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Abstract: In the framework of the on-going project IEA ECB&8nex 53, total energy use in resi-
dential buildings and the role of occupant behaarerbeing investigated. Aspects from natural sci-
ences as well as social sciences are related &ntivgy use in residential buildings. Researchmen e
ergy use in the last decades has progressed irthmottatural and social sciences.

In this report, we present a review of energy-saldiehavior and the driving forces of energy-relate
behavior in residential buildings.
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1 I ntroduction

In western countries, households account for apprabely thirty percent of the total energy con-
sumption. In order to reduce the energy consumptidruildings, effort has been put in research on
and development of more energy efficient techn@egind buildings, especially during the last dec-
ades. Effort has also been placed on encouragingeholds to purchase more energy efficient tech-
nologies.

The physical aspects related to the energy consomgt buildings, such as the building envelope,
building installations and climate, are well undieosl. However in practice, there is often a sigaifit
discrepancy between the designed and the realiodat)y use in buildings.

Monitoring studies for identical dwellings havirtgetsame type of installations have shown great vari
ation in energy use. See for example Figure 1.1glwshows the variation in heating energy for iden-
tical dwellings having the same installations.
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Figure 1.1: Variation in energy use in identicaletlimgs for three different projects. See Ref. [1].

The three curves in Figure 1.1 represent the hepatiergy use for three different types of dwellihgs
installation at three locations in The Netherlarsés Ref. [1]. For example, the single family build
ings represented by the red curve display apprdeiyna threefold difference in heating energy use.
The other curves show an even greater variatidre@ting energy use. This variation in energy use is
in this case completely related to the behavidhefoccupants of the dwellings, since identicaldaui
ings and installations having the same energyieffay have been considered in this study. Similar
findings on the effect of occupant behavior haverbeeported by other authors in the literature, see
e.g. Refs. [2] and [3].



Ref. [3] reports on a study of 1000 quite simikesidential buildings in a suburb of Copenhagen,
which in spite of their similarity show huge vaitat in energy consumption. The study has been re-
ported in Ref. [4]. The comparison of heating egearge for completely identical houses showed that
households using the greatest heating energy usedeatime more heating energy than the house-
holds using the least energy for heating. For ataist use, an even larger variation was found;deu
holds using the greatest electricity used five §irae much as the households using the least electri

ty.

Energy-related occupant behavior as meant in éfiert is related to building control actions (for
controlling the indoor environmental quality), hehsld and other activities. Occupant behavior relat
ed to the heating energy use concerns for exarhpleetmperature set point, the number of rooms that
are heated, the heating duration, and window opétlirsing.

Energy use in modern dwellings may show an incasasitivity to occupant behavior. For exam-
ple, for very well insulated dwellings the relatimerease of heating energy use is quite sengiive
the set point temperature chosen by the occupemtrigure 1.2.
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Figure 1.2: Increased sensitivity of heating endogyset point behavior. See Ref [5].

The increase of heating energy of a very well iad dwelling as a function of the set point teraper
ture is displayed in Figure 1.2. Increasing thepsitit with one degree, from 20°C to 21°C, redults
19% increase of the heating energy. This exampteodstrates the sensitivity of energy use in resi-
dential buildings to energy-related occupant bedravi

For modern dwellings with increased air tightnéiss,occupant behavior can have a larger effect on
the air change rate and consequently the energuaggtion of the dwelling.

As the requirements for energy use in buildingstigfgened in national and international regulagion
knowledge of physical aspects of energy efficieilsdyeing implemented in new residential and office
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buildings. In order to fulfill the high expectati®for energy savings in buildings in the futuredre
understanding of how energy-related occupant behaviluences building energy consumption is
required. The above examples of the effect of cantipehavior on energy use and the sensitivity to
occupant behavior illustrate the importance of aoey more knowledge on energy-related occupant
behavior for understanding and realistically preédgthe total energy use in present and future res
dential buildings.

In the framework of the IEA ECBCS Annex 53 projdotal energy use in buildings and the role of
occupant behavior are being investigated. Aspeots hatural sciences as well as social sciences are
related to the energy use in buildings and areemsed in the project. In this Annex 53 report we fo
cus on energy-related occupant behavior in redaldntildings. The report contains categorizatién o
the most relevant types of energy-related occupanavior for residential buildings. In additioneth
influencing parameters, referred todaving forces for the various types of energy-related occupant
behavior will be identified in this literature revii based report.

Quantitative modeling approaches for describinggneclated occupant behavior and energy use in
residential buildings are discussed in anotherrsgép@®nnex 53 report titledTotal energy use in res-
idential buildings — the modeling and simulatiorootupant behavidr



2 Driving forces of energy-related behavior

Energy use in residential buildings is influencgdte behavior of occupants in various ways. Ener-
gy-related occupant behavior as meant in this tépoelated to building control actions (for canitr
ling the indoor environmental quality), househahdi @ther activities. These actions and activities a
driven by various factors.

The influence of occupant behavior on the energyinibuildings has been investigated in various
domains such as natural sciences, social scieacdsconomics. Many investigations in natural sci-
ence publications focus on (statistical) relatibasveen energy-related behavior and mostly physical
parameters influencing this behavior, such as auttlmperature, indoor temperature and solar radia-
tion. Examples are given in Ref. [6] and Ref. [7].

Various research fields have different foci or riegments for occupant behavior. Determination and
regulation of occupant behavior are the foci in@oar physiological science. In natural (or build)
science, more attention is paid to the quantitadie®cription of occupant behavior based on physical
parameters.

However, there is no well-defined relation betwpbgsical parameters and control actions such as
outdoor temperature and window opening. In readitypccupant decides to open or close a window
and the decision is based on a number of influgngarameters that can be categorized as physical,
biological, and psychological, as well as socilaé (interaction between occupants) to name a few.
Figure 2.1 illustrates parameters influencing oectehavior.
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Figure 2.1: Parameters influencing occupant behavio

This complex relationship between occupants anid émeironment is elaborated further in Figure
2.2.
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Figure 2.2: Driving forces of energy-related ocatpdaehavior.

This scheme is based on the presence of an occafparsipecific time at a specific location having
access to specific building controls. Occupantedrpce a specific physical environment due tarthei
location, biological, and psychological states, bpdhe interaction with their environment.

Information about occupant presence and activitiag be obtained from time-use surveys and occu-
pancy sensing. The interaction between humang]ibgd, and building control systems result from a
combination of influencing parameters, from noweferred to aslriving forces These driving forc-

es can be regarded iaternal andexternaldriving forces, see Ref. [8] and Ref. [9] for exdes. The
internal and external driving forces of energy+edaoccupant behavior as shown in Figure 2.2 are
ordered according to the following categorigi®logical, psychologicalsocial andtime, building and
building equipment propertiephysical environment (indoor and outdoor)

21 Internal driving forces

The first three types of driving forces of energlated behavior aiaternal driving forces of the
occupantpiological, psychological, and socjand are depicted on the left side of Figure Rtizse

are being investigated in the domain of socialrsms, economics, and biology. There is strong-inter
action between biological and psychological aspeetilting in disciplines such as biopsychology
and psychophysiology. Health can be consideredoéspsychosocial unit combining biological, psy-
chological and social elements. Eating or drinkiagits are strongly influenced by cultural aspects.
Thus, strict differentiation between these driviagges is difficult to handle. A short section cgtb
havioral thermoregulation representing an intertaetsveen biological and psychological driving
forces with thermal comfort-related interactionshaeating, cooling, ventilating, and window open-
ing is included.

a) Biological driving forces:
Examples of biological driving forces are age, gegntiealth condition, activity level, hunger, and
thirst. These factors together determine the plhggical condition of the occupant.



b) Psychological driving forces:

Occupants tend to satisfy their needs concernieigrtal, visual, and acoustic comfort requirements,
along with health and safety, to name a few. Funtioee, occupants may have certain expectations of
e.g. the indoor environmental quality (such as &raure). Other examples of psychological driving
forces are awareness (e.g. financial and envirotaheancerns), cognitive resources (e.g.
knowledge), habits, lifestyle, perceptions, ematicaand self-efficacy (e.g. environmental control).

Behavioral thermoregulation: Apart from autonombigogical processes, there is a
variety of deliberate regulation options which ksted below. Adequate behavioral
thermoregulation can be considered result of learprocesses, experiences, and/or
culturally-driven factors.

1) Clothing: relevant in hot as well as in cold climabnditions, adequate clothing fos-
ters reducing convection;

2) Thirst as the deliberate regulation of hydratioa rucial issue in people being in
need for care or old persons drinking too littliqtis of special interest regarding
demographic change);

3) Use of external sources for convection or thernealkh

4) Looking for places which, which are more conveniery. shade, areas with more or
less natural convection;

5) Sleep (siesta) as an option to reduce metabolicdneduction;

6) Acclimatization: the process by which an individbacomes physiologically, be-
havioral, and psychologically adjusted to the terapge of the environment. This is
of importance regarding the degree by which théviddal tolerates actual sensi-
tized temperatures especially when it comes teemdrand unfamiliar climates; ac-
climatization can be a result of repeated exposuh®t climates.

¢) Social driving forces:

Social driving forces refer to the interaction beém humans. For example for residential buildings,
this depends on household composition which isliito the primary decision maker in the house-
hold, i.e. which household member determines tearbstat set point or the opening/closing of win-
dows.

2.2 External driving forces

Theexternaldriving forces depicted at the right-hand sidé&iglure 2.2 building and building equip-
ment properties, physical environment, and jiraee being investigated in the field of natuaal (
building) science.

d) Building and building equipment properties:

Examples of building and building equipment projesrare the insulation level of buildings, orienta-
tion of facades, heating system type, and therrhbgia (e.g. manual or programmable), to name a
few.

e) Physical environment:
Examples of physical environment aspects that dmexrgy-related occupant behavior are tempera-
ture, humidity, air velocity, noise, illuminatioand indoor air quality.



f) Time:
Examples of this type of driving forces that affenergy-relates occupant behavior are season of the
year, week or weekend day, time of the day.

2.3 Energy-related occupant behavior

The energy-related occupant behavior block in EduR refers to actions and activities relatedhéo t
categoriedeating, cooling, ventilation and window operatidiomestic hot water, electric appliances
/ lighting, and cookingThese categories are briefly introduced undemaadl are discussed in greater
detail in the subsequent sections of this report.

1) Heating:

The activities of occupants have become more irapostithin energy efficient buildings. Studies
have shown that user behavior and lifestyle cagcafnergy consumption by up to a factor of three.
Occupant behavior related to heating concerns teatyre set point, number of heated rooms, heating
duration, gender, age, expectations, knowledgemwtiral function and meteorological conditions.

2) Cooling:

Depending on the type of system, occupant beh&easma significant influence on the use of cooling.
From the general to the detailed, this starts mesoases with the choice of cooling system, tha-dur
tion and frequency of usage, the choice of settgemperatures, and the frequency of maintenance.

3) Ventilation and window operation:

Investigations on window opening behavior and redteentilation have mainly been carried out with
two aims: to find whether or not occupants are ey with adequate fresh air and to find the influ-
ence on energy consumption. The former categosyuafies has usually been carried out in dwellings
and has a health or a comfort perspective, whidddtier category has mostly been studied in dffice
with a comfort and energy performance perspec@ozupant behavior concerns mechanical ventila-
tion operation, natural ventilation inlet operatiindow opening or closing.

4) Domestic hot water:

Occupant behavior can significantly influence tse of hot water in residential buildings. Examples
of energy-related occupant behavior related to dtimbot water use are the frequency of taking a
shower, duration and intensity of showers; frequafdaking a bath; frequency of sink use; frequen-
cy and temperature of washing machines and dislersishnd efficiency of water usage.

5) Electric appliances / lighting:

The use of electric appliances and lighting indesces is strongly influenced by occupant behavior.
When the energy consumptions for appliances ahtifig are considered, large variations are found,
which partly relates back to socioeconomic pararaetech as income, persons per household, age,
education etc. The number of appliances and tineirgy efficiency, as well as the usage frequency
and duration determine the energy use.



6) Cooking:

Many different appliances can be used for cookimgppses, such as microwave ovens, ovens, stoves,
pressure cookers, kettles, etc. The type of equipoeed and their corresponding energy consump-
tion as well as the number of meals prepared wikdnine energy use for cooking.

Energy-related occupant behavior may be use, psecloa building maintenance related. The effects
of energy-related occupant behavior (e.g. buildiogtrol actions) on residential energy use and in-
door environmental quality may be calculated quatiniely using building simulation software pack-
ages.

In this report, the driving forces for the aboventiened categories of energy-related occupant behav
ior will be identified based on a literature reviend will be discussed in greater detail in théofet

ing chapters. Quantitative modeling approachesléscribing energy-related occupant behavior and
energy use are discussed in another separate tjeadrtTotal energy use in residential buildings —
the modeling and simulation of occupant behdvior

The notation used in the summary tables in theespent sections to indicate the importance of these
driving forces is explained in Table 2.1. The cgdéystem is based on a range varying form very
highly significant to not significant, based ondstigations in the literature.

Importance

Description Symbo

Very highly significant (g0.001)

Highly significant (p<0.01) i

Moderately significant (§0.05) | *

Lowly significant (3<0.1) '

Not significant
Not stated X

Table 2.1: Notation used for importance of driviogeces; the p-value refers to the statistical sfigni
cance level.



3 Heating

The activities of occupants have become more imporvithin buildings when considering heating

energy use in energy use predictions. Studies $laown that user behavior and lifestyle can affect
energy consumption by up to a factor of threetat®d in Ref. [2, 3]. Firsthand data about useiaieh
ior has been collected in various studies. Oftenpsdary factors combine to affect the set-poimtte
perature and heating schedule of a building.

Low-energy, passive house, and zero energy (inuduenergy autarkic) buildings, are designed to
minimize the heating load to supply only the regdiheat when occupants are present that cannot
otherwise be gained through passive solar andnaltdieat gains. Studies have found that improving
the efficiency of the building envelope and builglsystems significantly reduces overall energy con-
sumption, thus increasing the importance of the oolactions of the occupant [10, 11]. How the set-
point temperature is determined, the correlatigpia for temperature, and the overall operation of
the heating system must also be understood toadfandriving forces for energy-related behavior fo
heating.

31 I dentification of driving forces

The adaptive principle is based upon the assumghitif a change occurs such as to produce dis-
comfort, people react in ways which tend to restbegr comfort”, see Ref. [12]. When the goals of
thermal comfort and energy savings conflict, it hasn found that occupants make decisions regard-
ing their own comfort that may have a negativeaféa overall energy consumption.

As low energy houses have higher air tightnesglagminal insulation, and use balanced mechanical
ventilation with heat recovery, occupant behaviecdimes less dependent upon environmental and
building/building system factors. Internal factstgch as clothing and activity levels, perceivedord
environmental quality (IEQ), and established halgitpecially window opening and ventilation, have
greater effect on the overall heating energy comdiom than set point temperatures.

311 Biological

Temperature set-point

Night setback temperatures are shown to have #isat impact on room heating energy consump-
tion partially due to the large variance of predersleeping temperatures, see Ref.[13].

Number of occupants
Household size has been found to be significaReif [13].
Which rooms ar e heated

The effect of partial heating in single-family hesson estimating total energy use was studied in
Ref. [14], and indicated that estimations were @ighan actual consumption due to different heating
habits for different rooms. Ref. [13] found tha¢ thumber of heated bedrooms had a large influence
on energy use.



Gender:

In Fanger’'s experiments using two test groups ofarsity students in Denmark and the USA and a
test group of older, retirement-aged people, it feasd that men preferred a warmer environment,
but the findings were not statistically significdB90), see Ref. [15]. Fanger compared variousaliter
ture studies and found that women are more seadiichanges in temperature, but the results were
inconclusive with some studies concluding that wompeeferred higher temperatures, while other
studies showed that men preferred higher tempestilihe effect of gender was also questioned by
Ref. [2]; the questionnaire results illustratedemtl that women desired higher set-point tempegatur
than men. The questionnaire was distributed torddbgpopulation sample in Copenhagen twice.
There were 933and 636 respondents for the firssandnd groups distributed four months apart in
September to October 2006, and then in Februawatah 2007.

Karjalainen cited in Ref. [2], found that women @@nore dissatisfied with room temperatures than
men, and preferred higher set-point temperatunethd same study, it was also found that men con-
trolled the set-point temperatures more often thamen.

Age
Ref. [13] has found that heating energy consumpgtioreases with age.
Clothing:

Of the factors that influence behavior, a patteas ¥ound where inhabitants decided their dailytelot
ing level based on the exterior weather conditiin® a.m. and made little alterations to the ctaghi
level afterwards. However, exterior weather condsiwere not the only influential factors.

As occupants spend more than 90% of the time ird@timate parameters as defined by Fanger de-
termine their subjective wellbeing. Many studiesénbeen conducted about clothing levels in relation
to various activities such as work, shopping, aisure at home Refs. [16], [17], and [18]. Ref][18
finds that people actively change their clothingp@me corresponding with Andersen’s residential
questionnaire results finding that clothing adjustinwvas the main adaptive action, Andersen Ref. [2]
The laboratory tests by Fanger, which used the sdotieing ensemble for all experimental groups
[5], is disproven in the opinion of Keul et al.,sxcial, cultural, and historic aspects must aksadn-
sidered, Ref. [18].

312 Psychological

Expectations:

Ref. [19] looked at the perceived winter occupamhfort and indoor air quality in low energy brick
residences in Vienna and Salzburg. Amongst the itapbfactors listed, were the occupants’ expecta-
tions. Previous studies to the type of occupatdwnenergy residences have shown that they do not
have a propensity to high energy conservation hehawt rather are within the social mainstream of
tenants and owners. Ref. [19] has found that tnginiccupants about the new technologies and cor-
rection of incorrect heating use soon after movingre very important for maintaining high satisfac
tion with living quality in low energy houses. Mediliscussions about climate change also influence
quality assessments and housing preferences ad staRef. [3].
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The subjective perceptions of occupants have asa found to be influenced by occupant thermome-
ter and hygrometer readings. The study in Ref. ji@lved 20 Viennese participants divided into
three test groups who made diary observations dlieeg hours for 14 days:

a) 7 residents who noted in a diary the subjectivepmature and humidity perceptions, assessments,
behavior, and measurements from data loggers;

b) 11 residents who noted in a diary the subjectiagerature and humidity assessments, behavior,
and measurements from their own thermometers agisbimeters (which had an accuracy of
1+3°C, and +6% to -28% respectively);

c) 2residents who noted in a diary the subjectivepnature and humidity assessments without any
measurement devices.

The questionnaire results showed higher dissatisfator both winter temperature and room humidi-
ty when occupants had their own thermometers agcmeters.

Satisfaction with temperature Satisfaction witbmohumidity
Residents with data loggers 94% 68%
Residents with their own ther-| 73% 12%
mometers and hygrometers
Residents without any devices 84% 43%

Table 3.1: Residents’ satisfaction with room terapge and room humidity.

As the winter air supplied in passive houses comyn@mges between 30% and 45% RH, it is under-
standable that the satisfaction was so low ingéksedroup with their own hygrometers. The humidity
would likely show a range hovering below 20% RH.

Ref. [20] and [21] as cited by Refs. [14] and [t&§pectively, mention an “economic rebound effect”
whereby occupant expectations and heating enerinaszases with higher comfort levels achieved
by thermal renovations, resulting in achieving calyartial potential of cost and energy savings.

Under standing of how controls function:

Several authors see Refs. [22], [23], [24] and ,[Ba)e conducted studies that have determined that
many users do not understand how to use thermastdtthermostatic radiator valve (TRV) controls
properly. Ref. [25] also found that overheatingweed as a result of misunderstanding the operation
of TRV's. Ref. [2] concludes that users’ TRV comtlecisions are habit-based and misconceptions
are widespread. The frequency by which occupamts@deating coupled with the depth of under-
standing how the heating functions suggests aletioe with the energy used for heating.

The combination of training and changing habitseldasn incorrect information can have a wide-
spread positive effect, as misunderstanding heatingrols has been shown to exist for different-hea
ing control types and in different countries frdme works of Refs. [22], [23] and [24] as shown in
Ref. [2]. Questionnaire results in Belgium by H&b], also find a large number of occupants who
have poor understanding of heating controls, leatbrimproper use, working against advances in
energy efficiencies. The concept of heating overnténtilation system has found to be counterintui-
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tive for laypeople, and training has found to ddledmportant to correct false theories, e.g. oglsue
pants are needed to heat a passive house, Ref. [19]

Interaction frequency with heating controls:

In Ref. [2], many studies into establishing setapéémperature using TRV’s have been conducted.
The studies of Ref. [26] found that individual hehelds have constant heating set-point temperatures
that vary from each other, and Ref. [27] has quoaatire results that indicate that there is lamyg v
ance in the frequency a user decides to control éin@ironment.

Memory:
Morgan and de Dear state that outdoor exposure tiherprevious day influences clothing selection

upon waking, Ref. [17]. Weather conditions from gnevious day also influence the current day’'s
adjustments made to heating; either set-point teatppe or degree of heating valve opening.

313  Social

Owner ship (owning/cooper ative/renting):

The results of two questionnaire surveys in Ausifi@33 and 636 participants showed that solar radi
ation, type of housing ownership, and perceptiomaddor environmental values were factors affect-
ing heating use, see Ref. [2]. Ref. [28] and [18backnowledge the importance of home ownership
on domestic energy use, indicating that more enisrgged when energy costs are shared collectively
in the rent.

Ref. [19] investigates the differences between al@endominiums) and cooperative apartments
within the same apartment complex. The investigatias carried out in Salzburg, and similarly com-
pared data logger readings, occupants’ own therrteysand hygrometers, self-recorded diary entries
and interviews. An empty apartment was also logged reference point. The results of a satisfaction
survey are in Table 3.2.

Table 3.2: Difference in satisfaction levels betwewners and renters (cooperative apartments).

Satisfaction with tem- | Satisfaction with room | Satisfaction with
perature humidity IAQ

Owners 79% 85% 73%

Renters 84% 85% 73%

It was found that the perception of better IEQ Wagher with higher humidity, despite the fact that
measurements recorded higher,@0Oncentrations with higher humidity levels. Thesditisfaction

with occupants’ own measurement devices was netated in Salzburg. The study by Ref. [19] found
that overall satisfaction was very high for tempemas from both owners and renters.

Government Interventions:

Ref. [29] looks at heat demand and heat supply tfeyear 2000 to 2050 in Austria. Based on simu-
lations, the report indicates that widespread imgletation of thermal renovations and new build to

12



the low energy and passive standards will havgrifgiant impact on the energy consumption for
heating, and that the heat demand for space anadtet heating has already peaked in the last dec-
ade. The study concludes that government interweiigi an influential factor for maintaining the

trend of thermally renovating residences, espgciatl buildings built between 1945 and 2000. En-
couraging further innovation in heating technolsgeespecially those that use renewable sources, and
thermally activated building systems are furtheeimtives that may be implemented. Suggested forms
of regulatory interventions include taxes for £gmissions, financial incentives for installing egra-
ble-based heating systems, and updating buildiggla&gons to improve use of renewable and low
energy systems. Thermal renovations are seen trigemcreasingly important for the Austrian
building stock in the upcoming decades, see Ré}. Rovernment regulations also play a part in re-
ducing building energy use in the Netherlands, h@wehe strived for innovations were not reached
[30]. Refs. [26, 29, and 30] are within the Eurap&@amework of the Energy Performance of Build-
ings Directive (EPBD), Ref. [31]. Regulations faeulating and displaying building energy use are
also in countries such as Brazil (RTQ-R, Ref. [3#]® USA (Energy Star), Canada (EnerGuide), and
Japan (CASBEE).

The estimated increasing number of thermal renoratof existing buildings will most likely lower
the impact of external environmental factors asingi forces, and increase the importance of interna
driving forces in the future. Ref. [2] also recazgs the correlation between the greater impact-of o
cupant behavior, with stricter building regulatidos energy use, tighter buildings, and higher lasu
tion levels.

314 Time
Time of day:

Time of day is related to both clothing and outdoamnditions. Clothing decisions have been shown to
be made upon waking for the day, Ref. [17]. Thdirectly influences the selected residential set-
point temperature as higher clothing values areggly correlated with lower set-point temperatures
On heating systems without thermostatic controis,also possible for occupants to either actita¢e
heating system or increase heating in the evenuhgs the outdoor temperature is cooler.

315 Physical environment

As stated in Ref. [2], the physical aspects ofithiéding play a greater role than occupant behawior
an approximate ratio of ten to one. In lowest epéngldings, where all building systems have been
maximized for energy efficiency, the role of thewpant plays a larger role in determining whether o
not the lowest energy targets are achieved. Thegamative energy behavior variance can be up to a
factor of three, see Ref. [2].

M eteor ological conditions:

The most influential factors for conventional resital buildings were found to be outdoor tempera-
ture, outdoor air humidity, and wind speed, see RB&fClimate was also stated as an influentia} fa
tor on indoor set-point temperature in Ref. [11].
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316 Building/equipment properties
Heating System Type:

Reilly and Shankle (1988) as cited in Ref. [28]}esthat it is common for a combination of heating
systems to be used in buildings, and that themdasge variety of types used in different ways by
homeowners. Ref. [28], which examines heating sysy@es in German homes, finds a positive cor-
relation between education and gas heating. Howeeersions related to socioeconomic factors are
secondary to location (urban/rural, East/West Gagmwaith preference for solid fuels in rural areas,
thermal quality of the building envelope, and sgigrapace for solid fuels. The relationships between
choice of heating to household income and numbpergons in the household are shown in Figure
3.1. Building quality, heating system type, andnelte together can influence set-point temperature
and thermal comfort perception by occupants [11].

Effect of household income Effect of household size
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Figure 3.1: Probability of heating type use in thhener East Germany and West Germany. Ref. [28].

Levd of control:

Studies by Refs [33], [34], [35] and [36] citedRef. [2] have shown that taking control out of the
hands of the inhabitant leads to dissatisfactidh wie indoor environment, and it can be concluded
that control of one’s own indoor environment isywenportant.

In Ref. [2], window opening and heating behaviothii Danish residences is studied. Among the
main findings, it was found that there was greaiavee in the individual behavior patterns, and tha
the difference in behavior can affect overall egargnsumption by up to a factor of three, see Ref.

[2].
32 Summary

In summary the previously identified driving fordes energy-related behavior with respect to heatin
are grouped and listed in Table 3.3.
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Table 3.3: Driving forces for energy-related belmawvith respect to space heating.

biological | psychological physical building/equipment

environment properties

Temperature | Gender Expectations
Set Point [2] [19]

Ventilation type [19]

Window open-
ing [2

Heating
Duration

Ownership (own-
ing/coop/renting) [2]

Window open-
ing [2

# of Rooms
Heated

Which Gender
Roomsare [2]
Heated

Importance
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4 Coaling

Depending on the type of system, occupant beh&asra significant influence on the use of cooling.
From the general to the detailed, this starts mesoases with the choice of cooling system, tha-dur
tion and frequency of usage, the choice of settgemperatures, and the frequency of maintenance.

4.1 I dentification of driving forces

Research on the air conditioning unit (AC-unit)gesavas first conducted in the frame of studies abou
the use of electricity in residential buildingsligman et al. stated in 1977 that personal condod
health concerns were the best predictors of ebgtdemand, Ref. [37]. Up to now, especially ie th
Japanese research environment, the research omiAGsage is set in relation to general behavior
patterns, Ref. [38], and the lifestyle of the ocmip Ref. [39]. An exception is the article by RéD],
which analyzed the AC-unit usage and window-opebiglgavior of eight dwellings for three days
each in Japan and found large difference in the &ind usage pattern between the dwellings.

A questionnaire survey with 554 responses on ACwsage during the sleeping hours in Hong Kong
revealed that 83% of the occupants use their A€Cfanmore than five hours during the sleeping
period [41], but did not state any driving forcBef. [42] used the 2001 RECS data set to analhyee th
factors affecting cooling energy and found thatc¢upant behavior is the most significant issuatrel
ed to choices about how often and where air comiitig is uset which is followed by physical pa-
rameters such as the climate and the AC-unit tgpeeadl as socioeconomic aspects, such as income,
household size and age of the occupant.

Ref. [8] observed the AC-usage and window opengttpliior of 39 student rooms in a Japanese dor-
mitory through a continuous six week measuremantfie summer. They found varies individual and
building related driving forces for the usage @ tC-unit for cooling as included in Table 4.1 and
the following sub-chapters. Based on the samefdatathe dormitory building in Tokyo, Japan,

Ref. [43], analyzed driving factors for the choafeset-point temperature.

Ref. [44] conducted a worldwide survey with 435tggvants of which one third was Japanese, one
third German and the other third distributed to entbran 40 countries in the summer version.

The 106 participants possessing a cooling devige agked about their reason for the last and hypo-
thetical next start or stop of their cooling device

There was no literature found related to the fragyef maintenance, assuming it to be another facto
influencing the energy demand once the device ickad on.

4.1.1 Biological

Duration and frequency of usage (mainly per centage of usage)

Seligman et al. stated in 1977 that personal camafwt health concerns were the best predictors of
electricity demand [45]. Health reasons for nohgsan AC-unit during the night were stated by 50%
of the respondents in Ref. [40]. Ref. [46] obser¥8dAC-units in eight apartments of a multi-family
building in New Jersey, USA from June through Seyter 1986. They also found that health reasons
were claimed for reducing the frequency of usagettrer with safety reasons (due to a hot extension
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cord) and a general fear of electrical appliants. latter two will not be dealt with here in détai
believing that they depend on the period of theespiand the then probably not fully developed tech-
nology of residential cooling devices.

Ref. [8] observed the duration and frequency ACgadar cooling, and found that the way the AC
unit was used at home during childhood, gender ciinatic origin have significant influences on
AC-usage. Ref. [42] found that the age of occupaniligences their usage patterns.

Choice of set-point temperature

Ref. [43] analyzed driving factors for the choideset-point temperature: the origin from a moderate
climate together with the running mean of the oatdemperature increased the set-point temperature.

4.1.2 Psychological

Duration and frequency of usage (mainly per centage of usage)

Ref. [8] observed a significant influence of theqeéved effectiveness of AC and the cultural back-
ground on the duration and frequency of the AC-adagcooling.

Choice of set-point temperature

Preference for air-conditioned rooms was amongrtaim factors to lower the set-point temperature
according to Ref. [47]. Origin from an East-Asiaruntry increased the set-point temperature.

413  Socia

Duration and frequency of usage (mainly per centage of usage)
Ref. [42] found that household income has no sicgrift influence on the frequency of AC-unit usage.
Switching on and off the cooling device

Ref. [39] concludes that switching off the coolithgvice depends more on the schedule, i.e. when
leaving a room or going to bed, than the thermairenment.

Number of rooms equipped with a cooling system

Ref. [42] found that socioeconomic factors are ificemt driving forces related to the number of air
conditioned rooms accounting together with climatic physical factors for 48% of the variation in
this parameter.

414 Time
Duration and frequency of usage (mainly per centage of usage)

Ref. [39] observed the control behavior of air adoders in living rooms in 79 residential houses i
the Osaka region of Japan. They found that usagesvaccording to the period of the day — the per-
centage of AC-units being switched on is lower dgitinidday and evening compared to nighttime
and morning. Whether this is related to variationsccupancy levels was not reported. Ref. [48} ana
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lyzed the AC-unit usage and window-opening behawi@ dwellings for three days each in Japan and
found large difference in the time and usage padtbetween the dwellings. Based on data from four
dwellings situated in the Kawasaki area in Japahaameasurement period of four months from June
to October, Ref. [38] found that the air conditimpiuse is mainly influenced by the time of day.

Ref. [8] also observed differences in AC-usagecfmling between morning, daytime, evening, and
night times.

415 Physical environment

Duration and frequency of usage (mainly per centage of usage)

Ref. [42] found that the climatic conditions (repeated by the cooling degree days (CDD)) and the
number of rooms equipped with an AC-unit were tlesninfluential factors. However, only 26% of
the variation in usage frequency could be explaimethese factors.

Ref. [38] found that air conditioning use is infheed by season and outdoor air temperature. R§f. [3
also recognized outdoor temperature as the maiarfddsage increases with higher outdoor air tem-
peratures. Ref. [49], observing 17 residential lggid-commercial AC-systems, found a 6% increase
of operation time for every 1°C rise in indoor-ocnd temperature difference. Ref. [8] observed a
significant influence of outdoor temperature anchfdity on the duration and frequency of AC-usage
for cooling.

A one year study observing 8 single-family resigemion Austin, USA (Ref. [50]) showed that there
was a 6% increase in the hourly fractional opendtiime for every degree increase in the difference
between the indoor and outdoor temperature, aridalar set-point temperatures were related to
longer usage periods.

Switching on and of the cooling device

Ref. [51] monitored 24 Korean dwellings (six dwedjs for nearly two months and 18 for one week).
According to their results, the indoor thermal @omiment was above the comfort zone according to
ASHRAE Standard 55/2010, most of the time the A@-was switched on. However, no percentage
or further analysis is stated regarding this stetgm

With respect to starting the device, 65% stategtrature as the reason, followed by around 15%
stating humid conditions according to Ref. [44]aRens to stop the device were habit (25%), temper-
ature (22%), and leaving the room (15%).

Ref. [39] concludes that switching off the coolihgvice depends more on the schedule, i.e. when
leaving a room, or going to bed, than the therma&lrenment.

Choice of set-point temperature

Ref. [39] observed variations in the set-point tenapure between 24°C and 29°C, but did not state an
explanation. However, they found a positive relatiup between the set-point temperature and the
temperature at which the AC-unit was switched @n when the set-point temperature was 1°C high-
er, the indoor temperature at the time of switclinghe AC-unit was observed to be 1-2°C higher.
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Ref. [47] analyzed driving factors for the choideset-point temperature: the running mean of the
outdoor temperature increased the set-point terpera

Existence/Choice of cooling system

Ref. [42] states that there is a close relationbeigveen the ownership of an AC-unit and the clemat
in which the building is situated.

Number of rooms equipped with a cooling system

Ref. [42] found that climatic factors have a sigraht influence on the number of air conditioned
rooms accounting together with physical and socmemic factors for 48% of the variation in this
parameter.

416 Building/equipment properties

Duration and freguency of usage (mainly per centage of usage)

Ref. [42] found that the AC-unit type affects thmoling energy. Ref. [8] observed a higher use fre-
quency of the AC-unit for cooling for top floor nms and rooms having a south-oriented window
compared to an east or west facing one. Ref. @2jd that the number of rooms equipped with an
AC-unit was the most influential factor togethetmglimatic conditions (represented by the CDD).
However, only 26% of the variation of the usagejfiency could be explained by these factors.

Choice of set-point temperature

Ref. [47], analyzed driving factors for the choafeset-point temperature; a south-oriented window
was among the main factors to lower the set-peimigerature.

4.2 Summary

In summary, the previously identified driving foscir energy-related behavior with respect to cool-
ing are grouped and listed in Table 4.1.

biological psychological physical envi-

ronment

Building /
equipment
properties

Percentageof | Health[40], [46]
usage

Seasorj38]

Time of day | Outdoor humid-
Eg?], [50], ity [38], [8]

Origin from
Middle Eastern
country [8]

Wind speed
[38]

Wind direction | Set point tem-

[38] perature of
systenj50]

Indoor outdoor
temperature
difference
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[50,50]
Switching on Comfort range Guests coming Temperature
[51] [44] [44]
Switching off Leaving roonj44]

Set point Male [43]
temp.

Existence of
AC-unit

No. of rooms
with AC-unit

Table 4.1: Driving forces for energy-related belmawvith respect to cooling. For the explanation of
the colors used we refer to the legend undernglaghsymbols used in the legend are explained in
Table 2.1.

Importance - il

-

*
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5 Ventilation and window oper ation

Investigations on window opening behavior and rateentilation have mainly been carried out with
two aims: to find whether or not occupants are ey with adequate fresh air and to find the influ-
ence on energy consumption. The former categosyuafies has usually been carried out in dwellings
and has a health or a comfort perspective, whéddtier category has mostly been studied in dffice
with a comfort and energy performance perspecBeefar, there are only a few investigations regard-
ing residential buildings and the studies thataam@ing at implementing realistic behavior pattams
simulation programs have been based on occupaavioehn offices. Moreover, no investigations
regarding the mechanical ventilation driving foraesesidential buildings have been found in the
literature so far. For this reason, only the tagioatural ventilation and window opening behawor
particular, has been dealt with in this chapter.

51 I dentification of driving forces

The use of windows affects ventilation rates in lings and consequently influences the amount of
energy required in buildings and the indoor clim&iace the air change rate has a big impact on en-
ergy consumption, it is evident that different babapatterns will result in different energy congor
tions.

Ref. [52] conducted 358 air change rate measurenesix properties in London using the decay of
coal-gas (containing about 50% of hydrogen) likeatanto the air. This reference discussed the &ffec
of flues, air gratings, cracks, and leakages orathehange rate in the houses and finally notat th
any reasonable amount of ventilation could be abtif liberal window openings were provided.
They obtained as many as 30 air changes per homelns of cross-ventilation in experimental
rooms. Since then, houses have been tightenedealetisincreasing the relative effect of window
opening on the air change rate. In fact, when [88].measured air change rates in a house in Magin
over a year, they found that the window openingalviedr had the largest effect on air change rates,
causing increases ranging from a few tenths ofrathange per hour to approximately two air chang-
es per hour. Another paper describing the sameursagnts, Ref. [47], stated that opening a single
window increased the air change rate by an amawggly proportional to the width of the opening,
reaching increments as high as 1.3 Klultiple window openings increased the air charage by
amounts ranging from 0.10 to 2.8'h

While Ref. [52] found an average air change rat@.8fi* and with only 11% of the measurements
under 0.4 K& in London, Ref. [54] found that 75% of dwelling&hout mechanical ventilation had air
change rates lower than 0.35, Isuggesting that these dwellings had been tigltém such an extent
that occupants needed to actively adjust buildogrols to obtain adequate supply of fresh air. Ref
[55] also found that, depending on the season,dmivb0% and 90% of the Californian dwellings in
the study had air change rates lower than 0235 h

According to Keiding et al., Ref. [56], who condedta questionnaire survey in Danish dwellings,
53.1% of the occupants slept with an open windovinduautumn while 25.2% had a window open
during the night in winter, which in most situatsoshould ensure an air change rate of more than
0.35 K. They found that 91.5% of the respondents vebyeapening one or more windows each day
throughout the year. The results showed that & lprgportion of Danish occupants use windows to
adjust the supply of fresh air to the dwelling. Hifects of this behavior on the energy consumption
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might be substantial. Ref. [57] measured the angle rate and temperature in 16 Danish dwellings
and found an average air change rate of 0568 h

In a study, Ref. [58], it was noted that there wa®nsiderable difference in the total air change b
tween the individual dwellings. As the basic aianfe was fairly similar in the dwellings, it waseo
cluded that the user influenced air change (i&bithavior of the occupants) caused these large dif
ferences. This conclusion was confirmed by Ref],[&®0 concluded that a substantial variation in
ventilation behavior found among seven householdigcted different occupant functions and man-
agement strategies.

The authors of Ref. [40] were able to quantify éfilect of occupant behavior on air change rateyThe
investigated the relationship between occupant\wehand the energy consumption used for air con-
ditioning, by means of tracer gas measurementgjaestionnaire surveys in Japan, and concluded
that 87% of the total air change rate was causdtidopehavior of the occupants.

One aspect that affects the air change rate isdften and for how long the windows are opened but
also the degree of opening will have an impact.

Window opening and closing

The window opening and closing behavior in dwebing strictly connected to the building character-
istics since the effectiveness of natural ventlais strongly dependent on the characteristic®nfi-
lation openings and their controllability (aspestsch are closely related to the type and sizénef t
windows and its placement within the facade). Hpe tof dwelling (single house or apartment), ori-
entation, and type of the room (bedroom, livingmoar kitchen) are the main parameters found to
have an influence on occupant behavior relatedndaew opening and closing.

511 Biological

The interaction between the occupant’s gender anckpred illumination had a statistical impact on
the window opening behavior, Ref. [63].

The investigation in Ref. [13] on households in Hetherlands that took place in autumn 2008
showed that the behavior of elderly people sigaiiity differed from that of younger people, and the
results fit with the Annex 8 results, Ref. [65]chAi-squared test showed that presence was assbciate
with fewer hours per day of open windows in livimpms and bedrooms, while the presence of chil-
dren at home was associated with keeping windoaged in the living room.

512 Psychological

Ref. [65] highlighted that indoor climate prefereadn terms of temperature are one key driver @f th
behavior of the occupants, but this driver is gjiprronnected to the occupant’s perception of com-
fort.

513  Socia

The Annex 8 project, Ref. [65], highlighted a clearrelation between smoking behavior and the
airing and ventilation of living rooms: in smokihguseholds, the living room is ventilated twice as
long on average than non-smoking households. Meiretive longer the dwelling is occupied the
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longer the windows were kept open, especially #drdoom windows, and in this way the Annex 8
project concluded that the presence of occupardaginelling and the use of windows were related.

514 Time

Investigations have shown different daily pattdorghe different types of rooms, see Figure 5.1.
Typically, the maximum number of open windows oscduring the morning, but during early after-
noon (when cooking) the number of open windowdilisrelatively high but gradually decreases dur-
ing the afternoon until the return of working inftabts to the home (at about 5 p.m.). The timeagf d
was found to determine window transition probaie#it(closed to open and open to closed) in the
aforementioned study in Ref. [66].

Return home
(5 p.m.)
|

Cooking

NUMBER OF OPEN WINDOWS (Ngy)

& Feb 5 Feb

Figure 1.4: Average winter days (Schiedam project) (Total of 1280 windows and doors)

Figure 5.1: Daily profile of window opening, Re6q].

Season has been found to be correlated with wirgjmming behavior in Ref. [67], i.e. windows are
open longest in summer and shortest in winter. 8dhilAugust the overall opening period for all
windows amounts to about 25% on average, it deesg@sabout 5% in winter. This finding is sup-
ported by a successive study conducted in offidgielings in 2008, Ref. [60], where the percentages
of open windows are highest in summer, lowest intevi and intermediate in autumn and spring.

515 Physical environment

Window opening behavior is strongly related to pleeception of comfort and the microclimate in
dwellings. Due to this correlation, the most impattenvironmental parameters have been investigat-
ed in many studies.

Not surprisingly, the outdoor temperature had asictrable impact on window opening behavior. An
earlier study, Ref. [61], found that the outdoanperature was the single most important explanatory
variable when investigating the number of open wimslin 15 dwellings. The investigation in the
Annex 8 project, Ref. [65], has shown that in #a@perature range between -10°C to 25°C, a direct
linear correlation exists between window use antdanr temperature, see Figure 5.2.
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Figure 2.1: Relationship between the average use of windows and doors
and the average outdoor temperature (Schledam project)

Figure 5.2: Relationship between the average ugemfows and doors and the average outdoor tem-
perature, Ref. [65].

Ref. [62] found that temperature (mean monthly terajure and average temperature swing) is an
important explanatory factor for window openingfR&7] found a change in ventilation behavior
around 12°C: generally, below 12°C, daytime vetitiaincreases by approximately 75% per degree
temperature difference, above 12°C, ventilatioméases by about 1.1% per degree. In terms of venti-
lating frequency, this represents an increase ofieB0%. The results of Ref. [63] are consisterwi
the findings in Ref. [67]. The statistical analysstated to the questionnaire survey carried 02006
and 2007 in Danish dwellings has shown that windpening behavior is strongly linked to outdoor
temperature. Recently, the results of the logiggression model based on long-term monitoring of
behavior and environmental variables in 15 dwedlingnfirm that outdoor temperature, indoor tem-
perature, solar radiation, and indoor £&®ncentration were the most influential varialitedetermin-
ing window opening/closing probability.

The Annex 8 project, Ref. [65], showed that wind@mrs open more often and for longer periods dur-
ing sunny weather, the findings of Ref. [64] fitlwthese earlier studies. In Ref. [67], a distihet
pendence on solar radiation could not be confirrasdhe influences of outdoor air temperature and
global irradiance are superimposed.

The influence of wind speed was investigated inhalaforementioned studies, and the results are
coherent in finding a significant decrease in thevalence of open windows at high wind speeds:
above a wind speed of about 8 m/s, nearly all wivsdavere closed.
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Figure 5.3: Percentage of open windows as a fumciiavind speed, Ref. [65].

Based on an average wind velocity of 3 m/s, Réf] pgoposed to introduce the wind influence as a
correction term for temperature-related window ilation periods with the following equation:

10—W
topen w) = 7 X topen (3m/s) (%)

(1)

516 Building/equipment properties

As early as 1988, the study of Annex 8 on occupahtwvior with respect to Ref. [65] focused on a
combination of questionnaires and observation®terchine which action is taken by occupants to
ventilate their homes and to evaluate the reasmmdéir actions. The study has shown that the ofpe
dwelling (house or apartment) influences the lergttime windows are open and also has an effect
on the degree of window opening. In the same iny&son, it appeared that windows in living rooms
and kitchens were open on average for shorter g¢erighereas windows in bedrooms were open for
longer periods in houses compared to apartmentstyfie of the dwelling (detached one-story resi-
dence) was found to affect the degree of windownpgin residences in the pilot study conducted by
the authors of Ref. [66] in North Carolina betwéagstober 2001 and March 2003.
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Table 5.1 shows the room type ranked accordingndaew use for each of the investigated dwellings.
These results could be summarized as follows: daompto the study of Annex 8, Ref. [65], the main
ventilation zones are bedrooms, while the greaestentages of windows which are never opened are
in living rooms, kitchens, and bathrooms.

This finding is consistent with a study for 24 itleal flats in Germany, Ref. [67]. Even in the extre
winter weather, bedrooms are ventilated more fretipi¢han all rooms on average: during the entire
measuring period the window opening time in bedr@enxceeded the average for all rooms by ap-
proximately 50%. The room orientation is also intpot. The Annex 8 project, Ref. [65], found that

when the sun was shining, south facing living roamd bedrooms were more

for longer periods than similar rooms orientatedtimer directions.

Empa/

e ————

likely to be ventilated

Project La Nemur Namur
7 Rank | Chaumiére Bus Worms (nN=40) (N=3000) BBAL Schiedam Surrey
g Order (CH) (CH) (D) ® |8) (8) (NL) {UK)
Parents Parenis Parerts Parents Pamnts Mean Parens Mean
' bed. «+ bed bed bed bed bedroom bed badroom
2nd bed
(0.26) (0.66) {0.58) (0.193) {0.109) (13 (13) 27
o Smat 2nd nd Kichen nd Kiichen
2 Knchean bedroom bedroom bedroom bedroom bedroom
(0.04) (053) (0.42) (0108} (0.074) {05) (083) (03)
g Small
3 Living Living bed. Kiichen Kiichen Uving bed Living
0.02) (0.37) (0.35) 10.43) (0.48) (.02) (051) (02)
4 -— Khchen Living Bathemoom Bathroom Kitichen
0.1) (0.13) {0.039) {0.038) {0.38)
= ] ) — 1
5 - Kachen Living Living Living
(0.10) (0.035) {0.028) l (0.29)

N.B. Values In beackets are the number of open windows per dwelling (N_)

Table 1.4: Rank order of window use per type of room

Table 5.1: Rank order of window use per type ofmpRef. [65].

The investigations have shown different daily patdor different room types. Typically, the maxi-
mum number of open windows takes place during thining, but during early afternoon (when
cooking) the number of open windows is still relaty high but gradually decreases during the after-
noon until the working inhabitants return homeladwt 5 p.m. The time of the day is found to deter-
mine the window transition probabilities (closedfmen and open to closed) in the aforementioned
study in Ref. [66].

Degr ee of opening

In the various projects conducted for the Annexdqet, Ref. [65], three levels of window opening
were examined (closed, slightly open, and wide hdearge variations among the degree of window
opening were found. The Dutch research findingsvelgioa tendency towards a larger percentage of
wide open windows, while the Belgian research figdibased on interviews with the occupants in
2400 social houses, showed a trend towards sligptiy windows.
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Weather also influences the degree of window ogerihe studies conducted for the Annex 8 project
showed that when the outside temperature was 5C8@, fanlights were left open for more than
eight hours in 17% and 8% of living rooms respedjyivMoreover, an outside temperature change
from 15°C to -5°C produced changes in the percenté@pen or slightly open windows from 41% to
34% in the mornings and from 32% to 24% in therafiens. For the main bedrooms, these figures
are 70% to 64% and 55% to 44% respectively.

Ventilation type

The study in Ref. [67], compared the duration afidaw ventilation with naturally ventilated flats.
Ref. [62] concluded that windows in flats withou¢chanical ventilation systems are open about four
times longer than in flats with mechanical venidlat Actually, this result is inconsistent with the
Annex 8 project, Ref. [65], where only small difeces are found between dwellings without me-
chanical ventilation and dwellings with various égpof ventilation systems. However, the interviews
showed that the occupants had no understandingvetd use their mechanical ventilation systems.

The IEA Contributed Report 08, Ref. [68], examitlee influence of specific ventilation systems on
the active ventilation behavior. From the repois itoncluded that ventilation by behavior is only
partly related to the type of ventilation devicstalled in the dwellings; the mechanical ventilatio
system in living rooms tends to influence the Jatitn by behavior; in bedrooms, behavior tends to
be independent of the installed system.

Moreover, the Annex 8 project, Ref. [65], foundtthéndows in centrally heated dwellings were less
likely to be opened for long periods than thosean-centrally heated dwellings, and that dwellings
with warm-air central heating were ventilated ld&m dwellings with radiator systems.

Clothing

Ref. [69] carried out a field study in a 17 stoffiae building. The author found that the anticet
outdoor environmental conditions influenced theichof clothing worn on a specific day more than
the anticipated indoor office temperature. Thesegtudies suggest that the outdoor temperatura has
very high impact on the choice of clothing. Thisswarther investigated by the authors of Ref. [70]
who analyzed the relationship between clothing tieihand the indoor and outdoor temperatures
based on field investigations in 28 cities all otrexr world. They found that the outdoor temperadire

6 o’clock in the morning influenced the clothingutation the most. The influence of outdoor temper-
ature was larger in naturally ventilated builditigan in mechanically ventilated buildings.

Since thermal comfort is thought to be one of tlaénadeterminants of temperature set-point and may
have a significant impact on window opening behgwtmthing behavior will also influence these
parameters. Consequently, the occupants’ clothiogce will affect the energy performance of a
building. However, clothing behavior is an occupmatiaptation means to the indoor environment
and as such does not affect energy consumptioatlgire

52 Summary

In summary, the previously identified driving fosckr energy-related behavior with respect to venti
lation/window operation are grouped and listed &bl€ 5.2. Unfortunately, studies regarding driving
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forces related to mechanical ventilation usagesidential buildings were not found in the literatu
For this reason, only window opening behavior heenlbdealt with in this chapter on ventilation.

Table 5.2: Driving forces for energy-related belwwvith respect to ventilation/window operation.
For the explanation of the colors used we refaghwlegend underneath, the symbols used in the leg-
end are explained in Table 2.1.

biological | psychological social time physical environment building/equipment
properties
Windows Age Perceived illumi- | Smoking Season [67] | Outdoor temperature [61, | Dwelling type
opening [13,65] nation [63] behavior [65] 62, 63, 65, 67] [65,66]
and clos-
ing
Gender Preference in Presence at Time of day Indoor temperature [61] Room type [65,67]
[63] terms of tempera-| home [65] [65,66]
ture [65]
Solar radiation [64,65] Room orientation
[65]
Wind speed [65,67] Ventilation type [62,
65, 67, 68]
CO, concentrations [63] Heating system [65]
Degree of Outdoor temperature [65]
opening

Importance - hid
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6 Domestic hot water

Occupant behavior can significantly influence tke of hot water in residential buildings. Showering
frequency, duration and intensity of showeringhbag frequency, sink use frequency, washing ma-
chine and dishwasher use frequency and runningdaeatpes, and appliances’ water use efficiency
are examples of domestic hot water energy-relatedgmant behavior. Domestic hot water use patterns
vary on different time scales: time of day, timdlw week, month, and year. In the literature, sdve
detailed modeling approaches for domestic hot watercan be found, see e.g. Refs. [71], [72], [73],
and [74]. Domestic hot water modeling approachdisheidiscussed in more detail in the separate
report on modeling.

A typical example of the (measured and modeledgatian of domestic water use during the time of
day is displayed in Figure 6.1.
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Figure 6.1: Residential water flow rate during toeirse of a day showing modeled and measured
values based on 43 dwellings, Ref. [73].

6.1 I dentification of driving forces

A study of domestic hot water use has been repantBef. [75] based on data from seven dwellings
in the United States. The findings of this studgwlthat bathing accounts for the largest use, while
the kitchen accounts for the second largest use v@hation in energy use per person is primarily
attributed to behavioral differences among the paats. In this study, the variation in individuad-w
ter use behavior is greater than the variatiohéntotal domestic hot water use in all houses.

The authors of Ref. [76] reported the largest dadywater use was for bathing and showering (43%)
and the second largest use was by washing madld@es. This study is based on American data.
Various household characteristics have been araipzinis study, such age educationnumber of
children, satisfaction with hot water temperatysndhot water conservation indebn this study,
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educatiorwas found to be the only significant variable exmihg hot water use. The higher the edu-
cation level, the more hot water was used. Sincean is usually correlated withcome it is like-

ly that these households owned more water-usintjaages. A positive correlation betwegicome
and domestic hot water use was also found in H@vever, in Ref. [78] it was found that people
having a higher education, higher income, and hdrigtatus job were more likely to apply water
saving strategies.

The model in Ref. [77] suggests that renter-ocalidigellings consume less domestic hot water than
owner-occupied dwellings. However, research in R&f] suggests that homeowners are more likely
to save energy than renters.

Residential water use monitoring by water compaaftsn provides interesting statistics of water use
behavior. For example, research by the Dutch assoiof drinking water companies, Ref. [80],
showed that showering accounts for the greatesrwae. The increase in water use observed in the
last few years in the Netherlands is primarily ttuehanging showering habits: showderrationis
increasing and the showers with higher wattnsitiesare increasingly used. Water use for shower-
ing depends on the occupargsnder shower frequency and duration are higher for wothan for
men. The lower the occupangsducation leveandjob statusthe more water is used for showering.

Average per-capita domestic hot water use may he different for different countries, Ref. [81].

Important aspects of energy-related behavior fonekiic hot water use are tteration andintensity
(water flow rate) of a shower and tliequencief showering and bathing. These will be discussed
below.

6.1.1 Biological

A Dutch study, Ref. [82], showed that shower dorais strongly related tage see Figure 6.2. The
shower duration is relatively long for people ard@® years old and for people older than 65 years.
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Figure 6.2: Shower duration in minutes as a fumctibthe age of occupants in years in the Nether-
lands. See Ref. [82].

Shower frequency is also strongly relatecdge as can be found in the report of a Dutch study,

Ref. [82]. The reported shower frequencies are shiawigure 6.3. The shower frequency is highest
for ages between 20 and 45 years; the correspoagigrgge shower frequency is six to seven times
per week. Lower frequencies are found for younger@der people.
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Figure 6.3: Shower frequency per week as a fundfdhe age of occupants in years in the Nether-
lands. See Ref. [82].

6.1.2 Psychological

A negative correlation was found between showeatitum andncomein the study of Ref. [82]. A
possible explanation is that people with a higlome may have less time for taking a shower.

The frequency of using a bath depends upoome see Ref. [82]. Households that frequently use
their bath are mainly families with children andetatively high income. Ref. [77] also finds a posi
tive correlation betweeimcomeand domestic hot water use.

People with a higher education, higher income,ah@her status job are more likely to conserve
water according to Ref. [78]. The lower th@ucation leveandjob statusthe more water is used for
showering according to Ref. [80].

6.1.3  Social

The frequency of using the bath also dependsousehold compositiondhousehold sizéRef. [82].
Households that frequently use their bath are mdamhilies with children.
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6.1.4 Time
Shower duration is different for weekdays and wedkdays, Ref. [81].

6.1.5 Physical environment

The authors of Ref. [83] found seasonal differeriod®t water consumption up to a factor of three
based on data from 10 families in Japan, whichdcbelrelated to changes in outdoor weather condi-
tions. In winter, daily consumption was around 3@0/d&y, while in summer hot water consumption
was below 10 MJ/day.

6.1.6 Building/equipment properties

Intensity of water use events can be influencedd®cific properties of the applied equipment (water
saving devices). For example, the uséuwi-flow showerheadsan reduce energy use for domestic
hot water. However, off-setting behavior such agarease in shower length after installing a low-
flow showerhead may undo the positive effects diwaaving technologies, Ref. [84].

6.2 Summary

In summary, the driving forces for energy-relatetidvior with respect to domestic hot water use are
categorized according to Figure 2.2 and listeddhl& 6.1.

biological psychological social time physical envi- building/equipment
ronment properties
Shower duration Age[82] Income[82] household size | Weekday or | Outdoor condi- | low-flow showerhead
[82] weekend81] | tions B3] [84], [82]
Gendet Origin Turkey, time of day Boiler [82]
[80] Morocco,
Surinam¢80]
healttt comforf
Frequency Age[82] comfort household ease of operatidn
bath/shower composition:
[82]
Gendet Origin Turkey,
[80] Morocco,
Surinam¢80]
hygiené
Intensity shower low-flow showerhead
[84]
Other appliances Education[76] Household size
[85]

1) Duration and frequency is higher for women tf@men.

Table 6.1: Driving forces for energy-related belmawwvith respect to domestic hot water use. For the
explanation of the colors used we refer to thenegenderneath, the symbols used in the legend are
explained in Table 2.1.
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7 Electric appliances/ lighting

The use of electric appliances and lighting indesces is strongly influenced by occupant behavior.
In the literature, investigations of energy-relabethavior and its driving forces are very rarelgase
rated between appliances and lighting, but inforomafrom studies in office buildings can be used to
some extent.

7.1 I dentification of driving forces

When the energy consumptions for appliances ahtifig are considered, large variations are found,
partially relating to socioeconomic parameters agincome, persons per household, age, and educa-
tion, etc. 30-40% of the variation in electricityrsumption can be explained by these parameters, se
Ref. [86]. Research to find other ways to desdiilgeoccupant behavior related to energy consump-
tion is ongoing, although a final and perfect madetay ahead of us at the moment.

Another suggestion for understanding occupants sdroen social sciences, where the practices of
the occupants are used as indicators for theiggramsumption. This model is suggested by

Ref. [87]. It is based on practice theory whererthgines, ways of thinking and acting of the occu-
pants form the basis for different energy relatelddviors varying from high energy consumption
families to low energy consumption families whoeetively implement energy conserving strategies.
In Ref. [88], it is concluded that routines arduehced by norms and ethics learned in childhood,
conscious reasoning about economic or ecologigaas, design of new technologies, and changes in
social relations. Figure 7.1 shows the electrigig in 1068 residences in a suburb of Copenhagen.
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Figure 7.1: Electricity use per year per persotménhousehold (grey); electricity use per year per
household (black), Ref [4].

33



Figure 7.1 illustrates both the large variatiomliectricity use between households of equal sizé, a
that electricity use per person decreases as holdsgie increases as not all electricity use in a
household is dependent on household size.

In the following tables the households are divided three different categories — low use, average
use, and high use households — to find explanat@rtbe differences in electricity use. Generally,
energy efficiency of appliances and lighting (Tablé and Table 7.2) could not explain the differ-
ences in electricity use; however, the number aedafi appliances could (Table 7.3 - Table 7.6).

Table 7.1: Relation between electricity use perdatwld and the energy efficiency of refrigera-
tors/freezers, Ref. [4].

Low use Average use High use Total
No low energy refrigera- 38% 26% 37% 100%
tor/freezer
Low energy refrigera- 26% 35% 29% 100%
tor/freezer

Table 7.2: Relation between electricity use perdatwld and the energy efficiency of light bulbs,

Ref. [4].
Low use Average use High use Total

Lessthan 25% high efficiency 3204 350 33% 100%
light bulbs

ﬁ5£0% high efficiency light 3506 280 37% 100%

ulbs

Mqrethan 50% high efficien- 36% 230 41% 100%
cy light bulbs

Table 7.3: Relation between electricity use perdetiold and the number of refrigerators/freezers,

Ref. [4].
Low use Average use High use Total
1 Refrigerator/freezer unit 41% 31% 28% 100%
2 Refrigerator/freezer units 21% 37% 42% 100%
3 Refrigerator/freezer units 17% 35% 48% 100%

Table 7.4: Relation between electricity use perdetwld and possession of a tumble dryer, Ref. [4].

Low use Average use High use Total
Do not have tumble dryer 45% 36% 19% 100%
Have tumble dryer 16% 30% 55% 100%

Table 7.5: Relation between electricity use perdatwld and use of the tumble dryer, Ref. [4].



Use of tumble dryer Low use Average use High use Total

1 time per week 28% 33% 38% 100%
2 times per week 13% 39% 48% 100%
3 times per week 14% 28% 58% 100%
4 times per week 8% 28% 64% 100%
5 times or more per week 9% 21% 70% 100%

Table 7.6: Relation between electricity use perdetwld and number of TV/video units, Ref. [4].

Low use Average use High use Total
1 TV/Video unit 50% 30% 20% 100%
2 TV/Video units 31% 40% 29% 100%
3 TV/Video units 22% 32% 46% 100%
4 TV/Video units 16% 36% 48% 100%
5 or more TV/Video units 7% 13% 80% 100%

To get an idea of how electricity is used per hbokk an analysis of end use was made in Ref. [86]
in 100 different households. The results are dygalan Figure 7.2. The group for “other” consump-
tions also includes electricity for cooking, whiabcording to Ref. [86] typically amounts to 10% of
total electricity consumption.

H Refrigerator/freezer
[ Dishwashing

B Wash/tumble dryer
B TV+VCR+Hifi

@ Computers

[ Lighting

m Standby

g Other (incl cooking)

4%

11%

0,
139%, 4% 6%

Figure 7.2: Distribution of household electricitgnsumption based on measurements in 100 dwell-
ings, Ref. [86].

Different electrical appliances uses have differentines and driving forces. Lighting practices
(number and type of lamps and operation) are styanfijuenced by cultural norms of comfort and
interior decoration style, see Ref. [89], and ddabits from childhood seem to influence electricisg
routines, see Ref. [88]. Interviews in Ref. [88baked that occupants reflected much more about-light
ing energy use than on all other aspects of eté#gticonsumption, which was not very rational as it
typically accounted for less than 15% of total &leity use. The use of electric lighting in thengies-
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tic sector also depends on the level of naturat ligming in from outdoors coupled with the activit
of the household residentthe number of people who are at home and awakedamtcupancy) is
the other key factor for domestic lighting use.

Energy use for clothes washing is not questionedfenw consider the environmental cost, see
Ref. [88]. However, tumble dryer use differs greditbom family to family ranging from non-use to
constant use for every wash load, as illustratehiole 7.4 and Table 7.5.

Routines and energy use for cooking including the af freezers and microwaves differs greatly from
household to household, as does the use of infamatd communication technologies (ICT) (com-
puters, television, hi-fi, etc.). Investigationsseashown that up to 90% of electricity use for IGT

used in standby mode and only a minor percentageriged from actual use , see Ref. [90].

711 Biological

A Danish investigation of 100 families showed thahder had no significantly influence on electric
energy use, Ref. [86]. However, an age influence feand, reflecting the different stages in lifelan
consequent changes in energy use. It was showpdbate above 60 years had relatively larger ener-
gy use for refrigerators/freezers and for lightimhjle energy use for ICT was at an average lee,
the energy use for washing, dishwashing and clathgsg was considerably lower.

Small children below the age of six have slightiwér electricity use than adults, while teenagers
used 20-30% more.

712 Psychological

No documentation on the influence of these driforges has been found in the literature.

713  Socia

In the following, some of the most important socim@omic parameters are described.
Per sons per household

One of the very important parameters influencireelectricity consumption is the number of persons
per household. It is found that electricity constiompincreases with the number of people in the
household, which is documented by Refs. [91] aid. [8
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Figure 7.3: Electricity consumption in kWh/persar gear as a function of the number of persons per
household in a larger area with dwellings in Aribenmark, Ref. [91].

As seen in Figure 7.3, there is large consumptariation for different household sizes. Common for
the largest and smallest consumption for each mldaize is a decreasing tendency with a greater
number of persons. If the electricity consumptien person is calculated, it is decreasing with the
number of persons per household, which is illusttah Figure 7.4.
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Figure 7.4: Electricity consumption as a functidmpersons in the household based on Ref. [86].

The decreasing consumption per person can be aggldly the basic electricity consumption which is
common for all households despite household simdudied is electricity use by the refrigerator,
freezer, and partly by cooking, and lighting.
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Ref. [92] showed that the energy use for artifiigtting was also strongly dependent on household

size, see Table 7.7.

Household Number of Lighting, kWh Lighting/person,
size households kwh

1 20 405 405

2 27 586 293

3 7 735 245

4 11 941 235

=5 4 1113 223

All 69 636

Table 7.7: Electricity consumption by lighting; arath average for different household sizes. The data
are seasonally and geographically standardized,[®&f

Income and dwelling area

The importance of income and area changes accoraiRgf. [86] whether one looks at apartments or
detached single family houses. Income has a langaact than area on energy consumption of de-
tached single family houses. The opposite is fdon@partments, where the area has the largest infl
ence. The analysis is based on data from moreS®&00 Danish dwellings.

Figure 7.5 and Figure 7.6 show the clear dependeetwyeen income and electricity consumption.
The income is in Danish Kroner (€1 is approximafély DKr) and is before taxes (tax approximately

40%).
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Figure 7.5: Electricity consumption as a functidincome for detached single-family houses,

Ref. [86].
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Figure 7.6: Analysis of electricity consumptionaaiinction of income for apartments, Ref. [86].

The same electricity consumption analysis is macd fainction of the dwelling area. The results from

this analysis are shown in Figure 7.7 and Figu8e 7.
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Figure 7.7: Electricity consumption as a functidraea for single-family detached houses, Ref..[86]
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714 Time

In office and school buildings, occupants switchaatificial lighting upon arrival and while presant
a room as a function of the natuitalmination, and rarely switched off artificial lighting untillepart-
ing a room if the room was completely empty, sek[®&. Figure 7.9 shows the probability of
switching on artificial lighting as a function ofork plane illuminance. Similar results have been
found by other authors, see e.g. Ref. [7].
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Figure 7.9: Measured switch-on probability functigeon arrival in office buildings. Hunt’s original
function (solid line) describes the average switghiehavior of a group of users, see Ref. [93].
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Ref. [94] obtained similar results through measwets in five different office buildings. Figure 0.1
shows the probability of switching the lights oroaparrival in two of the offices as a function bét

prevailing task illuminance level, while Figure ¥.4hows the probability of switching the lights aff
a function of the duration of absence in minutémil8r results have also been found by Ref. [95].
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Figure 7.10: Probability of switching the lights opon arrival in the office in VC and FH as a func-
tion of the prevailing task illuminance level, Ref].
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Figure 7.11: Probability of switching the lightd a6 a function of the duration of absence (in
minutes) from the offices in VC, FH, and HB, Ré&f4].

Similar results could be expected to be valid &xidences, although the relationships might besquit
different. Moreover, the number of people who dreame and awake (active occupancy) is the other
key factor for domestic lighting us€his is supported by results obtained from a liggptilemand sur-
vey taken in 100 UK residences, which shows howitfiting demand during a typical weekday
changes with season, Ref. [96].
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Figure 7.12: Daily lighting profile (monthly averegy weekdays) at different times of the year aver-
aged over 100 homes showing demand in June (dgsbgdine), September (solid grey line), De-
cember (solid black line) and March (dashed blaok)] Ref. [96].

715 Physical Environment

In a residential study, Ref. [63], the operationigliting is found to correlate strongly with sofar
diation, perceived illumination, and outdoor tengtere. The age, gender, and thermal sensation of
occupants also had an influence on the lightingouskability in residential buildings.

No documentation has been found in the literatarthe influence of the physical environment on
other electricity uses in residences.

7.1.6 Building/equipment properties

No significant relationship has been found in iterdture on the influence of building/equipment
properties on electricity use for appliances aghting. Actually, the opposite was found regarding
equipment properties; see Table 7.1 and Table 7.2.

7.2 Summary

In summary the previously identified driving fordes energy-related behavior with respect to elec-
tricity/lighting use are grouped and listed in TeBl8.

d)
biological | psychological | social time physical envi- building/equipment
ronment properties
Level of electricity | Age [86] Income [86] Area of the dwelling
consumption [86]
[Gender = [Personsper |
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Teenagers in the
household [86]

Number of appli- Income [86]

ances

Table 7.8: Driving forces for energy-related belmwvith respect to electricity use. For the explana

tion of the colors used we refer to the legend umelgth, the symbols used in the legend are explaine
in Table 2.1.
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8 Cooking

For cooking purposes, many different appliancesbeansed such as microwave ovens, ovens, stoves,
pressure cookers, kettles, etc. The type of equipoeed, their corresponding energy consumption,
and the number of meals prepared will determineggngse for cooking.

Cooking activities are usually performed around Iniezes. Based on time-use data, cooking patterns
have been modeled in the literature, see e.g.[R&f.In this investigation, it is shown that theas-

ured and modeled curves for cooking corresponck quatll, despite the simple modeling schemes that
have been applied.
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Figure 8.1: Example of modeled and measured coakémgand during four successive days for one
household, see Ref. [97].

8.1 Identification of driving forces

Only very limited information on driving forces foccupant behavior related to cooking has been
found in the literature.

A recent study on electricity use by European hbokis, Ref. [98], showed the following: Pressure
cookers, which are vemgnergy efficientare not widely used in Europe. The use of atidhe pan
while cooking can have a significant impact on¢hergy used for cooking. The best behavior of al-
ways using a lid while cooking varies from 8% inrbeark to 71% in Belgium and Portugal.

The presence of an open kitchen leads to a redustienergy use compared to the absence of an
open kitchen, probably due to the heat gain by icmpénd the use of kitchen appliances. An energy
reduction of 1.7 GJ per year is possible. See [R&].
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9 I nteractions between behavior and other issues

Information in the literature on the relationshgtween different types of energy-related occupant
behavior is limited. Some aspects found on thaiogiship between different types of behavior are
discussed in this chapter as well as other issoiesientioned in previous chapters.

Occupant behavior related to heating is not amiedlphenomenon, but rather a combination of driv-
ing forces that must be analyzed in relation tdeaber. Ref. [2] finds that heating behavior igity
cally influenced by the combination of set-poinhperature combined with window opening in Dan-
ish homes without mechanical ventilation.

The homes used in the measurement portion of Refvgre mostly naturally ventilated and used
thermostatic radiator valves as heating controlstréng correlation was also found between window
opening behavior and indoor temperature set-pairibd the cold season, making it difficult to ascer
tain which influences which behavior: indoor setqpdemperature or degree of window opening.
Homes have become increasingly airtight since W0at2 construction making it increasingly im-
portant for occupants to open windows for sufficieash air supply. However, as the indoor tempera-
ture is affected by the extent and duration of wimeperation and vice versa, it is difficult to dyu
these two parameters in isolation from one another.

Similar to the findings in Ref. [2] that occupahtsve established behavioral patterns that areqot ¢
pled with environmental factors, some interviewedupants in the Viennese low energy cooperative
also opened windows due to established morningegading routines, as opposed to opening win-
dows as a reaction to microclimate conditions. fitme of day then becomes a driving factor, see
Ref. [19].

In Ref. [99], multivariate regression models haeerdeveloped for window opening, fan usage and
interactions with the sun shading device basedata flom a semi-controlled climate chamber exper-
iment in an office environment. They found thattlee window opening behavior, the fan state has a
significant influence as well as vice versa (ihe window state influences the fan state). Theaisfg
the sun shading device was influenced by the sfdtee window, but not by that of the fan. The stat
of the sun shading device did not have a statlitisenificant influence on the other two interac-
tions.

There are several studies dealing with the usbadiag systems in office environments, see e.gs.Ref
[100], [101], [102], [103], and [104]. Neverthelesdliterature review on the use of sun shadingcdev
es in a residential environment did not reveallsstantial amount of publications regarding thedopi
of occupant behavior. A variety of literature coblelfound dealing with simulation, advices, effects
on energy consumption, or experimental studiesubonaatic sun shades.

According to those studies related to the officeiremment, the devices are not often used. In

Ref. [101] it has been found that 60% of blindsrastbeing used during their investigation. The au-
thors of Ref. [100] observed 1.5 actions a daywarage, with remotely controlled systems leading to
higher usage (2.1 times a day vs. 0.7 times). Wised, venetian blinds were found to be either-total
ly raised or lowered — an intermediate stage wasem for only 6.5% of time. Once a shading device
is lowered, a drastic change of external luminargl@ions is needed to raise the system, see

Ref. [102]. In Ref. [104] it has been observed #%# of the changes made by an automated system
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were rejected by the occupant. The authors of [R@€] extracted the influence of the type of cohtro
system (manual, remotely controlled, or automabedysage.

Whether and to what extent these findings arefouthe residential environment cannot be conclud-
ed. The significant influence of sun shading onghergy demand (e.g. 32% cooling energy savings

according to Ref. [105]), suggests that more retededicated to this type of energy-related occupan
behavior should be performed.
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10 Summary and conclusions

A better understanding of how energy-related ocotupahavior influences residential building energy
consumption is required for a realistic predictifriotal energy use in buildings. Energy-related oc
cupant behavior is related to building control @asi (i.e. in order to control the indoor environma¢n
quality) as well as household or other activities.

These actions and activities may be driven by varidriving factors. For a better understanding of
total energy use in residential buildings, thevaid driving factors of energy-related occupantaseh

ior must be identified as along with a quantitaygproach to describe energy-related occupant behav
ior.

In this report, a literature review of relevantitig forces of energy-related occupant behavigivs
en. Quantitative modeling approaches for describmgygy-related occupant behavior and energy use
are discussed in another separate report.

In general, multiple driving forces may (simultansly) affect a specific type of energy-related occu
pant behavior. For example the frequency of takistpower depends of biological, psychological,
and social driving forces such as age, gender,tgpohorigin, and household composition as dis-
cussed in the chapter on domestic hot water. Maimple illustrates the complexity of accurately
modeling and predicting the relationship of shofsequency to domestic hot water energy use.

In this report, the energy use of occupants irdeggtial buildings has been classified in the follayv
categories corresponding to the previous chapteesing, cooling, ventilation and window operation,
domestic hot water, electrical appliances and ilightand cooking. For the residential energy use ca
egories, the relevant types of occupant behavier§uilding control actions) have been discussed i
the previous chapters.

Furthermore, the various types of driving forcegioérgy-related occupant behavior in residential
buildings that have been found in the literatureehiaeen reviewed in this report. The categories for
driving forces of energy-related occupant behathat are distinguished in this report are the fetio
ing: biological, psychological, and social contetitsie, physical environment, and build-
ing/installation properties.

The identified driving forces for the various tyggsenergy-related occupant behavior that have been
discussed in this report are summarized in variabkes throughout this paper. These summary tables
also give a clear overview of the references initeeature in which the specific types of energy-
related occupant behavior and their driving folttage been investigated.

The identified driving forces can or are being uged quantitative understanding and modeling of
energy-related occupant behavior and energy use.

In this report, many different driving forces haxaen identified for various types of energy-related
occupant behavior. However, this report has alswatthat knowledge on some types of energy-
related behavior and their corresponding drivimgéds is missing. For example, no literature has bee
found on driving forces of occupant behavior radate mechanical ventilation. In addition, very lim-
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ited information has been found in the literatuneenergy use for cooking and the related driving
forces.

As mentioned before, the various types of enertpted occupant behavior are not isolated phenome-
na, but rather a combination that should be ingattd in relation to each other. Information in the
literature on the relationships between differgpes of energy-related occupant behavior is however
limited; more research is needed for a better wtdeding of the relationships.

Furthermore, several studies deal with the uséadisag devices in office environments; Whereas, a
literature review on the use of sun shading devirtessidential buildings did not reveal many publi
cations regarding the topic of user behavior. Tatéxtent the findings for office buildings are Bpp
cable to residential buildings cannot be said. Mes=arch dedicated to this type of energy-related
occupant behavior should be performed.
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