of the envelope. However, even interior
partitions can leak air to the attic. Depressurizing the house draws cold air
through cracks in the envelope, as shown in fig. III e-8a and 8k, these heat
leakage areas are the result of cold air moving into the walls (fig., 8a) or
across the ceiling between floors {fig. 8b){Ruriel and Rudy, 1980). These are
of course just two illustrations of heat leaks. ﬁany of the leakage sites
listed in Tables IIIl e-1 and 2 can be easily detected with infrared. A handbook
has been produced illustrating such leakage problems (Pettersson and Axen 1980).

Where temperature differences are inadequate for proper infrared scanning
{less than 5 K}, one can substitute smoke tracers to seek out leaks, I[f one
pressurizes the house, any leak causes the smoke to stream toward the opening,
The smoke tracers work well in eva]uatfng.window leak sites, a location where
infrared scanning is sometimés difficult because of emissivity variation of the
materiais involved {aluminium, glass, plastic, etc.}

If the generation of an indoor airborne pollutant is known over time, it
may be wused as a natural tracer for determining air infiltration. Radon may
offer this opportunity. CO2 generated by the occupants may also hold out
possibilities (Turiel and Rudy, 1980}. Indeed, the proposed new ASHRAE
ventilation guide]iﬁes allows a choice as to when to supply outside air based
'upon staying. below prescribed pollutant concentrations. Monitoring is of course
necessary in this approach.

Use of methods that would integrate the effect of air exchange rate over
time could prove ﬁsefu] in providing an average air exchange rate before and
after a retrofit. One simple injection -collection technique has already been
described. Remember, however, for this techniqge to work the generation rate
and extinction of the pollutant must be a constant or, at the very least, follow
a well-prescribed pattern, For radon this'is not likely as radon outgassing
from soil is Qidely variant.
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Fig. III e-8a Heat leakage path from attic

shown behind interior wall.

L
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Fig. I1l1 e-8b Heat leakage from across ceiling

(between 1st and 2nd floor) - also

shown as heater duct path.



IIT e- 22

References

A —r———

AIC (Air Infiltration Centre): Proc. from the lst AIC Conf.,
Windsor, England, 1980 (1980}

ASTM (Americal Society for Testing and Materials): ASTM Standard E741-80.

Bargetzi,S et al., "Messung des natiuriichen Tuftwechseis in nichtklimatisieren
Wohnrdumen", Schweizerische Bauzeitunyg, April 1977, vol,14, pp. 202-206, Zurich

Blomsterberg, A.K. and Harrje, D.T., "Approaches to Evaluation of Air
Infilttration Eergy Losses in Buildings", ASHRAE Transactions, 1979, Vol.85,
Part 1, 1979, also "Evaluating Air Infiltration Energy Losses”, ASHRAE Journal,
vol.2l, 5, May 1979, pp. 25-32.

Caffey, Garry E., "Residential Air Infiltration", ASHRAE Transactions 1979,
Yol.85, Part 1, pp. 41-57.

Collins, J.0., Jr., "Air Leakage Measurement and Reduction Techniques on
Proceedings of the DOE-ASHRAE Conference on Thermal
Performance of the Exterior Envelope of Buildings, Orlando, Florida, 1979.

i

Electrically Heated Homes,

Grot, R,A., "Air Leakage Characteristics and Weatherization Techniques Low
Income Housing, "Proceedings of the DDE-ASHRAE Conference on Thermal
Performance of the Exterior Envelope of Buildings, Orfando, florida, 1979.

Grot, R.A., Hunt, C.M., and Harrje, 0.T., "Automated Air Infiltration
Measurements In lLarge Buildings", First Air Infiltration Centre Conference --
Instrumentation and Measuring Techniques, Windsor, England, October 1980,

Harrje, 0.T., Hunt, C.M., Treado, S. and Malik, N., "Automated Instrumentation
for Building Air Infiltration Measurements", Princeton University Center for
Environmental Studies, Report No.13, 1975. '

Harrje, D.T. and Grot, R.A., "Automated Air Infiltration Measurements and
Implications for Energy Conservation", Energy Use Management-Proceedings of
the Internatioral Conference, Vol. 1, Pergamon, Mew York, 1977.

Harrje, 0.T., Blomsterberg, A.K. and Persily, A., "Reduction of Air




"II1 e-23

Infiltration Fur to Window and Door Retrofits in an Older Home" Princeton
University Center for Environmental Studies, Rpt. No.85, 1979,

Honma, H., "Ventilation of Dwellings and its Disturbances” Department of
Heating and Ventilating, Royal Institute of Technology, Stockholm, Techn.BulT.
No.63, 1975:2, Vol, 3, Stockholm.

Kronvall, J., "Airtightness -- Measurements and Measurement Methods", Swedish
Counci} for Bhilding Research, Doqument'D8:1980, Stockholm, Sweden 1980.

Nylund, P.O., "Infi1tfation and ventilation", Swedish Council for qu]ding
Research, Document D22:1980, Stockhoim, Sweden, 1580,

Owens Corning Fiberglass research house data from three houses in Qhio,
and stat from the Twin Rivers Townhouse conducted by Princeton University.

Pettersson, B. and Axen, B., "Thermography -- Testing of the Thermal InsuTation
and Airtightness of Buildings", Swedish Council for Building Research,
Document D5:1980 Stockhoim, Sweden, 1980.

Sandberg, M., "What is Ventilation Efficiency?”, Building and Environment,
Vol.16, No. 2, 198l.

Sherman, M,H. and Gr{msrud, D.T., "Infiltration -- Pressure Corretation:
“Simplified Physical Modeling”, ASHRAE Transactions 1980, Vol.86, Part 2, 1980.

Sherman, M.H., Grimsrud, D.T., Condon, P.E., and Smith, B.V., "Air Infiltration
Measurement Technigues”, First Air Infiltration Centre Conference,
Windsor, England, October 1980. (Also LBL Report No. 10705, April 1980).

Socolow, R. H., {Ed.): Saving Energy in the Home. 8allinger, Cambridge MA, 1978.
Also appeared as the issue of Energy and Buildings, Vol. 1, No.3, April 1978.

Socolow, R.H., Dutt, G.S., and Lavine, M,, "Preliminary Results of the Modular
Retrofit Experiment: Tests of the House Qoctor Concept by Mew Jersey s Gas
Utilities", Int. Conf. on Energy Resources and Conservation Related to Built
Environment, Miami Beach, Florida, 1980.

SP (National Swedish Autherity for Testing, Inspection and Metrology):
"Standard Method Description SP 1977:1"



I1] e- 24

il

Tamura, Geore T. "Measurement of Air Leakage Chardcteristics of House
Enclosures", ASHRAE Transactions 1975, Vol.81, Part 1, 1975, pp. 202-211.

Turiel, I.,.and Rudy, J., "Occupant Generated CQ., as a Means of Measuring
Ventilation Rate", Lawrence Berkeley Laboratory Report, Berkeley, Calif., 1980,




CHAPTER III f

Energy conversion and energy fiow in heating systems

Contents

- general introduction
- energy consumption
- energy conversion of the boiler

i) steady- state efficiency
ii) efficiency of use

- energy flow in water heating systems

- energy flow in air heating and
ventilation systems

- the control system

- references

.

Pe
P.

Il
Il
111

ITI
III

Irl

III

IIT

. 111

f- 9

f-15

f-20

f-24



Key words

air flow

boiler

boiler efficiency

combustion efficiency

control system

efficiency of use {part load, average, cyclic, or seasonal efficiency)
energy consumption '
energy conversion
furnace

heat delivery

heat distribution
heat emission

heat terminals

mass flow
temperature
thermostat
ventilation systems
volume flow meter




I1r f-1

I1I f Energy conversion and energy flow in heating systems

»

- general introduction

This chapter analyzes the measurement of those quantities, related to the
energy conversion and distribution in heating systems, which are particularly
relevant for the retrofit effect evaluation.

Measurements of the energy conversion efficiencies, defined in ch. I d,
are always very important, whether the heating system has been retrofitted or
not. Whenever the heating demand of a building has been diminished, for
example, by improving the insulation, the capacity of the existing heat
§enerating equipment (boiler + burner) becomes excessive. Consequently, the
efficiency of the heating system will generally decrease. Furthermore, the
distribution of heat to the individual rooms or dwellings will be altered, and
may become inadequate from the comfort ﬁoint of view.

The above considerations point out the need for readjusting the heating

system capacity and controls in order to obtain a full benefit both energy- wise
and comfort- wise, from house retrofits.

The measurement of energy distribution in a heating system may be important
in the foliowing types of investigation:

1) studies on the behaviour of occupants

2) studies on the control system

3) validation of computer models in which the heating demand of each dwelling
or room is calculated.

4) assessment of the effects of retrofits (e.g., installation of thermostatid
radiator valves) on the heating system.

A general classification of the types of measurement of interest is shown
in fig. IIT f-1 and Table [IT f-1. The aim of the investigation will determine:

1} the type of measurements
2) the duration and sampling time of the measurement
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A Measurement of the total energy consumption

Al

B Measurement of the total energy consumption and
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heat supply to the dwelling(s)
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Fig. I1I f-1 Schematical division of the measurements
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TASLE 111 f-1

Possible measurements on heating systems, depend{ng on the aim of the study

aim of the investigation type of measurements duration Maximal
of the sampling
Al AIl BI BIla BIIb CI CII investigation time

F]

total direct effect+ i/2 1/2
indirect conservation+ + 0+ o+ o+ + o+ O+ heating heating
occupant influence . ' season season
measurement of boiler - -+ O+ + o+ o+ " "
efficiency

measurement of heat - -+ + 4+ 4+ " '

supply to a dwelling

occupant behaviour in - -+ - + o+ o+ " 1 month
a dwelling

occupant behaviour in - - - - -+ o+ u '

a room

measurement of separate

effects of direct and - - - - - o+ o+ " ’ "
indirect conservation /

check on control system - .- + + + o+ 4 1 week 1 minute
operation

check on dynamic one- - =+ 4 + o+ 4 " 1 hour

room dwelling model

check on dymamic multi- - - + - + o+ o+ " "
room dwelling model

+

Notatiom as in fig. III f-1 feasible measurement

not feasible measurement

a
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- energy consumption

To determine the energy conversion of the boiler, the measurement of the
energy supply as a function of time is always necessary. The measurement of the
energy supply will be discussed for each type of fuel. The heating value of the
fuel has always to-be known. '

The supply of electric energy can be measured with a kWh meter (aléo called

electricity meter). Electricity meters are electro- mechanical devices, which
multiply current and voltage in phase and then fntegrate the result. They can
in general be boﬁght from the local Electricity Board, reconditioned meters can
also be found. Calibration can be perormed by the local electricity board, or,
directly, wusing a dynamometer. For continuous recordings opto- electronic
devices, as for gas meters, can be used, The accuracy is about 2 % depending on
the status of the kWh meter.

[f electricity is measured in order to determine the heat emission of an
electric terminal, and the heat emission is constant with time, it suffices to
measure the on- time with an electric hour or minute counter. The accuracy is
about 2%.

Whenever a rough evaluation of oil consumption is required, this can be
determined wusing a measuring beak;F_or tank. For more accurate measurements,
volume flow meters especially designed for oil are available, having an accuracy
of .2 to 5%. For continuous recordings semi- positive displacement meters are
widely used, because they are cheap, robust, and accurate,

Gas meters provided by the local Gas Supply authorities are denerally of
the reciprocating diaphragm type, and have a mechanical meter, For continuous
recording, they can be modified using opto- electronic devices that can read the
number of revolutions of the dial mechanism by counting the reflections from
painted marks or the passage of holes drilled in the disc. Since gas 1is also
used, in some cases, for sanitary water heating and cooking, an extra meter
could be needed.

The accuracy of gas meters ranges from 2 to 5% depending on, among other
things, the wvariation in gas temperature. Whenever the gas meter cannot be
applied, the gas consumption may be determined by measuring the con-time of the
boiler. By running the boiler at full load for a certain time, the relation
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between gas conéumption and time can be determined. The elapsed time can be ~
measured by an hour or minute counter operated by the space thermostat or the
boiler thermostat.

The mass of coal used over a-given period can be determined by weighing.
Special attention must be given to the determination of the heating value of
coal. Continuous recording is impossible. The accuracy ranges from 5 to 10%.

The mass of wood used over a given period can be determined by weighing.
The heating value of wood depends on the type of wood and its water content, and
is, therefore, hard to determine. The same problem is encountered when waste
oroducts are burned.

¥

- energy conversion in the boiler

The energy conversion efficiency of the boiier {or furnace} can be defined
by two different parameters:

i)  steady-state efficiency
it} efficiency of use (average or cyclic efficfency)

i) steady state efficiency

The steady-Qtate efficiency of a boiter is given by {see eq. I d-2}:

n= (HyH g, (311 f-1)

where '

Hy = enthalpy of heated fluid leaving the boiler ' -
Hy = enthalpy of heated fluid entering the boiler

Q5 = heat content of fuel

ar as

n= 1= leoi - (Hf - Ha)/Qi

where

Oj = convective and radiative heat losses from the heat generator
H¢ = enthalpy of combustion gases and vapour entering the chimnay
Ha = enthalpy of air entering the boiler

The term Q;/Q; is often denoted by Lj (the jacket loss factor), while the term
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(Hf'Ha)/Qi {the flue 1oss factor) is denoted by Ls. The latter is partly due to
incomplete combustion, and is often further divided into L;,. (the incomplete
combustion_loss factor), and L., the remainder of L (the ¢himney loss factor).

Thus, Lo=lg-Ljpe- The efficiency can now be written:

n=1-Lj-Le~Linc (111 f-2)

The two expressions [I! f-1 and 111 f-2 correspond to two different ways to
determine the steady-state efficiency of a boiler:

- direct balance method
- indirect balance method

When the direct balance method is used, one starts by expressing H1 and H4
of eq, IIl f-1 as:

Hysgep mTydt=comT,
and

=
=Y
H
—
[}

=

s

—
=Y

(=%
o+
n

cpm Tq

m = mass flow rate of heated fluid

cp = heat capacity per unit mass of heated fluid
T1 = temperature of fluid leaving the boiler

T4 = temperature of fluid entering the boiler
and

Q]=Im1Hdt=mIH
where
my = mass of fuel

H =.heat content of fge]

The supply water {or air}' temperature (T1) and the return .water (or air)
temperature (T4) should be measured, as well as the quantity of water {or air),
m, flowing through the boiler and the quantity of fuel, m;. Fluid temperature
measurements and flow- rate measurements are discussed separately in other
sections of this chapter,

When the indirect balance method is applied, the boiler efficiency is

indirectly determined through its energy losses {see eq. III f- 2). Since for
tuned- up heat generators the lasses due to incomplete combustion are generally
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negligible, it is possible to apply a formula (Gumz 1962), valid for complete
combustion, for the calculation of Lg:

Le = (A + B/CO, + CHH){(Te - T, (%)
where

Te = flue gases temperature

T

a " air temperature

602 = yolume content of carbon dioxide in %

W = mass water content of fuel per unit mass of fuel
and

A,B, and C are constants, depending on one or more of the variables composition
and mass of the flue gases, specific heat of water and air (dependent on the
temperature), enthalpy content of the fluid (temperature dependent), etc. For
oil. the following average values have been_given (Gumz 1962):A= 0.0064, B=0.49,
and C< 0,0044.

For solid and liquid fuels, the CO2 and 02 volume contents are related by
(with an error of a few per cent, for gas the application of this relation may
result in errors of 20 % or more):

C02 = {1 -'02/20.8)*(C02)
where (C02)

max -

is the maximum volume content ,of CO,.

max Z

The quantityng = 1 - L. is often referred to as "combustion efficiency”.

Summing up, the quantities which have to be measured are:

- air temperature
- flue gases temperature
- C0p or 05 content in flue gases

For temperature measurements see following sections in this chapter,As for
the COp content, the following methods can be employed for the analysis:

- chemical methods {(Orsat measurement equibment, portable absorption analyzers)
- physical methods {conductivity method, paramagnetic method'(for 05, infrared

method -(for €0), etc.)

The Orsat equipment is not suitable for quick analyses in the field. On

the other hand, the portable analyzer, based on the absorption of CO, (or 0p)
by a solution, provides a rapid and sufficiently reliable information. The most
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suitable instruments are, however, the so0 called fuel- efficiency monitors

(FEM}, which allow the instantaneous measurement of both flue gases temperature
and 0o content by means of electric transducers.

The jacket ioss factor (Lj) can be estimated from Table III f-2 as a
function of the boiler nominal power Qn (Andreini and Pierini, 1980}.

TABLE III f-2

Jacket loss factor at full load for small boilers

Qn(Gcal/h) 0.5 0.7 1.0 1.5 2.0 3.0 4.0 5.0 7.0 10.0 15.0 20.0
(MW) 0.6 0.8 1.2 1.7 2.3 3.5 4.7 5.8 8.1 11.6 17.4 23.3

Lj (%) 4.1 3.0 2.1 1.5 1.2 .95 .80 .70 .55 .50 .45 .40

ii) efficiency of use

Since the efficiency of use is not constant in the heating - season, it
should be determined at different loads. Accuracy oscillates between 2 and 10%

depending on the precision of the measuring devices used. If the voiume flow of
the heating medium cannet be measured, the efficiency of use may be derived from
the dégree of use of the boiler and from values of the efficiency of wuse
determined in a laboratory as a function of load. .

The degree of use is the fraction of time in which the bofler is wused at
full Tload. The determination of the efficiency of use in the field can be
carried out using a methed (Dittrich 1972) (direct method), which requires the
‘measurement of efficiency and standby losses,

Standby losses can be measured by channeling the water flow from the boiler
through an insulated bypass close to the boiler. Therefore, heat {s delivered
by the boiler only to maintain the water temperature of the boiler and the
energy consumption is equal to the standby losses.

The measurements must be done at the normal operating temperature. The

standby losses, L will be expressed as a percentage of the full load of the

Sl
boiler. 1f the fuel supply is constant in time then:
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\

Ls = (burner “on" time/ total time)*100
The efficiency of use is now (Uyttenbroek, 1980):

ny = (1 - Lg/B)/(1 - Lg/100) g

where

B = degree of use in % of time of the heating season

ny = boiter efficiency (determined through the direct method)
n, = efficiency of use :

This methed is suitable for boilers operating at constant supply water
temperature, but cannot be applied to boilers controlled by a room thermostat.
In general, experiﬁental data indicate that there is a small difference beiween
efficiency of use and steady-state efficiency above a degree of use of 30%.

For a Tower degree of use a greater difference can be expected. In many.
countries an average B value of 30% over the heaiing season is normal., After a
retrofit, B8 will be even lower, Therefore the efficiency of use will decrease.
Fig. 111f-2 (Bergen, 1980)-shows typical curves of efficiency vs. 1load, for
three types of boilers. Special attention mdst be paid in the following-
situations:

1} periods with a B QaTue less than 30%;

2) modulating burners for decreasing B values will show: Tlower n, for inducedl
draught burner and higher uy for ventitator burner {Anglesio, 1980);

3) ventilator burner #ith condensation: for lpwer water temperature highernu .

- energy flow in water neating systems

The total heat supply to the pipes can be derived by measuring the water
volume flow and the temperature increase across the boiler. Such measuring
equipment is already included in some installatiens for coilective heating. In
such cases water héat flow meters are used, Techniques for measuring volume
flow and temperature separately are described below.

For volume flow measurements, volume flow meters inserted in the water
distribution system are used. This implies that an extra flow resistance is
introduced, which reduces the water flow rate. To Timit this effect a type of
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flow meter with Jow re§istance should be chosen, [t is possible, however, to
compensate the pressure 1oss due to the volume flow meter by increasing the pump
head. One may than proceed as follows:

1) measure the water temperature difference {aAT) across the boilqr and the
outflowing water temperature (Tq) (e.g., by a thermometer placed in the boiler)
when the boiler is on;

2) fit the volume flow meter in the return pipe upstream the pump;

3) keep the boiler on until the water temperature has reached the vatue T4
again, Measure AT once more and requlate the pump pressure by varying its speed

or. by bypass regulation, until the pressure regains the same value as before.

By wusing this procedure the pressure 1loss over the flow meter is

compensated only for one given volume flow, Different water flow rates cause
different pressure losses and, consequently, require a different pump head. By
setting the radiator valves in the normal positions, the measuring error due to
pressure loss across the flow meter is minimized. In order to compensate such
pressure loss correctly in all circumstances, a second pump connected in series
with the volume flow meter may be used {see fig. 111 f-3). The number of
revolutions of the pump is always controlled in such a way that the pressure
difference across flow meter and pump remains zera.

The accuracy of volume flow meters is about 2 to 10%, depending on the
minimal volume flow rate. Since the water distribution system is often very
dirty, it should be possible to cleaﬁ the volume flow meter during operation of
the heating plant or to install a filter upstream the measuring device,

During teﬁperature measurements in the water distribution system, the
temperature of hot water flowing through a pipe is not consfant over the pipe
section because of cooling down at the pipe wall. The highest temperature may
be expected in the centre of the pipe {see fig. III f-4}.

For exac