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Driving forces of energy-related behavior in residential buildings 

 

(Concept version 10, dated 13-04-2013) 

 

Abstract: In the framework of the on-going project IEA ECBCS Annex 53, total energy use in resi-
dential buildings and the role of occupant behavior are being investigated. Aspects from natural sci-
ences as well as social sciences are related to the energy use in residential buildings. Research on en-
ergy use in the last decades has progressed in both the natural and social sciences. 

In this report, we present a review of energy-related behavior and the driving forces of energy-related 
behavior in residential buildings. 
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1 Introduction 

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

The physical aspects related to the energy consumption of buildings, such as the building envelope, 
building installations and climate, are well understood. However in practice, there is often a significant 
discrepancy between the designed and the real total energy use in buildings. 

Monitoring studies for identical dwellings having the same type of installations have shown great vari-
ation in energy use. See for example Figure 1.1, which shows the variation in heating energy for iden-
tical dwellings having the same installations. 

 
Figure 1.1: Variation in energy use in identical dwellings for three different projects. See Ref. [1].  

The three curves in Figure 1.1 represent the heating energy use for three different types of dwellings / 
installation at three locations in The Netherlands, see Ref. [1]. For example, the single family build-
ings represented by the red curve display approximately a threefold difference in heating energy use. 
The other curves show an even greater variation in heating energy use. This variation in energy use is 
in this case completely related to the behavior of the occupants of the dwellings, since identical build-
ings and installations having the same energy efficiency have been considered in this study. Similar 
findings on the effect of occupant behavior have been reported by other authors in the literature, see 
e.g. Refs. [2] and [3]. 
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Ref. [3] reports on a study of 1000 quite similar residential buildings in a suburb of Copenhagen, 
which in spite of their similarity show huge variation in energy consumption. The study has been re-
ported in Ref. [4]. The comparison of heating energy use for completely identical houses showed that 
households using the greatest heating energy used a three time more heating energy than the house-
holds using the least energy for heating. For electricity use, an even larger variation was found; house-
holds using the greatest electricity used five times as much as the households using the least electrici-
ty. 

Energy-related occupant behavior as meant in this report is related to building control actions (for 
controlling the indoor environmental quality), household and other activities. Occupant behavior relat-
ed to the heating energy use concerns for example the temperature set point, the number of rooms that 
are heated, the heating duration, and window opening/closing. 

Energy use in modern dwellings may show an increased sensitivity to occupant behavior. For exam-
ple, for very well insulated dwellings the relative increase of heating energy use is quite sensitive to 
the set point temperature chosen by the occupant, see Figure 1.2. 

 

 

Figure 1.2: Increased sensitivity of heating energy for set point behavior. See Ref [5].  

The increase of heating energy of a very well insulated dwelling as a function of the set point tempera-
ture is displayed in Figure 1.2. Increasing the set point with one degree, from 20ºC to 21ºC, results in a 
19% increase of the heating energy. This example demonstrates the sensitivity of energy use in resi-
dential buildings to energy-related occupant behavior. 

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

As the requirements for energy use in buildings are tightened in national and international regulations, 
knowledge of physical aspects of energy efficiency is being implemented in new residential and office 
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buildings. In order to fulfill the high expectations for energy savings in buildings in the future, better 
understanding of how energy-related occupant behavior influences building energy consumption is 
required. The above examples of the effect of occupant behavior on energy use and the sensitivity to 
occupant behavior illustrate the importance of acquiring more knowledge on energy-related occupant 
behavior for understanding and realistically predicting the total energy use in present and future resi-
dential buildings. 

In the framework of the IEA ECBCS Annex 53 project, total energy use in buildings and the role of 
occupant behavior are being investigated. Aspects from natural sciences as well as social sciences are 
related to the energy use in buildings and are addressed in the project. In this Annex 53 report we fo-
cus on energy-related occupant behavior in residential buildings. The report contains categorization of 
the most relevant types of energy-related occupant behavior for residential buildings. In addition, the 
influencing parameters, referred to as driving forces, for the various types of energy-related occupant 
behavior will be identified in this literature review based report. 

Quantitative modeling approaches for describing energy-related occupant behavior and energy use in 
residential buildings are discussed in another separate Annex 53 report titled “Total energy use in res-
idential buildings – the modeling and simulation of occupant behavior”. 
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2 Driving forces of energy-related behavior 

Energy use in residential buildings is influenced by the behavior of occupants in various ways. Ener-
gy-related occupant behavior as meant in this report is related to building control actions (for control-
ling the indoor environmental quality), household and other activities. These actions and activities are 
driven by various factors. 

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

Various research fields have different foci or requirements for occupant behavior. Determination and 
regulation of occupant behavior are the foci in social or physiological science. In natural (or building) 
science, more attention is paid to the quantitative description of occupant behavior based on physical 
parameters. 

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

 

 

Figure 2.1: Parameters influencing occupant behavior.  

This complex relationship between occupants and their environment is elaborated further in Figure 
2.2.  
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Figure 2.2: Driving forces of energy-related occupant behavior. 

 
This scheme is based on the presence of an occupant at a specific time at a specific location having 
access to specific building controls. Occupants experience a specific physical environment due to their 
location, biological, and psychological states, and by the interaction with their environment. 

Information about occupant presence and activities may be obtained from time-use surveys and occu-
pancy sensing. The interaction between humans, buildings, and building control systems result from a 
combination of influencing parameters, from now on referred to as driving forces. These driving forc-
es can be regarded as internal and external driving forces, see Ref. [8] and Ref. [9] for examples. The 
internal and external driving forces of energy-related occupant behavior as shown in Figure 2.2 are 
ordered according to the following categories: biological, psychological, social, and time, building and 
building equipment properties, physical environment (indoor and outdoor). 
 
2.1 Internal driving forces 

The first three types of driving forces of energy-related behavior are internal driving forces of the 
occupant, biological, psychological, and social, and are depicted on the left side of Figure 2.2. These 
are being investigated in the domain of social sciences, economics, and biology. There is strong inter-
action between biological and psychological aspects, resulting in disciplines such as biopsychology 
and psychophysiology. Health can be considered as a biopsychosocial unit combining biological, psy-
chological and social elements. Eating or drinking habits are strongly influenced by cultural aspects. 
Thus, strict differentiation between these driving forces is difficult to handle. A short section on be-
havioral thermoregulation representing an interface between biological and psychological driving 
forces with thermal comfort-related interactions with heating, cooling, ventilating, and window open-
ing is included. 

a) Biological driving forces: 
Examples of biological driving forces are age, gender, health condition, activity level, hunger, and 
thirst. These factors together determine the physiological condition of the occupant. 
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b) Psychological driving forces: 
Occupants tend to satisfy their needs concerning thermal, visual, and acoustic comfort requirements, 
along with health and safety, to name a few. Furthermore, occupants may have certain expectations of 
e.g. the indoor environmental quality (such as temperature). Other examples of psychological driving 
forces are awareness (e.g. financial and environmental concerns), cognitive resources (e.g. 
knowledge), habits, lifestyle, perceptions, emotions, and self-efficacy (e.g. environmental control).  

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

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

2) Thirst as the deliberate regulation of hydration is a crucial issue in people being in 
need for care or old persons drinking too little (this is of special interest regarding 
demographic change); 

3) Use of external sources for convection or thermal heat;  
4) Looking for places which, which are more convenient, e.g. shade, areas with more or 

less natural convection; 
5) Sleep (siesta) as an option to reduce metabolic heat production; 
6) Acclimatization: the process by which an individual becomes physiologically, be-

havioral, and psychologically adjusted to the temperature of the environment. This is 
of importance regarding the degree by which the individual tolerates actual sensi-
tized temperatures especially when it comes to extreme and unfamiliar climates; ac-
climatization can be a result of repeated exposure to hot climates. 

c) Social driving forces: 
Social driving forces refer to the interaction between humans. For example for residential buildings, 
this depends on household composition which is linked to the primary decision maker in the house-
hold, i.e. which household member determines the thermostat set point or the opening/closing of win-
dows.  
 
2.2 External driving forces 

The external driving forces depicted at the right-hand side of Figure 2.2 (building and building equip-
ment properties, physical environment, and time), are being investigated in the field of natural (or 
building) science. 
 
d) Building and building equipment properties: 
Examples of building and building equipment properties are the insulation level of buildings, orienta-
tion of façades, heating system type, and thermostat type (e.g. manual or programmable), to name a 
few. 
 
e) Physical environment: 
Examples of physical environment aspects that drive energy-related occupant behavior are tempera-
ture, humidity, air velocity, noise, illumination, and indoor air quality. 
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f) Time: 
Examples of this type of driving forces that affect energy-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 Figure 2.2 refers to actions and activities related to the 
categories heating, cooling, ventilation and window operation, domestic hot water, electric appliances 
/ lighting, and cooking. These categories are briefly introduced underneath and are discussed in greater 
detail in the subsequent sections of this report. 
 
1) Heating:  
The activities of occupants have become more important within energy efficient buildings. Studies 
have shown that user behavior and lifestyle can affect energy consumption by up to a factor of three. 
Occupant behavior related to heating concerns temperature set point, number of heated rooms, heating 
duration, gender, age, expectations, knowledge of control function and meteorological conditions. 
 
2) Cooling:  
Depending on the type of system, occupant behavior has a significant influence on the use of cooling. 
From the general to the detailed, this starts in some cases with the choice of cooling system, the dura-
tion and frequency of usage, the choice of set-point temperatures, and the frequency of maintenance. 
 
3) Ventilation and window operation:  
Investigations on window opening behavior and natural ventilation have mainly been carried out with 
two aims: to find whether or not occupants are provided with adequate fresh air and to find the influ-
ence on energy consumption. The former category of studies has usually been carried out in dwellings 
and has a health or a comfort perspective, while the latter category has mostly been studied in offices 
with a comfort and energy performance perspective. Occupant behavior concerns mechanical ventila-
tion operation, natural ventilation inlet operation, window opening or closing. 
 
4) Domestic hot water:  
Occupant behavior can significantly influence the use of hot water in residential buildings. Examples 
of energy-related occupant behavior related to domestic hot water use are the frequency of taking a 
shower, duration and intensity of showers; frequency of taking a bath; frequency of sink use; frequen-
cy and temperature of washing machines and dishwashers, and efficiency of water usage. 
 

5) Electric appliances / lighting:  
The use of electric appliances and lighting in residences is strongly influenced by occupant behavior. 
When the energy consumptions for appliances and lighting are considered, large variations are found, 
which partly relates back to socioeconomic parameters such as income, persons per household, age, 
education etc. The number of appliances and their energy efficiency, as well as the usage frequency 
and duration determine the energy use. 
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6) Cooking:  
Many different appliances can be used for cooking purposes, such as microwave ovens, ovens, stoves, 
pressure cookers, kettles, etc. The type of equipment used and their corresponding energy consump-
tion as well as the number of meals prepared will determine energy use for cooking. 
 

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

In this report, the driving forces for the above mentioned categories of energy-related occupant behav-
ior will be identified based on a literature review and will be discussed in greater detail in the follow-
ing chapters. Quantitative modeling approaches for describing energy-related occupant behavior and 
energy use are discussed in another separate report titled “Total energy use in residential buildings – 
the modeling and simulation of occupant behavior”. 

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

Importance 
Description Symbol 
Very highly significant (p≤0.001) *** 
Highly significant (p≤0.01) ** 
Moderately significant (p≤0.05) * 
Lowly significant (p≤0.1) ’ 
Not significant n.s. 
Not stated x 

Table 2.1: Notation used for importance of driving forces; the p-value refers to the statistical signifi-
cance level. 

 

 



 

9 

 

3 Heating 

The activities of occupants have become more important within buildings when considering heating 
energy use in energy use predictions. Studies have shown that user behavior and lifestyle can affect 
energy consumption by up to a factor of three, as stated in Ref. [2, 3]. Firsthand data about user behav-
ior has been collected in various studies. Often, secondary factors combine to affect the set-point tem-
perature and heating schedule of a building. 

Low-energy, passive house, and zero energy (including energy autarkic) buildings, are designed to 
minimize the heating load to supply only the required heat when occupants are present that cannot 
otherwise be gained through passive solar and internal heat gains. Studies have found that improving 
the efficiency of the building envelope and building systems significantly reduces overall energy con-
sumption, thus increasing the importance of the role or actions of the occupant [10, 11]. How the set-
point temperature is determined, the correlating factors for temperature, and the overall operation of 
the heating system must also be understood to define the driving forces for energy-related behavior for 
heating. 

3.1 Identification of driving forces 

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

As low energy houses have higher air tightness and thermal insulation, and use balanced mechanical 
ventilation with heat recovery, occupant behavior becomes less dependent upon environmental and 
building/building system factors. Internal factors such as clothing and activity levels, perceived indoor 
environmental quality (IEQ), and established habits, especially window opening and ventilation, have 
greater effect on the overall heating energy consumption than set point temperatures.  

3.1.1 Biological 

Temperature set-point 

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

Number of occupants 

Household size has been found to be significant in Ref. [13]. 

Which rooms are heated 

The effect of partial heating in single-family houses on estimating total energy use was studied in  
Ref. [14], and indicated that estimations were higher than actual consumption due to different heating 
habits for different rooms. Ref. [13] found that the number of heated bedrooms had a large influence 
on energy use.  
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Gender: 

In Fanger’s experiments using two test groups of university students in Denmark and the USA and a 
test group of older, retirement-aged people, it was found that men preferred a warmer environment, 
but the findings were not statistically significant (5%), see Ref. [15]. Fanger compared various litera-
ture studies and found that women are more sensitive to changes in temperature, but the results were 
inconclusive with some studies concluding that women preferred higher temperatures, while other 
studies showed that men preferred higher temperatures. The effect of gender was also questioned by 
Ref. [2]; the questionnaire results illustrated a trend that women desired higher set-point temperatures 
than men. The questionnaire was distributed to a Danish population sample in Copenhagen twice. 
There were 933and 636 respondents for the first and second groups distributed four months apart in 
September to October 2006, and then in February to March 2007. 

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

Age: 

Ref. [13] has found that heating energy consumption increases with age.  

Clothing: 

Of the factors that influence behavior, a pattern was found where inhabitants decided their daily cloth-
ing level based on the exterior weather conditions at 6 a.m. and made little alterations to the clothing 
level afterwards. However, exterior weather conditions were not the only influential factors.  

As occupants spend more than 90% of the time indoors, climate parameters as defined by Fanger de-
termine their subjective wellbeing. Many studies have been conducted about clothing levels in relation 
to various activities such as work, shopping, and leisure at home Refs. [16], [17], and [18]. Ref. [18] 
finds that people actively change their clothing at home corresponding with Andersen’s residential 
questionnaire results finding that clothing adjustment was the main adaptive action, Andersen Ref. [2]. 
The laboratory tests by Fanger, which used the same clothing ensemble for all experimental groups 
[5], is disproven in the opinion of Keul et al., as social, cultural, and historic aspects must also be con-
sidered, Ref. [18]. 

3.1.2 Psychological 

Expectations: 

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

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

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

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

 

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

 Satisfaction with temperature Satisfaction with room humidity  
Residents with data loggers 94% 68% 
Residents with their own ther-
mometers and hygrometers 

73% 12% 

Residents without any devices 84% 43% 
Table 3.1: Residents’ satisfaction with room temperature and room humidity. 

As the winter air supplied in passive houses commonly ranges between 30% and 45% RH, it is under-
standable that the satisfaction was so low in the test group 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 [13] respectively, mention an “economic rebound effect” 
whereby occupant expectations and heating energy use increases with higher comfort levels achieved 
by thermal renovations, resulting in achieving only a partial potential of cost and energy savings.  

Understanding of how controls function: 

Several authors see Refs. [22], [23], [24] and [25], have conducted studies that have determined that 
many users do not understand how to use thermostats and thermostatic radiator valve (TRV) controls 
properly. Ref. [25] also found that overheating occurred as a result of misunderstanding the operation 
of TRV’s. Ref. [2] concludes that users’ TRV control decisions are habit-based and misconceptions 
are widespread. The frequency by which occupants control heating coupled with the depth of under-
standing how the heating functions suggests a correlation with the energy used for heating.  

The combination of training and changing habits based on incorrect information can have a wide-
spread positive effect, as misunderstanding heating controls has been shown to exist for different heat-
ing control types and in different countries from the works of Refs. [22], [23] and [24] as shown in 
Ref. [2]. Questionnaire results in Belgium by Ref. [25], also find a large number of occupants who 
have poor understanding of heating controls, leading to improper use, working against advances in 
energy efficiencies. The concept of heating over the ventilation system has found to be counterintui-
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tive for laypeople, and training has found to also be important to correct false theories, e.g. only occu-
pants are needed to heat a passive house, Ref. [19].  

Interaction frequency with heating controls: 

In Ref. [2], many studies into establishing set-point temperature using TRV’s have been conducted. 
The studies of Ref. [26] found that individual households have constant heating set-point temperatures 
that vary from each other, and Ref. [27] has questionnaire results that indicate that there is large vari-
ance in the frequency a user decides to control their environment.  

Memory: 

Morgan and de Dear state that outdoor exposure from the previous day influences clothing selection 
upon waking, Ref. [17]. Weather conditions from the previous day also influence the current day’s 
adjustments made to heating; either set-point temperature or degree of heating valve opening.  

3.1.3 Social 

Ownership (owning/cooperative/renting): 

The results of two questionnaire surveys in Austria of 933 and 636 participants showed that solar radi-
ation, type of housing ownership, and perception of indoor environmental values were factors affect-
ing heating use, see Ref. [2]. Ref. [28] and [13] also acknowledge the importance of home ownership 
on domestic energy use, indicating that more energy is used when energy costs are shared collectively 
in the rent. 

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

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

 Satisfaction with tem-
perature 

Satisfaction with room 
humidity  

Satisfaction with 
IAQ 

Owners 79% 85% 73% 
Renters 84% 85% 73% 
 

It was found that the perception of better IEQ was higher with higher humidity, despite the fact that 
measurements recorded higher CO2 concentrations with higher humidity levels. The dissatisfaction 
with occupants’ own measurement devices was not repeated in Salzburg. The study by Ref. [19] found 
that overall satisfaction was very high for temperatures from both owners and renters. 

Government Interventions: 

Ref. [29] looks at heat demand and heat supply from the year 2000 to 2050 in Austria. Based on simu-
lations, the report indicates that widespread implementation of thermal renovations and new build to 
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the low energy and passive standards will have a significant impact on the energy consumption for 
heating, and that the heat demand for space and hot water heating has already peaked in the last dec-
ade. The study concludes that government intervention is an influential factor for maintaining the 
trend of thermally renovating residences, especially for buildings built between 1945 and 2000. En-
couraging further innovation in heating technologies, especially those that use renewable sources, and 
thermally activated building systems are further incentives that may be implemented. Suggested forms 
of regulatory interventions include taxes for CO2 emissions, financial incentives for installing renewa-
ble-based heating systems, and updating building regulations to improve use of renewable and low 
energy systems. Thermal renovations are seen to become increasingly important for the Austrian 
building stock in the upcoming decades, see Ref. [29]. Government regulations also play a part in re-
ducing building energy use in the Netherlands, however, the strived for innovations were not reached 
[30]. Refs. [26, 29, and 30] are within the European framework of the Energy Performance of Build-
ings Directive (EPBD), Ref. [31]. Regulations for calculating and displaying building energy use are 
also in countries such as Brazil (RTQ-R, Ref. [32]), the USA (Energy Star), Canada (EnerGuide), and 
Japan (CASBEE).  

The estimated increasing number of thermal renovations of existing buildings will most likely lower 
the impact of external environmental factors as driving forces, and increase the importance of internal 
driving forces in the future. Ref. [2] also recognizes the correlation between the greater impact of oc-
cupant behavior, with stricter building regulations for energy use, tighter buildings, and higher insula-
tion levels.  

3.1.4 Time 

Time of day: 

Time of day is related to both clothing and outdoor conditions. Clothing decisions have been shown to 
be made upon waking for the day, Ref. [17]. This indirectly influences the selected residential set-
point temperature as higher clothing values are generally correlated with lower set-point temperatures. 
On heating systems without thermostatic controls, it is also possible for occupants to either activate the 
heating system or increase heating in the evenings when the outdoor temperature is cooler.  

3.1.5 Physical environment 

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

Meteorological conditions: 

The most influential factors for conventional residential buildings were found to be outdoor tempera-
ture, outdoor air humidity, and wind speed, see Ref. [3]. Climate was also stated as an influential fac-
tor on indoor set-point temperature in Ref. [11]. 
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3.1.6 Building/equipment properties 

Heating System Type: 

Reilly and Shankle (1988) as cited in Ref. [28] state that it is common for a combination of heating 
systems to be used in buildings, and that there is a large variety of types used in different ways by 
homeowners. Ref. [28], which examines heating system types in German homes, finds a positive cor-
relation between education and gas heating. However, decisions related to socioeconomic factors are 
secondary to location (urban/rural, East/West Germany) with preference for solid fuels in rural areas, 
thermal quality of the building envelope, and storage space for solid fuels. The relationships between 
choice of heating to household income and number of persons in the household are shown in Figure 
3.1. Building quality, heating system type, and climate together can influence set-point temperature 
and thermal comfort perception by occupants [11].  

 

Figure 3.1: Probability of heating type use in the former East Germany and West Germany. Ref. [28]. 

Level of control: 

Studies by Refs [33] , [34], [35] and [36] cited in Ref. [2] have shown that taking control out of the 
hands of the inhabitant leads to dissatisfaction with the indoor environment, and it can be concluded 
that control of one’s own indoor environment is very important. 

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

3.2 Summary 

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

 biological psychological social time physical 
environment 

building/equipment 
properties 

Temperature 
Set Point 

Gender 
[2] 

Expectations 
[19] 

Ownership (own-
ing/coop/renting) [19] 

Time 
of 
day 
[2] 

Exterior air 
temperature 
[3] 

Building insulation 
level [29] 

Clothing 
[2,19] 

Interaction 
frequency with 
heating controls 
[2] 

  Outdoor air 
humidity [2] 

Ventilation type [19] 

 Window open-
ing [2] 

    

Heating 
Duration 

Clothing 
[2,19] 

Understanding 
how controls 
function [2, 
19,25] 

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

 Exterior air 
temperature 
[2] 

Building insulation 
level [29] 

    Outdoor air 
humidity [2] 

Heating system type 
[2] 

 Window open-
ing [2] 

Government interven-
tions [29] 

 Wind speed 
[2] 

Level of control [2] 

# of Rooms 
Heated 

 Interaction 
frequency with 
heating controls 
[2] 

   Level of control [2] 

Which 
Rooms are 
Heated 

Gender 
[2] 

    Level of control [2] 

 

Importance *** ** * ’ n.s. x 
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4 Cooling 

Depending on the type of system, occupant behavior has a significant influence on the use of cooling. 
From the general to the detailed, this starts in some cases with the choice of cooling system, the dura-
tion and frequency of usage, the choice of set-point temperatures, and the frequency of maintenance. 

4.1 Identification of driving forces 

Research on the air conditioning unit (AC-unit) usage was first conducted in the frame of studies about 
the use of electricity in residential buildings. Seligman et al. stated in 1977 that personal comfort and 
health concerns were the best predictors of electricity demand, Ref. [37]. Up to now, especially in the 
Japanese research environment, the research on AC-unit usage is set in relation to general behavior 
patterns, Ref. [38], and the lifestyle of the occupant, Ref. [39]. An exception is the article by Ref. [40], 
which analyzed the AC-unit usage and window-opening behavior of eight dwellings for three days 
each in Japan and found large difference in the time and usage pattern between the dwellings.  

A questionnaire survey with 554 responses on AC-unit usage during the sleeping hours in Hong Kong 
revealed that 83% of the occupants use their AC-unit for more than five hours during the sleeping 
period [41], but did not state any driving forces. Ref. [42] used the 2001 RECS data set to analyze the 
factors affecting cooling energy and found that “occupant behavior is the most significant issue relat-
ed to choices about how often and where air conditioning is used”, which is followed by physical pa-
rameters such as the climate and the AC-unit type as well as socioeconomic aspects, such as income, 
household size and age of the occupant.  

Ref. [8] observed the AC-usage and window opening behavior of 39 student rooms in a Japanese dor-
mitory through a continuous six week measurement for one summer. They found varies individual and 
building related driving forces for the usage of the AC-unit for cooling as included in Table 4.1 and 
the following sub-chapters. Based on the same data from the dormitory building in Tokyo, Japan,  
Ref. [43], analyzed driving factors for the choice of set-point temperature. 

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

The 106 participants possessing a cooling device were asked 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 frequency of maintenance, assuming it to be another factor 
influencing the energy demand once the device is switched on. 

4.1.1 Biological 

Duration and frequency of usage (mainly percentage of usage) 

Seligman et al. stated in 1977 that personal comfort and health concerns were the best predictors of 
electricity demand [45]. Health reasons for not using an AC-unit during the night were stated by 50% 
of the respondents in Ref. [40]. Ref. [46] observed 13 AC-units in eight apartments of a multi-family 
building in New Jersey, USA from June through September 1986. They also found that health reasons 
were claimed for reducing the frequency of usage together with safety reasons (due to a hot extension 
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cord) and a general fear of electrical appliances. The latter two will not be dealt with here in detail, 
believing that they depend on the period of the survey and the then probably not fully developed tech-
nology of residential cooling devices. 

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

Choice of set-point temperature 

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

4.1.2 Psychological 

Duration and frequency of usage (mainly percentage of usage) 

Ref. [8] observed a significant influence of the perceived effectiveness of AC and the cultural back-
ground on the duration and frequency of the AC-usage for cooling. 

Choice of set-point temperature 

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

4.1.3 Social 

Duration and frequency of usage (mainly percentage of usage) 

Ref. [42] found that household income has no significant influence on the frequency of AC-unit usage. 

Switching on and off the cooling device 

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

Number of rooms equipped with a cooling system 

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

4.1.4 Time 

Duration and frequency of usage (mainly percentage of usage) 

Ref. [39] observed the control behavior of air conditioners in living rooms in 79 residential houses in 
the Osaka region of Japan. They found that usage varies according to the period of the day – the per-
centage of AC-units being switched on is lower during midday and evening compared to nighttime 
and morning. Whether this is related to variations in occupancy levels was not reported. Ref. [48] ana-
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lyzed the AC-unit usage and window-opening behavior of 8 dwellings for three days each in Japan and 
found large difference in the time and usage patterns between the dwellings. Based on data from four 
dwellings situated in the Kawasaki area in Japan and a measurement period of four months from June 
to October, Ref. [38] found that the air conditioning use is mainly influenced by the time of day. 

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

4.1.5 Physical environment 

Duration and frequency of usage (mainly percentage of usage) 

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

Ref. [38] found that air conditioning use is influenced by season and outdoor air temperature. Ref. [39] 
also recognized outdoor temperature as the main factor. Usage increases with higher outdoor air tem-
peratures. Ref. [49], observing 17 residential and light-commercial AC-systems, found a 6% increase 
of operation time for every 1°C rise in indoor-outdoor temperature difference. Ref. [8] observed a 
significant influence of outdoor temperature and humidity on the duration and frequency of AC-usage 
for cooling. 

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

Switching on and of the cooling device 

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

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

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

Choice of set-point temperature 

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

Existence/Choice of cooling system 

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

Number of rooms equipped with a cooling system 

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

4.1.6 Building/equipment properties 

Duration and frequency of usage (mainly percentage of usage) 

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

Choice of set-point temperature 

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

4.2 Summary 

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

 
 biological psychological social time physical envi-

ronment 
Building / 
equipment  
properties 

Percentage of 
usage 

Health [40], [46] 
 

Preference for AC 
on [2] 

Household income 
[42] 

Season [38] Outdoor tem-
perature [38], 
[8] 

South orientat-
ed window [8] 

 AC unit used at 
home during 
childhood [8] 

Perceived effec-
tiveness of AC [8] 

 Time of day 
[38], [50], 
[8] 

Outdoor humid-
ity [38], [8] 

Top floor [8] 

 Male [8] Origin from 
Middle Eastern 
country [8] 

  Wind speed 
[38] 
 

No. of rooms 
with AC-unit 
[42] 

 Origin hot&dry 
country [8] 

Origin from East-
Asian country [8] 

  Wind direction 
[38] 

Set point tem-
perature of 
system [50] 

 Origin moderate 
climate [8] 

   CDD [42]  

     Indoor outdoor 
temperature 
difference 
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[50,50] 
Switching on Comfort range 

[51] 
 Guests coming 

[44] 
 Temperature 

[44] 
 

Switching off   Leaving room [44]    
Set point 
temp.  

Male [43] Preference for AC 
on [43] 

  Outdoor tem-
perature [43] 

South orienta-
tion of window 
[43] 

 Origin moderate 
climate [43] 

 Origin East-Asian 
country [43]  

  Floor (top, 
middle, ground) 
[43] 

Existence of 
AC-unit 

  household income 
[42] 

 Climate [42]  

No. of rooms 
with AC-unit 

    Climate [42] Type of AC [42] 

      Floor area [42] 

Table 4.1: Driving forces for energy-related behavior with respect to cooling. For the explanation of 
the colors used we refer to the legend underneath, the symbols used in the legend are explained in 

Table 2.1. 

Importance *** ** * ’ n.s. x 
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5 Ventilation and window operation 

Investigations on window opening behavior and natural ventilation have mainly been carried out with 
two aims: to find whether or not occupants are provided with adequate fresh air and to find the influ-
ence on energy consumption. The former category of studies has usually been carried out in dwellings 
and has a health or a comfort perspective, while the latter category has mostly been studied in offices 
with a comfort and energy performance perspective. So far, there are only a few investigations regard-
ing residential buildings and the studies that are aiming at implementing realistic behavior patterns in 
simulation programs have been based on occupant behavior in offices. Moreover, no investigations 
regarding the mechanical ventilation driving forces in residential buildings have been found in the 
literature so far. For this reason, only the topic of natural ventilation and window opening behavior in 
particular, has been dealt with in this chapter. 

5.1 Identification of driving forces 

The use of windows affects ventilation rates in dwellings and consequently influences the amount of 
energy required in buildings and the indoor climate. Since the air change rate has a big impact on en-
ergy consumption, it is evident that different behavior patterns will result in different energy consump-
tions.  

Ref. [52] conducted 358 air change rate measurements in six properties in London using the decay of 
coal-gas (containing about 50% of hydrogen) liberated into the air. This reference discussed the effects 
of flues, air gratings, cracks, and leakages on the air change rate in the houses and finally noted that 
any reasonable amount of ventilation could be obtained if liberal window openings were provided. 
They obtained as many as 30 air changes per hour by means of cross-ventilation in experimental 
rooms. Since then, houses have been tightened and sealed, increasing the relative effect of window 
opening on the air change rate. In fact, when Ref. [53] measured air change rates in a house in Virginia 
over a year, they found that the window opening behavior had the largest effect on air change rates, 
causing increases ranging from a few tenths of an air change per hour to approximately two air chang-
es per hour. Another paper describing the same measurements, Ref. [47], stated that opening a single 
window increased the air change rate by an amount roughly proportional to the width of the opening, 
reaching increments as high as 1.3 h–1. Multiple window openings increased the air change rate by 
amounts ranging from 0.10 to 2.8 h–1. 

While Ref. [52] found an average air change rate of 0.8 h-¹ and with only 11% of the measurements 
under 0.4 h-¹ in London, Ref. [54] found that 75% of dwellings without mechanical ventilation had air 
change rates lower than 0.35 h-¹, suggesting that these dwellings had been tightened to such an extent 
that occupants needed to actively adjust building controls to obtain adequate supply of fresh air. Ref. 
[55] also found that, depending on the season, between 50% and 90% of the Californian dwellings in 
the study had air change rates lower than 0.35 h-¹. 

According to Keiding et al., Ref. [56], who conducted a questionnaire survey in Danish dwellings, 
53.1% of the occupants slept with an open window during autumn while 25.2% had a window open 
during the night in winter, which in most situations should ensure an air change rate of more than  
0.35 h-¹. They found that 91.5% of the respondents vented by opening one or more windows each day 
throughout the year. The results showed that a large proportion of Danish occupants use windows to 
adjust the supply of fresh air to the dwelling. The effects of this behavior on the energy consumption 
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might be substantial. Ref. [57] measured the air change rate and temperature in 16 Danish dwellings 
and found an average air change rate of 0.68 h-¹.  

In a study, Ref. [58], it was noted that there was a considerable difference in the total air change be-
tween the individual dwellings. As the basic air change was fairly similar in the dwellings, it was con-
cluded that the user influenced air change (i.e. the behavior of the occupants) caused these large dif-
ferences. This conclusion was confirmed by Ref. [59], who concluded that a substantial variation in 
ventilation behavior found among seven households, reflected different occupant functions and man-
agement strategies.  

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

One aspect that affects the air change rate is how often 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 dwellings is strictly connected to the building character-
istics since the effectiveness of natural ventilation is strongly dependent on the characteristics of venti-
lation openings and their controllability (aspects which are closely related to the type and size of the 
windows and its placement within the facade). The type of dwelling (single house or apartment), ori-
entation, and type of the room (bedroom, living room or kitchen) are the main parameters found to 
have an influence on occupant behavior related to window opening and closing.  

5.1.1 Biological 

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

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

5.1.2 Psychological 

Ref. [65] highlighted that indoor climate preferences in terms of temperature are one key driver of the 
behavior of the occupants, but this driver is strongly connected to the occupant’s perception of com-
fort. 

5.1.3 Social 

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

5.1.4 Time 

Investigations have shown different daily patterns for the different types of rooms, see Figure 5.1. 
Typically, the maximum number of open windows occurs during the morning, but during early after-
noon (when cooking) the number of open windows is still relatively high but gradually decreases dur-
ing the afternoon until the return of working inhabitants to the home (at about 5 p.m.). The time of day 
was found to determine window transition probabilities (closed to open and open to closed) in the 
aforementioned study in Ref. [66]. 

 

Figure 5.1: Daily profile of window opening, Ref. [65]. 

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

5.1.5 Physical environment 

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

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

Ref. [62] found that temperature (mean monthly temperature and average temperature swing) is an 
important explanatory factor for window opening. Ref. [67] found a change in ventilation behavior 
around 12˚C: generally, below 12˚C, daytime ventilation increases by approximately 75% per degree 
temperature difference, above 12˚C, ventilation increases by about 1.1% per degree. In terms of venti-
lating frequency, this represents an increase of about 50%. The results of Ref. [63] are consistent with 
the findings in Ref. [67]. The statistical analysis related to the questionnaire survey carried out in 2006 
and 2007 in Danish dwellings has shown that window opening behavior is strongly linked to outdoor 
temperature. Recently, the results of the logistic regression model based on long-term monitoring of 
behavior and environmental variables in 15 dwellings confirm that outdoor temperature, indoor tem-
perature, solar radiation, and indoor CO2 concentration were the most influential variables to determin-
ing window opening/closing probability.  

The Annex 8 project, Ref. [65], showed that windows are open more often and for longer periods dur-
ing sunny weather, the findings of Ref. [64] fit with these earlier studies. In Ref. [67], a distinct de-
pendence on solar radiation could not be confirmed, as the influences of outdoor air temperature and 
global irradiance are superimposed. 

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

Based on an average wind velocity of 3 m/s, Ref. [67] proposed to introduce the wind influence as a 
correction term for temperature-related window ventilation periods with the following equation: 

 (1) 

5.1.6 Building/equipment properties 

As early as 1988, the study of Annex 8 on occupant behavior with respect to Ref. [65] focused on a 
combination of questionnaires and observations to determine which action is taken by occupants to 
ventilate their homes and to evaluate the reasons for their actions. The study has shown that the type of 
dwelling (house or apartment) influences the length of time windows are open and also has an effect 
on the degree of window opening. In the same investigation, it appeared that windows in living rooms 
and kitchens were open on average for shorter periods, whereas windows in bedrooms were open for 
longer periods in houses compared to apartments. The type of the dwelling (detached one-story resi-
dence) was found to affect the degree of window opening in residences in the pilot study conducted by 
the authors of Ref. [66] in North Carolina between October 2001 and March 2003. 
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Table 5.1 shows the room type ranked according to window use for each of the investigated dwellings. 
These results could be summarized as follows: according to the study of Annex 8, Ref. [65], the main 
ventilation zones are bedrooms, while the greatest percentages of windows which are never opened are 
in living rooms, kitchens, and bathrooms.  

This finding is consistent with a study for 24 identical flats in Germany, Ref. [67]. Even in the extreme 
winter weather, bedrooms are ventilated more frequently than all rooms on average: during the entire 
measuring period the window opening time in bedrooms exceeded the average for all rooms by ap-
proximately 50%. The room orientation is also important. The Annex 8 project, Ref. [65], found that 
when the sun was shining, south facing living rooms and bedrooms were more likely to be ventilated 
for longer periods than similar rooms orientated in other directions. 

 

Table 5.1: Rank order of window use per type of room, Ref. [65]. 

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

Degree of opening 

In the various projects conducted for the Annex 8 project, Ref. [65], three levels of window opening 
were examined (closed, slightly open, and wide open). Large variations among the degree of window 
opening were found. The Dutch research findings showed a tendency towards a larger percentage of 
wide open windows, while the Belgian research findings based on interviews with the occupants in 
2400 social houses, showed a trend towards slightly open windows.  
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Weather also influences the degree of window opening. The studies conducted for the Annex 8 project 
showed that when the outside temperature was 5˚C and -8˚C, fanlights were left open for more than 
eight hours in 17% and 8% of living rooms respectively. Moreover, an outside temperature change 
from 15˚C to -5˚C produced changes in the percentage of open or slightly open windows from 41% to 
34% in the mornings and from 32% to 24% in the afternoons. 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 of window ventilation with naturally ventilated flats. 
Ref. [62] concluded that windows in flats without mechanical ventilation systems are open about four 
times longer than in flats with mechanical ventilation. Actually, this result is inconsistent with the 
Annex 8 project, Ref. [65], where only small differences are found between dwellings without me-
chanical ventilation and dwellings with various types of ventilation systems. However, the interviews 
showed that the occupants had no understanding of how to use their mechanical ventilation systems. 

The IEA Contributed Report 08, Ref. [68], examined the influence of specific ventilation systems on 
the active ventilation behavior. From the report it is concluded that ventilation by behavior is only 
partly related to the type of ventilation device installed in the dwellings; the mechanical ventilation 
system in living rooms tends to influence the ventilation by behavior; in bedrooms, behavior tends to 
be independent of the installed system. 

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

Clothing 

Ref. [69] carried out a field study in a 17 story office building. The author found that the anticipated 
outdoor environmental conditions influenced the choice of clothing worn on a specific day more than 
the anticipated indoor office temperature. These two studies suggest that the outdoor temperature has a 
very high impact on the choice of clothing. This was further investigated by the authors of Ref. [70] 
who analyzed the relationship between clothing behavior and the indoor and outdoor temperatures 
based on field investigations in 28 cities all over the world. They found that the outdoor temperature at 
6 o’clock in the morning influenced the clothing insulation the most. The influence of outdoor temper-
ature was larger in naturally ventilated buildings than in mechanically ventilated buildings. 

Since thermal comfort is thought to be one of the main determinants of temperature set-point and may 
have a significant impact on window opening behavior, clothing behavior will also influence these 
parameters. Consequently, the occupants’ clothing choice will affect the energy performance of a 
building. However, clothing behavior is an occupant’s adaptation means to the indoor environment 
and as such does not affect energy consumption directly. 

5.2 Summary 

In summary, the previously identified driving forces for energy-related behavior with respect to venti-
lation/window operation are grouped and listed in Table 5.2. Unfortunately, studies regarding driving 
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forces related to mechanical ventilation usage in residential buildings were not found in the literature. 
For this reason, only window opening behavior has been dealt with in this chapter on ventilation. 

Table 5.2: Driving forces for energy-related behavior with respect to ventilation/window operation. 
For the explanation of the colors used we refer to the legend underneath, the symbols used in the leg-

end are explained in Table 2.1. 

 biological psychological social time physical environment building/equipment 
properties 

Windows 
opening 
and clos-
ing 

Age 
[13,65] 

Perceived illumi-
nation [63] 

Smoking 
behavior [65] 

Season [67] Outdoor temperature [61, 
62, 63, 65, 67] 

Dwelling type 
[65,66] 

 Gender 
[63] 

Preference in 
terms of tempera-
ture [65] 

Presence at 
home [65] 

Time of day 
[65,66] 

Indoor temperature [61]  Room type [65,67] 

     Solar radiation [64,65] Room orientation 
[65] 

     Wind speed [65,67] Ventilation type [62, 
65, 67, 68] 

     CO2 concentrations [63] Heating system [65] 
Degree of 
opening 

    Outdoor temperature [65]  

 

Importance *** ** * ’ n.s. x 
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6 Domestic hot water 

Occupant behavior can significantly influence the use of hot water in residential buildings. Showering 
frequency, duration and intensity of showering, bathing frequency, sink use frequency, washing ma-
chine and dishwasher use frequency and running temperatures, and appliances’ water use efficiency 
are examples of domestic hot water energy-related occupant behavior. Domestic hot water use patterns 
vary on different time scales: time of day, time of the week, month, and year. In the literature, several 
detailed modeling approaches for domestic hot water use can be found, see e.g. Refs. [71], [72], [73], 
and [74]. Domestic hot water modeling approaches will be discussed in more detail in the separate 
report on modeling. 

A typical example of the (measured and modeled) variation of domestic water use during the time of 
day is displayed in Figure 6.1. 

 

Figure 6.1: Residential water flow rate during the course of a day showing modeled and measured 
values based on 43 dwellings, Ref. [73]. 

6.1 Identification of driving forces 

A study of domestic hot water use has been reported in Ref. [75] based on data from seven dwellings 
in the United States. The findings of this study show that bathing accounts for the largest use, while 
the kitchen accounts for the second largest use. The variation in energy use per person is primarily 
attributed to behavioral differences among the occupants. In this study, the variation in individual wa-
ter use behavior is greater than the variation in the total domestic hot water use in all houses. 

The authors of Ref. [76] reported the largest daily hot water use was for bathing and showering (43%) 
and the second largest use was by washing machines (30%). This study is based on American data. 
Various household characteristics have been analyzed in this study, such as age, education, number of 
children, satisfaction with hot water temperature, and hot water conservation index. In this study, 
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education was found to be the only significant variable explaining hot water use. The higher the edu-
cation level, the more hot water was used. Since education is usually correlated with income, it is like-
ly that these households owned more water-using appliances. A positive correlation between income 
and domestic hot water use was also found in [77]. However, in Ref. [78] it was found that people 
having a higher education, higher income, and a higher status job were more likely to apply water 
saving strategies. 

The model in Ref. [77] suggests that renter-occupied dwellings consume less domestic hot water than 
owner-occupied dwellings. However, research in Ref. [79] suggests that homeowners are more likely 
to save energy than renters. 

Residential water use monitoring by water companies often provides interesting statistics of water use 
behavior. For example, research by the Dutch association of drinking water companies, Ref. [80], 
showed that showering accounts for the greatest water use. The increase in water use observed in the 
last few years in the Netherlands is primarily due to changing showering habits: shower duration is 
increasing and the showers with higher water intensities are increasingly used. Water use for shower-
ing depends on the occupant’s gender: shower frequency and duration are higher for women than for 
men. The lower the occupant’s education level and job status, the more water is used for showering. 

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

Important aspects of energy-related behavior for domestic hot water use are the duration and intensity 
(water flow rate) of a shower and the frequencies of showering and bathing. These will be discussed 
below. 

6.1.1 Biological 

A Dutch study, Ref. [82], showed that shower duration is strongly related to age, see Figure 6.2. The 
shower duration is relatively long for people around 20 years old and for people older than 65 years.  
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Figure 6.2: Shower duration in minutes as a function of the age of occupants in years in the Nether-
lands. See Ref. [82]. 

Shower frequency is also strongly related to age, as can be found in the report of a Dutch study,  
Ref. [82]. The reported shower frequencies are shown in Figure 6.3. The shower frequency is highest 
for ages between 20 and 45 years; the corresponding average shower frequency is six to seven times 
per week. Lower frequencies are found for younger and older people.  

 

Figure 6.3: Shower frequency per week as a function of the age of occupants in years in the Nether-
lands. See Ref. [82]. 

6.1.2 Psychological 

A negative correlation was found between shower duration and income in the study of Ref. [82]. A 
possible explanation is that people with a high income may have less time for taking a shower. 

The frequency of using a bath depends upon income, see Ref. [82]. Households that frequently use 
their bath are mainly families with children and a relatively high income. Ref. [77] also finds a posi-
tive correlation between income and domestic hot water use. 

People with a higher education, higher income, and a higher status job are more likely to conserve 
water according to Ref. [78]. The lower the education level and job status, the more water is used for 
showering according to Ref. [80]. 

6.1.3 Social 

The frequency of using the bath also depends on household composition and household size, Ref. [82]. 
Households that frequently use their bath are mainly families with children. 
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6.1.4 Time 

Shower duration is different for weekdays and weekend days, Ref. [81]. 

6.1.5 Physical environment 

The authors of Ref. [83] found seasonal differences in hot water consumption up to a factor of three 
based on data from 10 families in Japan, which could be related to changes in outdoor weather condi-
tions. In winter, daily consumption was around 30 MJ/day, while in summer hot water consumption 
was below 10 MJ/day. 

6.1.6 Building/equipment properties 

Intensity of water use events can be influenced by specific properties of the applied equipment (water 
saving devices). For example, the use of low-flow showerheads can reduce energy use for domestic 
hot water. However, off-setting behavior such as an increase in shower length after installing a low-
flow showerhead may undo the positive effects of water saving technologies, Ref. [84]. 

6.2 Summary 

In summary, the driving forces for energy-related behavior with respect to domestic hot water use are 
categorized according to Figure 2.2 and listed in Table 6.1. 

 biological psychological social time physical envi-
ronment 

building/equipment  
properties 

Shower duration Age [82] Income [82] household size 
[82] 

Weekday or 
weekend [81] 

Outdoor condi-
tions [83] 

low-flow showerhead 
[84], [82] 

 Gender1) 
[80] 

Origin Turkey, 
Morocco, 
Suriname [80] 

 time of day1  Boiler [82] 

 health2 comfort2     
Frequency 
bath/shower 

Age [82] comfort2 household 
composition: 
[82] 

  ease of operation2 

 Gender1) 
[80] 

Origin Turkey, 
Morocco, 
Suriname [80] 

    

  hygiene2     
Intensity shower      low-flow showerhead 

[84] 
Other appliances  Education [76] Household size 

[85] 
   

1) Duration and frequency is higher for women than for men. 

Table 6.1: Driving forces for energy-related behavior with respect to domestic hot water use. For the 
explanation of the colors used we refer to the legend underneath, the symbols used in the legend are 

explained in Table 2.1. 

Importance *** ** * ’ n.s. x 

                                                      

1 Not based on references, yet. 
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7 Electric appliances / lighting 

The use of electric appliances and lighting in residences is strongly influenced by occupant behavior. 
In the literature, investigations of energy-related behavior and its driving forces are very rarely sepa-
rated between appliances and lighting, but information from studies in office buildings can be used to 
some extent. 

7.1 Identification of driving forces 

When the energy consumptions for appliances and lighting are considered, large variations are found, 
partially relating to socioeconomic parameters such as income, persons per household, age, and educa-
tion, etc. 30-40% of the variation in electricity consumption can be explained by these parameters, see 
Ref. [86]. Research to find other ways to describe the occupant behavior related to energy consump-
tion is ongoing, although a final and perfect model is way ahead of us at the moment. 

Another suggestion for understanding occupants comes from social sciences, where the practices of 
the occupants are used as indicators for their energy consumption. This model is suggested by  
Ref. [87]. It is based on practice theory where the routines, ways of thinking and acting of the occu-
pants form the basis for different energy related behaviors varying from high energy consumption 
families to low energy consumption families who effectively implement energy conserving strategies. 
In Ref. [88], it is concluded that routines are influenced by norms and ethics learned in childhood, 
conscious reasoning about economic or ecological aspects, design of new technologies, and changes in 
social relations. Figure 7.1 shows the electricity use in 1068 residences in a suburb of Copenhagen.  

 

Number of persons in a household 

Figure 7.1: Electricity use per year per person in the household (grey); electricity use per year per 
household (black), Ref [4]. 

Electricity use 
kWh/year 
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Figure 7.1 illustrates both the large variation in electricity use between households of equal size, and 
that electricity use per person decreases as household size increases as not all electricity use in a 
household is dependent on household size.   

In the following tables the households are divided into three different categories – low use, average 
use, and high use households – to find explanations for the differences in electricity use. Generally, 
energy efficiency of appliances and lighting (Table 7.1 and Table 7.2) could not explain the differ-
ences in electricity use; however, the number and use of appliances could (Table 7.3 - Table 7.6). 

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

 Low use Average use High use Total 
No low energy refrigera-
tor/freezer 

38% 26% 37% 100% 

Low energy refrigera-
tor/freezer 

26% 35% 29% 100% 

 

Table 7.2: Relation between electricity use per household and the energy efficiency of light bulbs, 
 Ref. [4]. 

 Low use Average use High use Total 
Less than 25% high efficiency 
light bulbs 

32% 35% 33% 100% 

25-50% high efficiency light 
bulbs 

35% 28% 37% 100% 

More than 50% high efficien-
cy light bulbs 

36% 23% 41% 100% 

 

Table 7.3: Relation between electricity use per household 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 per household 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 per household and use of the tumble dryer, Ref. [4]. 
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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 per household 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 household, an analysis of end use was made in Ref. [86] 
in 100 different households. The results are displayed in Figure 7.2. The group for “other” consump-
tions also includes electricity for cooking, which according to Ref. [86] typically amounts to 10% of 
total electricity consumption. 

 

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

Different electrical appliances uses have different routines and driving forces. Lighting practices 
(number and type of lamps and operation) are strongly influenced by cultural norms of comfort and 
interior decoration style, see Ref. [89], and also habits from childhood seem to influence electricity use 
routines, see Ref. [88]. Interviews in Ref. [88] showed that occupants reflected much more about light-
ing energy use than on all other aspects of electricity consumption, which was not very rational as it 
typically accounted for less than 15% of total electricity use. The use of electric lighting in the domes-
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tic sector also depends on the level of natural light coming in from outdoors coupled with the activity 
of the household residents. The number of people who are at home and awake (active occupancy) is 
the other key factor for domestic lighting use. 

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

Routines and energy use for cooking including the use of freezers and microwaves differs greatly from 
household to household, as does the use of information and communication technologies (ICT) (com-
puters, television, hi-fi, etc.). Investigations have shown that up to 90% of electricity use for ICT is 
used in standby mode and only a minor percentage is derived from actual use , see Ref. [90].  

7.1.1 Biological 

A Danish investigation of 100 families showed that gender had no significantly influence on electric 
energy use, Ref. [86]. However, an age influence was found, reflecting the different stages in life and 
consequent changes in energy use. It was shown that people above 60 years had relatively larger ener-
gy use for refrigerators/freezers and for lighting, while energy use for ICT was at an average level, and 
the energy use for washing, dishwashing and clothes drying was considerably lower.  

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

7.1.2 Psychological 

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

7.1.3 Social 

In the following, some of the most important socioeconomic parameters are described. 

Persons per household 

One of the very important parameters influencing the electricity consumption is the number of persons 
per household. It is found that electricity consumption increases with the number of people in the 
household, which is documented by Refs. [91] and [86].  
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Figure 7.3: Electricity consumption in kWh/person per year as a function of the number of persons per 
household in a larger area with dwellings in Århus, Denmark, Ref. [91]. 

As seen in Figure 7.3, there is large consumption variation for different household sizes. Common for 
the largest and smallest consumption for each household size is a decreasing tendency with a greater 
number of persons. If the electricity consumption per person is calculated, it is decreasing with the 
number of persons per household, which is illustrated in Figure 7.4. 

  

Figure 7.4: Electricity consumption as a function of persons in the household based on Ref. [86]. 

The decreasing consumption per person can be explained by the basic electricity consumption which is 
common for all households despite household size. Included 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 artificial lighting was also strongly dependent on household 
size, see Table 7.7. 

 

Table 7.7: Electricity consumption by lighting; annual average for different household sizes. The data 
are seasonally and geographically standardized, Ref. [92]. 

Income and dwelling area  

The importance of income and area changes according to Ref. [86] whether one looks at apartments or 
detached single family houses. Income has a larger impact than area on energy consumption of de-
tached single family houses. The opposite is found for apartments, where the area has the largest influ-
ence. The analysis is based on data from more than 50,000 Danish dwellings. 

Figure 7.5 and Figure 7.6 show the clear dependency between income and electricity consumption. 
The income is in Danish Kroner (€1 is approximately 7.5 DKr) and is before taxes (tax approximately 
40%). 

 

Figure 7.5: Electricity consumption as a function of income for detached single-family houses,  
Ref. [86]. 
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Figure 7.6: Analysis of electricity consumption as a function of income for apartments, Ref. [86]. 

The same electricity consumption analysis is made as a function of the dwelling area. The results from 
this analysis are shown in Figure 7.7 and Figure 7.8. 

 

Figure 7.7: Electricity consumption as a function of area for single-family detached houses, Ref. [86]. 
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Figure 7.8: Electricity consumption analysis as a function of apartment area, Ref. [86]. 

7.1.4 Time 

In office and school buildings, occupants switch on artificial lighting upon arrival and while present in 
a room as a function of the natural illumination, and rarely switched off artificial lighting until depart-
ing a room if the room was completely empty, see Ref [93]. Figure 7.9 shows the probability of 
switching on artificial lighting as a function of work plane illuminance. Similar results have been 
found by other authors, see e.g. Ref. [7]. 

 

Figure 7.9: Measured switch-on probability function upon arrival in office buildings. Hunt’s original 
function (solid line) describes the average switching behavior of a group of users, see Ref. [93]. 



 

41 

 

Ref. [94] obtained similar results through measurements in five different office buildings. Figure 7.10 
shows the probability of switching the lights on upon arrival in two of the offices as a function of the 
prevailing task illuminance level, while Figure 7.11 shows the probability of switching the lights off as 
a function of the duration of absence in minutes. Similar results have also been found by Ref. [95]. 

 

Figure 7.10: Probability of switching the lights on upon arrival in the office in VC and FH as a func-
tion of the prevailing task illuminance level, Ref [94]. 
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Figure 7.11: Probability of switching the lights off as a function of the duration of absence (in 
minutes) from the offices in VC, FH, and HB, Ref. [94]. 

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

7.1.5 Physical Environment 

In a residential study, Ref. [63], the operation of lighting is found to correlate strongly with solar ra-
diation, perceived illumination, and outdoor temperature. The age, gender, and thermal sensation of 
occupants also had an influence on the lighting use probability in residential buildings.  

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

7.1.6 Building/equipment properties 

No significant relationship has been found in the literature on the influence of building/equipment 
properties on electricity use for appliances and lighting. 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 forces for energy-related behavior with respect to elec-
tricity/lighting use are grouped and listed in Table 7.8. 

d)  
 biological psychological social time physical envi-

ronment 

building/equipment 

properties 

Level of electricity 

consumption 

Age [86]  Income [86]   Area of the dwelling 

[86] 

Gender  Persons per   Efficiency of equipment 
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[86] dwelling [91], 

[86] 

  Teenagers in the 

household [86] 

  Use of high efficient 

light bulbs 

   Extent of the use 

of appliances 

 Number of appliances 

      

Number of appli-

ances 

  Income [86]    

Table 7.8: Driving forces for energy-related behavior with respect to electricity use. For the explana-
tion of the colors used we refer to the legend underneath, the symbols used in the legend are explained 

in Table 2.1. 

Importance *** ** * ’ n.s. x 
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8 Cooking  

For cooking purposes, many different appliances can be used such as microwave ovens, ovens, stoves, 
pressure cookers, kettles, etc. The type of equipment used, their corresponding energy consumption, 
and the number of meals prepared will determine energy use for cooking. 

Cooking activities are usually performed around meal times. Based on time-use data, cooking patterns 
have been modeled in the literature, see e.g. Ref. [97]. In this investigation, it is shown that the meas-
ured and modeled curves for cooking correspond quite well, despite the simple modeling schemes that 
have been applied. 

 

Figure 8.1: Example of modeled and measured cooking demand during four successive days for one 
household, see Ref. [97]. 

8.1 Identification of driving forces 

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

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

The presence of an open kitchen leads to a reduction of energy use compared to the absence of an 
open kitchen, probably due to the heat gain by cooking and the use of kitchen appliances. An energy 
reduction of 1.7 GJ per year is possible. See Ref. [13]. 
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9 Interactions between behavior and other issues 

Information in the literature on the relationship between different types of energy-related occupant 
behavior is limited. Some aspects found on the relationship between different types of behavior are 
discussed in this chapter as well as other issues not mentioned in previous chapters. 

Occupant behavior related to heating is not an isolated phenomenon, but rather a combination of driv-
ing forces that must be analyzed in relation to each other. Ref. [2] finds that heating behavior is typi-
cally influenced by the combination of set-point temperature combined with window opening in Dan-
ish homes without mechanical ventilation. 

The homes used in the measurement portion of Ref. [2] were mostly naturally ventilated and used 
thermostatic radiator valves as heating controls. A strong correlation was also found between window 
opening behavior and indoor temperature set-point during the cold season, making it difficult to ascer-
tain which influences which behavior: indoor set-point temperature or degree of window opening. 
Homes have become increasingly airtight since post-WW2 construction making it increasingly im-
portant for occupants to open windows for sufficient fresh air supply. However, as the indoor tempera-
ture is affected by the extent and duration of window operation and vice versa, it is difficult to study 
these two parameters in isolation from one another.  

Similar to the findings in Ref. [2] that occupants have established behavioral patterns that are not cou-
pled with environmental factors, some interviewed occupants in the Viennese low energy cooperative 
also opened windows due to established morning and evening routines, as opposed to opening win-
dows as a reaction to microclimate conditions. The time of day then becomes a driving factor, see  
Ref. [19]. 

In Ref. [99], multivariate regression models have been developed for window opening, fan usage and 
interactions with the sun shading device based on data from a semi-controlled climate chamber exper-
iment in an office environment. They found that for the window opening behavior, the fan state has a 
significant influence as well as vice versa (i.e. the window state influences the fan state). The usage of 
the sun shading device was influenced by the state of the window, but not by that of the fan. The state 
of the sun shading device did not have a statistically significant influence on the other two interac-
tions. 

There are several studies dealing with the use of shading systems in office environments, see e.g. Refs. 
[100], [101], [102], [103], and [104]. Nevertheless, a literature review on the use of sun shading devic-
es in a residential environment did not reveal a substantial amount of publications regarding the topic 
of occupant behavior. A variety of literature could be found dealing with simulation, advices, effects 
on energy consumption, or experimental studies on automatic sun shades. 

According to those studies related to the office environment, the devices are not often used. In  
Ref. [101] it has been found that 60% of blinds are not being used during their investigation. The au-
thors of Ref. [100] observed 1.5 actions a day on average, with remotely controlled systems leading to 
higher usage (2.1 times a day vs. 0.7 times). When used, venetian blinds were found to be either total-
ly raised or lowered – an intermediate stage was chosen for only 6.5% of time. Once a shading device 
is lowered, a drastic change of external luminous conditions is needed to raise the system, see  
Ref. [102]. In Ref. [104] it has been observed that 45% of the changes made by an automated system 
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were rejected by the occupant. The authors of Ref. [100] extracted the influence of the type of control 
system (manual, remotely controlled, or automated) on usage. 

Whether and to what extent these findings are true for the residential environment cannot be conclud-
ed. The significant influence of sun shading on the energy demand (e.g. 32% cooling energy savings 
according to Ref. [105]), suggests that more research dedicated to this type of energy-related occupant 
behavior should be performed. 
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10 Summary and conclusions 

A better understanding of how energy-related occupant behavior influences residential building energy 
consumption is required for a realistic prediction of total energy use in buildings. Energy-related oc-
cupant behavior is related to building control actions (i.e. in order to control the indoor environmental 
quality) as well as household or other activities. 

These actions and activities may be driven by various driving factors. For a better understanding of 
total energy use in residential buildings, the relevant driving factors of energy-related occupant behav-
ior must be identified as along with a quantitative approach to describe energy-related occupant behav-
ior. 

In this report, a literature review of relevant driving forces of energy-related occupant behavior is giv-
en. Quantitative modeling approaches for describing energy-related occupant behavior and energy use 
are discussed in another separate report. 

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

In this report, the energy use of occupants in residential buildings has been classified in the following 
categories corresponding to the previous chapters: heating, cooling, ventilation and window operation, 
domestic hot water, electrical appliances and lighting, and cooking. For the residential energy use cat-
egories, the relevant types of occupant behavior (i.e. building control actions) have been discussed in 
the previous chapters. 

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

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

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

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

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

Furthermore, several studies deal with the use of shading devices in office environments; Whereas, a 
literature review on the use of sun shading devices in residential buildings did not reveal many publi-
cations regarding the topic of user behavior. To what extent the findings for office buildings are appli-
cable to residential buildings cannot be said. More research dedicated to this type of energy-related 
occupant behavior should be performed. 
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