Chapter 2
Occupancy and Occupants’ Actions

Marcel Schweiker, Salvatore Carlucci, Rune Korsholm Andersen,
Bing Dong and William O’Brien

Abstract Occupants’ presence and actions within the built environment are crucial
aspects related to understanding variations in energy use. Within this chapter, first, a
nomenclature for the field of research dealing with occupants in buildings is
defined. This nomenclature distinguishes between occupants’ presence and
behavior, states and actions, adaptive triggers, non-adaptive triggers, and contextual
factors. Second, an extensive list of occupant behaviors is provided and catego-
rizations of occupants’ actions are introduced. The list includes most of the possible
phenomena that researchers may wish to study, measure, and ultimately model. The
categories are physiological, individual, environmental, and spatial adjustments.
Third, a list of adaptive and non-adaptive triggers together with contextual factors
that could influence occupant behavior is presented. Individual elements are further
grouped into physical environmental, physiological, psychological, and social
aspects. Finally, a comprehensive table of studies related to occupant behavior and
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the corresponding significant and non-significant predictors, based on an extensive
literature review, is shown. This table highlights areas of research where numerous
studies have been conducted, as well as areas where hardly any research has been
published. The conclusion highlights the importance of publishing future occupant
monitoring campaigns with sufficient detail to inform future researchers and save
redundant effort. Such detail is especially necessary in relation to the methodology,
including, for example, a clear description of the type of variables monitored, and in
relation to the results, where both the influencing factors that were found to be
significant and insignificant should be documented.

2.1 Introduction

In most buildings, occupants have numerous options to interact with their built
environment. This includes entering/leaving a room, adjusting thermal, visual, or
aural indoor conditions (for example, via windows, doors, or blinds), and using
other devices, such as electrical equipment. Thereby, an interaction which leads to a
state change, and no interaction which leaves the current state unchanged are both
aspects of occupants’ behavior (see Fig. 2.1). With the opportunity to interact with
the building controls and building envelope, occupants are empowered to operate
these systems in ways that may be inconsistent with design intent (Deuble and de
Dear 2012; Schakib-Ekbatan et al. 2015). At the same time, the real use of electrical
equipment and occupancy patterns may also be very different from the assumptions
made in the design phase.
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Fig. 2.1 Ontology of occupant-related phenomena
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Uncertainties in the prediction of occupancy and occupants’ actions increase the
difficulty of predicting the performance of a building. Buildings’ performance can
be sensitive to the behavior and presence of occupants, and these aspects can result
in large differences between actual performance and design (Bishop and Frey 1985;
Macintosh and Steemers 2005; Majcen et al. 2013; Blight and Coley 2013;
Andersen et al. 2016; Carlucci et al. 2016). Not surprisingly, identically-built
homes have been found to vary in energy consumption by a factor of two or more
as a result of occupants’ behavior and occupancy patterns alone (Socolow 1978;
Emery and Kippenhan 2006; Yun and Steemers 2008; Guerra Santin et al. 2009;
Maier et al. 2009; Andersen 2012). The behavior of occupants may influence the
variation in the actual energy use to a much larger degree than the thermal processes
within the facade (Hoes et al. 2009) or the insulation measures (Schweiker and
Shukuya 2010b). The influence may be asserted in many ways—for example, by
opening/closing windows, adjusting thermostats, operating solar shading, light
switching, etc. As insulation levels and airtightness of buildings increase as a
consequence of stricter building regulations, occupants’ control over window
openings, thermostats, solar shading, etc. will have larger relative effects on the air
change rate and temperature distribution in the buildings (Guerra Santin et al.
2009). For instance, occupant control of operable windows and window shading
devices will significantly impact energy flows across facades (Hoes et al. 2009).
Consequently, designers’ inclusion of occupants’ interactions with building con-
trols and envelopes becomes increasingly important (Andersen 2012) and could
lead to arguments for reducing opportunities for occupants to interact with their
built environment.

On the other hand, occupants who have the possibility of controlling their own
environment have been found, at least in office buildings, to be more content with
the indoor environment and suffer fewer symptoms of sick building syndrome
(SBS) than occupants who do not have the possibility of interacting with building
controls and envelope devices (Toftum 2010). The same finding will likely be
observed for other building types once investigated. Therefore, it is important to
note that occupants should not be restricted in their behavior or forced to change
their behavioral patterns, and that designers need to take more care to design
buildings according to occupants’ needs and likely to occupancy and behavioral
patterns. However, leaving the control of a building and facade in the hands of its
occupants demands that occupants’ behavioral patterns be realistically represented
in predictions of building performance.

In general, occupants can impact buildings in two ways: through the direct
impact of their presence (heat production, carbon dioxide emission, moisture
generation, etc.) and through their interactions with the building. In most circum-
stances, the presence of occupants is the prerequisite for any behavior, since
occupants can only interact with the controls and the building envelope if they are
present in the building. Occupants’ presence and behavior can be modelled as states
(e.g., state of light switch) and actions (e.g., the act of turning on or off a light
switch) using different modeling approaches. In general, the action changes the state
and the state remains constant until a new action is taken (e.g., the state of the
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window will remain closed until an occupant opens it). Note that the state may refer
to two or more levels (e.g., a window can have several states such as open/closed or
fully open/half open, X% open/closed), depending on the modeling approach.

As described in detail in Sect. 2.3, state changes can be triggered by either
adaptive triggers (those which are rooted in occupant discomfort or expectations of
discomfort) or non-adaptive triggers (those which are part of occupant tasks, like
using a computer). These triggers, as well as the resulting action or non-action, are
moderated by contextual factors. The adaptive triggers activate adaptive behaviors,
such as opening windows due to increasing carbon dioxide (CO,) concentration
(indication of deteriorating indoor air quality) or closing blinds due to glare.
Non-adaptive triggers activate behavior that is not performed with the goal of
adapting to the indoor environment—for example, events based on schedules. Note
that the same type of action, e.g., closing the window, could be triggered by an
adaptive trigger (undesirable cold air entering the room) or a non-adaptive trigger
(leaving the room and securing the building beforehand).

In the context of this book, the authors are interested in all occupant-related
phenomena that impact building energy performance, comfort, and occupant sat-
isfaction. These phenomena are presented in Fig. 2.1 and defined in the next sec-
tion. The purpose of this chapter is to introduce readers—whether fundamental
occupant behavior or comfort researchers, occupant modelers, or even model users
—to the diverse occupancy and occupant behavior-related phenomena that should
be considered prior to conducting experimental, modeling, or simulation-based
research studies. First, a definition for the nomenclature used in the field of research
dealing with occupants in buildings is presented. Second, an extensive list of
occupant behaviors is provided and categorizations of occupants’ actions are
introduced. The list includes most of the possible phenomena that researchers may
wish to study, measure, and ultimately model. Then, a list of triggers and contextual
factors that could influence occupant behavior is provided. Finally, a comprehen-
sive table of studies related to occupant behavior and the corresponding significant
and non-significant predictors, based on a comprehensive literature review, is
presented.

2.2 Categorization of Occupants’ Actions

Energy-related occupant behavior was previously defined as “human being’s
unconscious and conscious actions to control the physical parameters of the sur-
rounding built environment based on the comparison of the perceived environment
to the sum of past experiences” (Schweiker 2010). As pointed out by Fabi et al.
(2012), this definition is limited to actions related to the perceived environment, or
as defined above to those actions caused by adaptive triggers. The aim of this
section is to categorize all sorts of occupants’ actions according to the distance
between the occupant and the location the action takes place into physiological,
individual, environmental, and spatial adjustments (Table 2.1).
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Physiological adjustments are done unconsciously and cannot be actively
influenced by thought alone. One group of physiological adjustments can be traced
back to the human body’s thermoregulation process. Thermoregulation processes
occur within the human body in order to keep the core temperature within defined
and narrow limits. The basic control of the thermoregulation system is done by the
hypothalamus, which adjusts the body functions by discharging hormones into the
bloodstream and activating the nervous system (e.g., for shivering). Human beings
can develop a long-term adaptation to extreme environmental conditions. For
example, people who grew up in a hot and humid climate show a higher number of
sweat glands than people who grew up in a cold climate (Hori 1995). Thanks to a
higher number of sweat glands, they sweat more effectively and can hence maintain
their core temperature at a comfortable level in hot and humid conditions more
easily compared to those with fewer sweat glands. It has been found that physio-
logical adaptations do not only occur over a long time, but also over shorter periods,
starting generally after four to five days of exposure to warm or cold conditions
(Hori 1995; van der Lans et al. 2013). People who are exposed to severe climates
adapt to the conditions prevailing in their environment and are thus able to accept a
wider range of temperatures. As a consequence, people with more sweat glands
may have a higher indoor temperature as triggering condition for opening a window
or turning on a fan.

Physiological adaptations can also extend to visual aspects. For example, the
human is able to adapt to a wide range of visual scenarios ranging from 1 Ix at night
with the moonlight to 100,000 1x during the daytime with sunlight. Physiological
reactions to changes of visual conditions include optical (pupil dilation), neuro-
logical, and photochemical adaptations in order to regulate the amount of light
passing through (Murdoch 2003; American Optometric Association 2016). With
increasing age, the functionality of the eye is reduced (Lerman 1980; IJspeert et al.
1990; Winn et al. 1994; Van De Kraats and Van Norren 2007), so that visual
requirements change (Moosmann 2014). This will also affect corresponding inter-
actions with the building.

Individual adjustments include, for example, the change of body posture and the
amount of clothes worn. Takahashi et al. (2000) found differences in individual
adjustments pursued by subjects sitting in a natural ventilated room compared to
those sitting in an air-conditioned room: those in the natural ventilated room were
more active with respect to actions, such as “waving hands like a fan” or “making
space under clothes with hands”.

The definition for environmental adjustments used here is broad. Environmental
adjustments include all actions related to elements of the room. These can be those
elements—also referred to as “controls”—which potentially lead to a change in the
physical conditions of the indoor environment, such as windows, heating and
cooling devices, and elements such as electronic devices, which may have a minor
effect on internal gains, but are primarily not used to control indoor environmental
conditions.

Spatial adjustments consist of those actions related to the active movement
within the room or building, or between the building and outside. It can be assumed
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that these actions are mainly driven by non-adaptive triggers, such as meetings in
another room or the end of the workday. They could also include such adaptive
actions as relocating away from daylight glare in a library. Related to adaptive
triggers, a study found that the choice between sitting outside or inside a bar in
Kassel, Germany, is very much dependent on the thermal outdoor conditions.
Additionally, the expectation of weather and the activity planned have an influence
on this decision (Katzschner et al. 2006).

Table 2.1 Categories of occupant actions (Schweiker 2010; Polinder et al. 2013)

Physiological Individual adjustments | Environmental adjustments | Spatial
adjustments adjustments
Sweating Adjustment of Use of heating, ventilation, | Movement from

Relaxation of arrector
pili muscles

Arteriolar vasodilation
(dilation of arteriole
blood vessels)

Piloerection (bristling
of hairs due to cold)

Shivering

Arteriolar
vasoconstriction
(narrowing of arteriole
blood vessels)

Thermogenesis
Pupillary light reflex

Change in the
sensitivity of the
cones or rods of the
eye

Adjustment of ears’
sensitivity to the noise
level

clothing/bedding level

Selection of
clothing/bedding
material

Change of the body
posture

Change of activity level
(siesta in summer
afternoons)

Use of earplugs or
earphones to avoid
excessive aural
discomfort

Drinking hot/cold
beverages

Eating high or low
calorie food

Sleeping in family
group with the bodies
pushed up against each
other

Fanning fresh air around
the body

Taking cold showers

and air-conditioning
systems

Thermostat adjustment
Window opening/closing
Door opening/closing

Solar shading devices
adjustment

Light switching/dimming

Use of personal control
devices for cooling effect
(e.g., fan)

Use of personal control
devices for heating effect
(e.g., small heaters)

Seasonal adjustment of
building envelope
components (e.g.,
placement of storm

windows and plastic film on

windows)

Use of electronic devices
Use of household
appliances for cooking or

water boiling

Use of work-related
appliances

Domestic hot water usage
(e.g., shower usage)

one room to
another

Change of
position or
orientation in a
room

(e.g., to a place
further away from
window to reduce
problems with
glare or direct
solar radiation)

Relocation of
activities

to a different
room

(e.g., sleeping in a
basement)
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2.3 Potential Triggers and Contextual Factors Influencing
Occupant Behavior in a Building

Whether the focus is on existing buildings or new buildings, the factors influencing
the behavior patterns and patterns of occupancy together with influencing contex-
tual factors are important for modeling purposes, supporting design decisions, and
choosing operation modes. In order to study occupancy and occupants’ behavior in
buildings, a researcher needs to be aware of which variables are most critical to
measure. This knowledge helps inform the researcher of how best to allocate
resources towards sensors and labor for installing sensors and collecting and ana-
lyzing data.

People live and work in buildings and use them by interacting with their
envelope components, energy systems, and equipment, as outlined above. Potential
influencing factors that drive occupant behavior were first classified as internal and
external factors (Schweiker and Shukuya 2009). Internal factors are aspects related
to the social sciences, such as preference, attitudes, cultural background, etc.;
external factors are those aspects related to the building science or associated with
the time of day or building characteristics. Later, Fabi et al. (2012) presented a more
general explanatory framework to investigate the relationship between a multitude
of potential adaptive and non-adaptive actions and influencing factors with the
purpose of providing an outline to explore what stimulates occupants’ behavior in a
building. The authors proposed five categories of drivers for describing occupants’
interaction with windows: physical environmental, contextual, psychological,
physiological, and social. More recently, Polinder et al. (2013) categorized the
influential factors that can be useful to explain occupant behavior into internal and
external driving forces. Internal driving forces arise from the interaction between
biological and psychological aspects and are investigated in the domains of biology,
social science, and economics. Internal driving forces comprehend biological,
psychological, and social factors. External driving forces act on the individual to
stimulate their reaction and comprise three factors: building and building equipment
properties, physical environment, and time.

In contrast to these approaches and as mentioned in the introduction, a given
action (e.g., closing a window) could be identified as either an adaptive action or a
non-adaptive action depending on the corresponding trigger. Therefore, this section
aims at providing a framework to categorize factors influencing occupants’ pres-
ence and actions into adaptive triggers, non-adaptive triggers, and contextual fac-
tors. As shown in Fig. 2.1, contextual factors are seen here as moderators of triggers
and behavior. Sub-groups are defined based on the five categories mentioned by
Fabi et al. (2012). An overview of those triggers and contextual factors that have
been studied in the past, or based on discussions between the authors that can
influence occupancy and/or occupants’ behavioral patterns is given in Fig. 2.2.

Thereby, adaptive triggers are physiological triggers or physical environmental
triggers. Physiological triggers originate from a signal in the body that prompts an
occupant to take an action, e.g., the onset of shivering. Physical environmental
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PHYSICAL ENVIRONMENTAL TRIGGERS
+ Indoor air and mean radiant temperature
+ Indoor air humidity
» Indoor air velocity and turbulence
« Contaminants’ concentration in the air
+ Outdoor air temperature and humidity
+ Solar radiation (intensity, direction etc)
*Wind speed
» Rainfall or snowfall
+ llluminance
« Luminance (or another glare metric)
« Color temperature
« Daylight factor (or another daylight
availability metric)
= Sound level (or another acoustic
metric)

PHYSIOLOGICAL TRIGGERS
+ Body temperature
« Skin temperature
= Skin wettedness

ADAPTIVE

TRIGGERS
A

-
-Timeof the day NON-ADAPTIVE
+ Scheduled activity TRIGGERS

L.

-
PHYSICAL ENVIRONMENTAL FACTORS
+Season
» Duration (of presence in room)
- Frequency
+ Building quality
+Building use
+ Availability and accessibility of
controls and operable devices
- State of other devices
+ Clothing insulation level
« Interior design and furniture layout
« Ease and convenience of using
building system interfaces
{e.g. light switches)
+ Economics of energy (i.e., who
pays for it)
« Presence of feedback systems for
energy (e.g., dashboard)
+View to outside
+ Design of automation routines
(e.g., lights go off after 15 min of
inferred vacancy)

CONTEXTUAL
FACTORS

OCCUPANT

BEHAVIOR

PSYCHOLOGICAL FACTORS

« Knowledge, expectations

« Preference, acceptability

« Perception

« Needs (about comfort,
health,safety)

+ Awareness

+ Mood

« Hahbit, Lifestyle

= View tofinteraction with
outdoors

« Previous activities (e.g.
people just had exercises)

SOCIAL FACTORS

« Group interaction

« Presence of multiple
occupants (e.g. privacy)

+ Group composition

« Social constraints (e.q.,
dress code)

+ Social status

+ Education

+ Country of origin and/or
residence

- Safety

+ Ownership of building

+ Governmental inter-
ventions

PHYSIOLOGICAL FACTORS
« Age, Sex, Weight
« Body dimensions
+ Health state
« Ethnic group

Fig. 2.2 Potential influencing factors driving occupants’ behavior in a building

triggers are those physical properties that describe the indoor and outdoor envi-
ronments and have been proven to stimulate occupant action in response to thermal,
olfactory, visual, and aural stimulus (air and mean radiant temperatures, solar
radiation, air pollutants, illuminance, sound pressure, etc.) with the aim of volun-
tarily modifying the surrounding built environment to restore or improve the
comfort conditions. In contrast, non-adaptive triggers are factors that are inde-
pendent of the physical environmental triggers (e.g., time of day, people leaving a
room to attend a meeting elsewhere).

Contextual factors can be grouped into physical environmental factors, which
remain unchanged over a period of time; psychological factors, which are related to
individual and social factors; and physiological factors, which are not immediate
triggers (O’Brien and Gunay 2014). Physical environmental contextual factors are
fixed characteristics of the space and include things such as distance from the
occupants’ seated position to a control interface and ease of opening a window.
Psychological factors “refer to thoughts, feelings and other cognitive characteristics
that affect the attitude, behavior and functions of the human mind” (Sumpi and
Amukugo 2016). They have been proven to explain occupants’ interactions with
building envelope, services, and equipment through expectation, awareness, pref-
erence, etc. Social factors refer to those items that affect a person’s lifestyle and
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his/her attitude in relating to others, such as group interaction, education, social
status, etc. Physiological factors are all those aspects “relating to the branch of
biology that deals with the normal functions of living organisms and their parts”
(Stevenson 2010) and which have been related to the occurrence of an occupant
action inside a building, such as age, sex, state of health, etc. All of these factors
have a significant influence on the indoor environmental quality, overall building
energy performance, effectiveness of control strategies, and, eventually, on occu-
pants’ satisfaction and productivity.

A literature review was conducted in order to build a framework of triggers and
contextual factors. The review, summarized in Table 2.2 through Table 2.4, pro-
vides the grounds for a list of factors (with examples) that influence occupancy and
occupants’ behavior in buildings. This list gathers together items from the final
report of the IEA Annex 53, Total Energy Use in Buildings: Analysis & Evaluation
Methods (Polinder et al. 2013) and additional contributions collected by the authors
of this chapter. The items were grouped according to the framework described
above, as represented in Fig. 2.2.

2.4 Literature Review of Relationship Between Action
Types and Influencing Factors

In an ideal world, a monitoring campaign with respect to occupancy and occupants’
actions would include all potential influencing factors described in the previous
section. In reality, however, financial resources and therewith the number of
observed factors are limited. Before starting a monitoring campaign it is thus
important to balance the cost of potentially necessary devices (data points) and the
results potentially obtained by their implementation. The decision to include or
exclude a certain variable is best made based on results from previous studies.
An overview of the type of actions and their influencing factors as studied in the
past is presented in Tables 2.2, 2.3 and 2.4. They present behavioral actions and
identified influencing factors related to individual, personal, and spatial adjust-
ments, respectively. These tables may serve as an important guide for selecting the
type of actions to investigate, as well as deciding on the data points to include in
data collection and analysis. The first two columns describe the action and context
analyzed. The last two columns state whether an influencing factor was found to
have a statistically significant influence on the action, a potentially significant
influence (a significance level was not reported in the literature or a significance test
was not conducted), or a non-statistically significant influence. Note that the sta-
tistical method used to determine the statistical significance of an influencing
variable and/or the sample size may vary between studies depending on the field
and publication, and so that significance levels are not necessarily comparable (refer
to Chap. 3 for a more in-depth treatment of statistical significance). In addition, it is
important to mention that the quality and depth of conveyed surveys vary. To give
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Table 2.2 Behavioral actions and influencing factors identified related to individual adjustments

Name of action

Building
type®

Factors found to have

influence on behavior®

Factors found to
have no influence
on behavior

1. Individual adjustmen

ts

Selection of clothing | Office Indoor air temperature®** Sex (De Carli et al.
(Haldi and Robinson 2008) 2007)
Outdoor air temperature™**
(De Carli et al. 2007; Haldi
and Robinson 2008; Schiavon
and Lee 2013; Schweiker and
Wagner 2015)
Daily mean outdoor air
temperature* (Haldi and
Robinson 2011)
Adjustment of Residential Time of day* (Gauthier 2016) Indoor air
clothing temperature
(Gauthier 2016)
Outdoor air
temperature
(Gauthier 2016)
Weekend/weekday
schedule (Gauthier
2016)
Adjustment of Office Thermal comfort’ (Baker and Indoor air
clothing Standeven 1994) temperature (Haldi
Number of persons in room' and Robinson
(Schweiker and Wagner 2016) 2011)
Personality traits' (Schweiker Outdoor air
et al. 2016) temperature (Haldi
and Robinson
2011)
Adjustment of Retail Outdoor air temperature’
clothing (Morgan and de Dear 2003)
Sex! (Morgan and de Dear
2003)
Adjustment of body Any or While people can reduce heat
posture none loss by becoming more
compact (e.g., crossing arms)
to decrease effective body
surface area—and this is a
common adaptive action—no
behavioral studies were found
in the literature
Activity level Residential | Indoor air temperature* Outdoor air
(Gauthier 2016) temperature
Probability of heating on/off* (Gauthier 2016)
(Gauthier 2016) Weekend/weekday

schedule (Gauthier
2016)

(continued)
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Name of action Building Factors found to have Factors found to
type® influence on behavior” have no influence
on behavior
Activity level Office Indoor air
temperature (Haldi
and Robinson
2011)
Outdoor air
temperature (Haldi
and Robinson
2011)
Change in Any or While it is generally
orientation or none understood that occupants may
position to improve change their orientation or
visual comfort position to improve visual
comfort, no experimental/in
situ results were found in the
literature
Using earplugs or Any or While it is generally
earphones to avoid none understood that occupants use
excessive aural earplugs or earphones to
discomfort improve comfort, no
experimental/in situ results
were found in the literature
Drinking Residential | Time of day* (Gauthier 2016) Indoor air
hot/cold/beverages temperature
(Gauthier 2016)
Outdoor air
temperature
(Gauthier 2016)
Weekend/weekday
schedule (Gauthier
2016)
Drinking cold drinks | Office Indoor air temperature***
(Haldi and Robinson 2008)*
(Haldi and Robinson 2011)
Outdoor air temperature™**
(Haldi and Robinson 2008)*
(Haldi and Robinson 2011)
Drinking hot drinks Office Weighted running mean of Indoor air
outdoor air temperature* temperature (Haldi
(Haldi and Robinson 2011) and Robinson
2011)

“Building types can be office, residential, hotel, educational, retail
"Significance levels are *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ! = significance level not
stated
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Table 2.3 Behavioral actions and influencing factors identified related to environmental

adjustments
Name of action Building Factors found to have Factors found to
type? influence on behavior” have no influence
on behavior
2. Environmental adjustments

2.1. Use of heating, v

entilation and air-conditioning (AC) systems

Thermostat
adjustments for
heating

Residential

Indoor relative humidity*
(Fabi et al. 2013)

Outdoor air temperature®**
(Fabi et al. 2013; van der Lans
et al. 2013)

Outdoor air humidity** (Hori
1995)

Solar radiation* (Fabi et al.
2013)

Wind speed* (Fabi et al. 2013)
Time of day* (Fabi et al. 2013)
Interaction frequency with
heating controls*** (Hori
1995; Fabi et al. 2013)
Window opening* (Hori 1995)
Building insulation level***
(Miiller et al. 2010)
Ventilation type* (Keul et al.
2011)

Type of metering (sub-metered
vs. bulk-metered)* (Gunay

et al. 2014)

Expectations* (Keul et al.
2011)

Ownership** (Keul et al.
2011)

Sex! [8]

Clothing** (Hori 1995; Fabi
et al. 2013)

Time of day (Hori
1995)

Heating duration

Residential

Outdoor air temperature®**
(Hori 1995)

Outdoor air humidity*** (Hori
1995)

Wind speed** (Hori 1995)
Building insulation level***
(Miiller et al. 2010)

Heating system type*** (Hori
1995)

Window opening* (Hori 1995)
Level of control*** (Hori
1995)

Understanding how controls
function®* (Hori 1995; Peeters
et al. 2008; Keul et al. 2011)
Clothing** (Hori 1995; Keul
et al. 2011)

Ownership (Hori
1995)

Government
interventions
(Miiller et al. 2010)

(continued)
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Name of action Building Factors found to have Factors found to
type® influence on behavior” have no influence
on behavior
Switch on heating Office Outdoor air temperature (Nicol
2001)
Country (Nicol 2001)
Number of rooms Residential Interaction frequency with
heated heating controls*** (Hori
1995)
Level of control (Hori 1995)
Type of metering (sub-metered
vs. bulk-metered)* (Gunay
et al. 2014)
Type of rooms Residential Level of control*** (Hori Sex (Hori 1995)
heated 1995)
Percentage of Residential Indoor air temperature® (Jian Indoor air
times AC unit used et al. 2015) temperature (Jian
Indoor/outdoor temperature et al. 2015)
difference** (Stephens et al. AC unit used at
2011) home during
Outdoor air temperature™** childhood

(Asawa et al. 2005; Schweiker
and Shukuya 2009)

Outdoor air humidity**
(Asawa et al. 2005; Schweiker
and Shukuya 2009)

Wind direction*®* (Asawa et al.
2005)

Wind speed* (Asawa et al.
2005)

Season** (Asawa et al. 2005)
Time of day** (Asawa et al.
2005; Schweiker and Shukuya
2009; Stephens et al. 2011)
Cooling degree days* (Yun
and Steemers 2011)

Set point temperature of
system} (Stephens et al. 2011)
South orientated window***
(Schweiker and Shukuya
2009)

Top floor*** (Schweiker and
Shukuya 2009)

Number of rooms with AC
unit*** (Yun and Steemers
2011)

Daily length of use' (Jian et al.
2015)

Daily frequency of use' (Jian
et al. 2015)

(Schweiker and
Shukuya 2009)
Climatic
background
(Schweiker and
Shukuya 2009)
Geographic
background
(Schweiker and
Shukuya 2009)
Household income
(Yun and Steemers
2011)

Occupancy patterns
(Jian et al. 2015)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

Preference for AC on*** (Hori
1995)

Sex*** (Schweiker and
Shukuya 2009)

Origin moderate climate®**
(Schweiker and Shukuya
2009)

Geographic background*
(Schweiker and Shukuya
2009)

Health (Kempton et al. 1992;
Iwashita and Akasaka 1997)

Switching on AC
device

Residential

Indoor air temperature (Ren
et al. 2014)! (Schweiker and
Shukuya 2010a)

Comfort range' (Bae and Chun
2009)

Guests coming' (Schweiker
and Shukuya 2010a)

Switching off AC
device

Residential

Leaving room® (Schweiker and
Shukuya 2010a)

Set point
temperature
adjustments for
cooling

Residential

Outdoor air temperature™**
(Schweiker and Shukuya
2010b)

Geographical background***
(Schweiker and Shukuya
2010b)

South orientation window***
(Schweiker and Shukuya
2010b)

Preference for AC on***
(Schweiker and Shukuya
2010b)

Sex* (Schweiker and Shukuya
2010b)

Climatic background***
(Schweiker and Shukuya
2010b)

Floor (top, middle,
ground) (Schweiker
and Shukuya
2010b)

Existence of AC
unit

Residential

Climate*** (Yun and
Steemers 2011)

Household income*** (Yun
and Steemers 2011)

No. of rooms with
AC unit

Residential

Type of AC*** (Yun and
Steemers 2011)

Floor area*** (Yun and
Steemers 2011)

Climate (Yun and
Steemers 2011)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

2.2. Window opening/closing

Window state

Residential

Indoor air temperature* (Rijal
et al. 2007; Yun and Steemers
2008; Andersen et al. 2013)}
(Dick and Thomas 1951; Rijal
et al. 2007, 2008a, b;
Schweiker et al. 2012a)
Indoor air relative humidity*
(Andersen et al. 2013)

CO, concentration* (Andersen
et al. 2013)! (Andersen et al.
2009)

Outdoor air temperature™**
(Herkel et al. 2008)*
(Andersen et al. 2013)" (Dick
and Thomas 1951; Brundrett
1978; Dubrul 1988; Fritsch

et al. 1990; Rijal et al. 2007)
Outdoor air temperature during
day* (Yun and Steemers 2008)
Outdoor air relative humidity*
(Andersen et al. 2013)

Solar radiation* (Andersen

et al. 2013)" (Dubrul 1988;
Andersen et al. 2011)

Wind speed’ (Dubrul 1988)
Time of day* (Andersen et al.
2013){ (Dubrul 1988; Johnson
and Long 2005)

Season* (Andersen et al.
2013)! (Karava et al. 2007;
Rijal et al. 2007; Herkel et al.
2008)

Dwelling type' (Dubrul 1988;
Johnson and Long 2005)
Room orientation' (Dubrul
1988)

Ventilation type} (Brundrett
1978; Dubrul 1988; van
Dongen 2004)

Heating system' (Dubrul 1988)
Room type* (Andersen et al.
2013)" (Dubrul 1988;
Andersen et al. 2009)
Perceived illumination®
(Andersen et al. 2009)

Indoor air
temperature on
arrival (Yun and
Steemers 2008)
Indoor air
temperature during
day (Yun and
Steemers 2008)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

Preference in terms of
temperature’ (Dubrul 1988)
Smoking behavior' (Dubrul
1988)

Presence at home' (Dubrul
1988)

Age' (Dubrul 1988; Kvisgaard
and Collet 1990)

Sex! (Andersen et al. 2009)

Window state

Office

Indoor air temperature***
(Haldi and Robinson 2008)*
(Yun et al. 2008)! (Yun and
Steemers 2008; Yun et al.
2009)

Outdoor air temperature®**
(Haldi and Robinson 2008)
Time of day/arrival (Yun et al.
2009)

Number of persons in a room'
(Schweiker and Wagner 2016)
Attitude towards actions
(active/medium/passive
window user) (Yun et al. 2009)
Personality traits' (Schweiker
et al. 2016)

Perceived control over
temperature® (Yun et al. 2008)

Indoor air
temperature (Yun
et al. 2008)

Window opening

Educational

Outdoor air temperature
(Dutton and Shao 2010)

Window opening

Office

Indoor temperature (Haldi and
Robinson 2008)

Outdoor air temperature (Haldi
and Robinson 2008; Zhang
and Barrett 2012a)

Window closing

Office

Indoor air temperature (Haldi
and Robinson 2009)

Outdoor air temperature (Haldi
and Robinson 2009)
Arrival/intermediate/departure
(Haldi and Robinson 2009)

Degree of opening

Residential

Indoor air temperature*
(Schweiker et al. 2012b)
Outdoor air temperature™®
(Schweiker et al. 2012b)*
(Dubrul 1988)

Indoor air
temperature
(Schweiker et al.
2012b)

Outdoor air
temperature
(Schweiker et al.
2012b)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

2.3. Solar shading de

vice adjustments

Shading device Office Outdoor daylight level’ (Van
position Den Wymelenberg 2012)
adjustment Direct sunlight from outdoors’
(Maniccia et al. 1999), (Van
Den Wymelenberg 2012)
Indoor luminance contrast
(glare)* (Van Den
Wymelenberg 2012)
Design of automation systems
(e.g., lights go off after 15 min
of inferred vacancy)' (Van Den
Wymelenberg 2012)
Orientation of the workstation!
(Van Den Wymelenberg 2012)
View to outside’ (Van Den
Wymelenberg 2012)
Blind state Residential Solar radiation** (Andersen Outdoor air
et al. 2009) temperature
Ownership* (Andersen et al. (Andersen et al.
2009) 2009)
Perceived indoor air Floor area
quality*** (Andersen et al. (Andersen et al.
2009) 2009)
Age* (Andersen et al. 2009) Perceived
illumination
(Andersen et al.
2009)
Thermal sensation
(Andersen et al.
2009)
Perceived noise
(Andersen et al.
2009)
Sex (Andersen et al.
2009)
Blind state Office Indoor air temperature®**

(Haldi and Robinson 2008),
(Inkarojrit 2008)

Mean radiant temperature
(Inkarojrit 2008)

Outdoor air temperature®**
(Haldi and Robinson 2008)
Indoor solar intensity
(Newsham 1994)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

Average luminance of the
window or source luminance
(Inkarojrit 2008)
Background luminance
(Inkarojrit 2008)

Maximum luminance of the
window (Inkarojrit 2008)
Brightness sensitivity
(Inkarojrit 2008)

Solar penetration depth
(Newsham 1994)

Number of persons in room'
(Schweiker and Wagner 2016)
Personality traits' (Schweiker
et al. 2016)

Blind closing

Office

Indoor air temperature (Haldi
and Robinson 2008)

Indoor solar radiation
(Mahdavi et al. 2008)
Outdoor air temperature (Haldi
and Robinson 2008)

Solar radiation (Zhang and
Barrett 2012b)

Solar altitude (Zhang and
Barrett 2012b)

Glare (indicated by indoor
illuminance or irradiance)***
(Haldi and Robinson 2010)
Depth of solar penetration
(Inoue et al. 1988; Reinhart
and Voss 2003)

Exterior solar irradiance
(Reinhart and Voss 2003;
Mahdavi et al. 2008)
Auvailability of AC (Inkarojrit
2005)

Facgade orientation (Inoue et al.
1988; Mahdavi et al. 2008)
Current shade position (Haldi
and Robinson 2010)

Number of occupants in space
(Haldi and Robinson 2010)

Indoor air
temperature
(Lindsay and
Littlefair 1992;
Haldi and Robinson
2010)

Outdoor air
temperature (Haldi
and Robinson 2010)

Blind opening

Office

Outdoor illuminance***
(Haldi and Robinson 2010)
Solar radiation (Zhang and
Barrett 2012b)

View to outside
(Rubin et al. 1978)

(continued)
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Name of action
type®

Building

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

Solar altitude (Zhang and
Barrett 2012b)

Morning upon arrival
(Newsham 1994)
Occupancy events (e.g., first
daily arrival) (Haldi and
Robinson 2010)

Facade orientation (Inoue et al.

1988; Mahdavi et al. 2008)
Current shade position***
(Haldi and Robinson 2010)

Blind opening

Residential

Time of day (Bennet et al.
2014)

Day of week (Bennet et al.
2014)

Fagade orientation (Bennet
et al. 2014)

Window size (Bennet et al.
2014)

Solar radiation
(Bennet et al. 2014)
Season (Bennet

et al. 2014)

Blind closing

Residential

Time of day (Bennet et al.
2014)

Day of week (Bennet et al.
2014)

Facade orientation (Bennet
et al. 2014)

Window size (Bennet et al.
2014)

2.4. Light switching/dimming

Light Residential

switching/dimming

Outdoor air temperature®*
(Andersen et al. 2009)

Solar radiation*** (Andersen
et al. 2009)

Perceived illumination**
(Andersen et al. 2009)
Thermal sensation* (Andersen
et al. 2009)

Weekend schedule! (Jian et al.
2015)

Daily length of use® (Jian et al.
2015)

Daily frequency of use' (Jian
et al. 2015)

Sex* (Andersen et al. 2009)
Age* (Andersen et al. 2009)

Perceived noise
(Andersen et al.
2009)
Ownership
(Andersen et al.
2009)

Floor area
(Andersen et al.
2009)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

Office

Workplace illuminance’
(Newsham et al. 2008)
Outdoor daylight level"
(Newsham et al. 2008)
Interior design and furniture
layout} (Maniccia et al. 1999)
Ease and convenience of using
building system interfaces
(e.g., light switches)"
(Maniccia et al. 1999)

Light switch on

Office

Work plane illuminance’ (Hunt
1979; Newsham 1994; Love
1998; Reinhart and Voss 2003;
Lindel6f and Morel 2006)
Time of day/events: morning
arrival, after lunch, leaving{
(Newsham 1994)

Light switch off

Office

Departure’ (Lindel6f and
Morel 2006)

Workplace
illuminance
(Lindelof and Morel
2006)

2.5. Fan usage

Ceiling fan usage

Office

Efficiency of ceiling fan'
(Schweiker et al. 2014)
Number of persons in room'
(Schweiker and Wagner 2016)
Personality traits' (Schweiker
et al. 2016)

Desk fan usage

Office

Indoor air temperature***

(Haldi and Robinson 2008)
Outdoor air temperature™**
(Haldi and Robinson 2008)

2.6. Occupancy (sche

dule driven)

Residential

Time of day{ (Johnson 1981;
Al-Mumin et al. 2003; Yao
and Steemers 2005)

Time of week® (Johnson 1981)
Season (and its effect on time
spent outdoors)** (Marino

et al. 2012)

Number of persons in
household® (Yao and Steemers
2005)

Elderly status’
(Johnson 1981)

(continued)
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Name of action

Building
type®

Factors found to have
influence on behavior®

Factors found to
have no influence
on behavior

Building type (detached house,
apartment, etc.)! (Farley 1978)
Age' (Papakostas and
Sotiropoulos 1997)

Gender' (Papakostas and
Sotiropoulos 1997)

Marital status’ (Johnson 1981)
Culture! (Al-Mumin et al.
2003)

Employment status’
(Papakostas and Sotiropoulos
1997)

Office

Time of day' (Page et al. 2008;
Duarte et al. 2013)

Weekday vs. weekend' (Page
et al. 2008; Davis and Nutter
2010; Duarte et al. 2013)
Weekday (Monday, Tuesday,
etc.)! (Davis and Nutter 2010;
Duarte et al. 2013)

HolidaysI (Duarte et al. 2013)
Season' (Duarte et al. 2013)
Profession’ (Feng et al. 2015)
Office type (open plan vs.
private)I (Duarte et al. 2013)
Room type (e.g., break room,
conference room, ofﬁce)*
(Duarte et al. 2013; Feng et al.
2015)

Business/activity type' (Davis
and Nutter 2010)

Culture and occupant density'
(Van Meel 2000)

Culture and working hours
(Iwasaki et al. 2006)

2.7. Use of electronic

devices

Level of electricity
consumption

Residential

Persons per dwelling**%*
(Jensen 2004; Gram-Hanssen
2005)

Income** (Gram-Hanssen
2005)

Area of the dwelling**
(Gram-Hanssen 2005)
Teenagers in the household**
(Gram-Hanssen 2005)

Age** (Gram-Hanssen 2005)

Sex (Gram-Hanssen

2005)

(continued)
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Name of action Building Factors found to have Factors found to
type® influence on behavior” have no influence
on behavior
Electricity Residential Heating degree days* (Mora Type of house
consumption et al. 2015) (Mora et al. 2015)
Area of the dwelling*** (Mora | Type of external
et al. 2015) wall (Mora et al.
Income™* (Mora et al. 2015) 2015)
Number of household Year of construction
members* (Mora et al. 2015) (Mora et al. 2015)
Average age** (Mora et al. Structure (Mora
2015) et al. 2015)
Age of household head** Type of windows
(Mora et al. 2015) (Mora et al. 2015)
Energy saving
lamps (Mora et al.
2015)
Sex (Mora et al.
2015)
Number of Residential Income (Gram-Hanssen 2005)
appliances
Use of appliances Residential Household size' (Lutz et al.
1996)
Education! (Vine et al. 1987)
Use of appliances Office Duration of vacancy period Indoor and
following a departure! (Gunay environmental
et al. 2016) conditions (Tetlow
Computer type{ (Webber et al. et al. 2015)
2006; Moorefield et al. 2008)
Company size' (Roberson
et al. 2002)
Occupancy rate! (Nordman
et al. 1996; de Menezes 2013)
Power management program
settings’ (Kawamoto et al.
2004; Lobato et al. 2011)
Habits—non-behavioral
factors' (Tetlow et al. 2015)
Awareness, peer pressure, and
competitionI (Yun et al. 2013;
Lasternas et al. 2014)
Use of appliances Educational | Awareness and peer pressure,
competition, and economics’
(Brewer et al. 2011)

(continued)
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Table 2.3 (continued)

Name of action Building Factors found to have Factors found to
type® influence on behavior” have no influence
on behavior

2.8. Domestic hot water usage

Shower duration Residential Weekday or weekend'
(Aguilar et al. 2005)

Season® (Kondo and Hokai
2012)

Household size! (Ministerie of
VROM 2009)

Low-flow shower head'
(Campbell et al. 2004;
Ministerie of VROM 2009)
Boiler' (Ministerie of VROM
2009)

Income' (Ministerie of VROM
2009)

Geographic background'
(Foekema et al. 2007)

Age' (Ministerie of VROM

2009)

Sex! (Foekema et al. 2007)
Frequency of Residential Geographic background' (van
bath/shower Dongen 2004)

Household composition
(Ministerie of VROM 2009)
Age* (Ministerie of VROM
2009)

Sex! (Foekema et al. 2007)

“Building types can be office, residential, hotel, educational, retail
bSigniﬁcance levels are *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ' = significance level not
stated

an example, the authors of this chapter prefer a consistent and meticulous usage of
terms; however, many studies neither report the exact approach used in survey data
collection, nor specify whether they collected data of, for example, indoor air
temperature or indoor operative temperature. In these cases of ambiguity the terms
used in the original source are used.

In addition to the results of previous studies related to specific actions or
influencing factors, Table 2.2, 2.3 and 2.4 show the variation in the number of
studies dealing with one action or another. This organization can help in choosing
the type of action to be investigated—for example, numerous studies have dealt
with window opening and closing behaviors in both residential and office settings,
whereas individual adaptive actions, such as drinking behaviors, change of activity
levels, etc. have not been investigated as extensively and solely in the residential
context. Therefore, based on all three tables, some of the major research gaps
requiring additional study could be identified. That said, even for those cells with
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Table 2.4 Behavioral actions and influencing factors identified related to spatial adjustments

Name Building Factors found to have influence on Factors found to have
of type® behavior” no influence on

action behavior

3. Spatial adjustments

3.1. Movement from a room to another

Any or While it is generally understood that -
none occupants may relocate within a building to
improve comfort, no experimental/in situ
results were found in the literature

3.2. Rotation or minor movements within a room

Any or While it is generally understood that -
none occupants may rotate, change their posture,
and relocate within a room to improve
comfort, no experimental/in situ results
were found in the literature

“Building types can be office, residential, hotel, educational, commercial (shopping)
"Significance levels are *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ' = significance level not
stated

numerous references, it might be meaningful to conduct additional studies that
include other predictor variables, whether based on data from a distinctive cultural
background, geographic context, or building characteristics. Comparative studies
(e.g., Schweiker and Shukuya 2009; Schweiker et al. 2016; Schweiker and Wagner
2016) have demonstrated that many actions are contextually sensitive or differing
due to personal characteristics, and that numerous studies in different contexts (e.g.,
climates, cultures, building types, mechanical systems) are required to properly
understand a particular action.

Regarding the data points to include in data collection and analysis, it seems
obvious to include those variables which have been found to be significant pre-
dictors for the respective action. At the same time, it should be noted that a variable
found to be non-significant in a given context in one specific study (e.g., residential
buildings in cold climates) could have a significant influence on the given action in
the same context in a second study. Only by repetition can preliminary results
deriving from one experiment or field study be either confirmed or challenged.

By all means, the authors recommend that the reader not make decisions based
only on these tables, but also refer to the corresponding studies in order to learn
more about their data collection process, analysis methods, general circumstances,
and limitations. Such a step is important and necessary before deciding whether
predictor variables should be included or not. In addition, the presented tables are
not exclusive in the sense that important predictors might not be listed or studies
reporting different results may have been overlooked. The authors recommend that
researchers use this comprehensive literature review prior to embarking on major
occupant monitoring campaigns, but that they also perform an additional review on
their own as new research continually emerges.
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Research exploration of influencing variables for seldom explored domains, such
as spatial movements or changes in body posture, are particularly difficult.
Tables 2.2, 2.3 and 2.4 offer some guidance for such exploration. It is important to
analyze which predictors are found to be influencing a particular action and/or
comparable actions the most. For example, indoor thermal conditions appear to
influence most thermal comfort-related adaptive actions. A thorough analysis of
Tables 2.2, 2.3 and 2.4, together with rational thinking of potential pathways and
influences, would facilitate the research exploration of these and other unexplored
actions

Importantly, the number of variables reported to have no influence on action is
rather small compared to those reported to have an influence. Based on this
chapter’s literature review, it remains unknown whether in fact there are few
variables that have no influence on specific actions, or whether this is a matter of
known scientific bias due to a higher probability of significant results being
reported. It is highly recommended that researchers report all variables measured
and analyzed, regardless of their significance, in order to improve the knowledge of
the research area and to avoid repetitive, fruitless work.

2.5 Conclusion

This chapter has summarized previous occupant behavior research with a focus on
providing basic definitions and a comprehensive list of occupant actions and their
influencing factors. The chapter should be interpreted in the context that the field of
occupant behavior monitoring and modeling is in active development, where many
domains have been studied in only a few buildings and contexts or by only a few
researchers, if at all. Accordingly, researchers who are embarking on new moni-
toring campaigns should combine the information that was presented in this chapter
and in the most recent literature with common sense and an appreciation for bal-
ancing research rigor with practicality (costs, time, etc.). Moreover, for monitoring
campaigns that are destined to support modeling and simulation, researchers should
be familiar with the modeling capabilities of common building simulation tools
because simulation tools must actually calculate the model predictors for the model
to be of use. For instance, even if individual occupant sensitivity to glare is a good
predictor for window blind actions, metrics capable of quantifying this phenomenon
are either too complex to be calculated (e.g., the daylight glare probability, DGP) or
unavailable as an output in many building performance simulation (BPS) tools.
Similarly, most BPS tools do not model odor; thus, this would not be a practical
predictor for window opening action models. On the other hand, variables such as
age can still be useful in order to select modeling parameters for specific design
tasks—for example, the design of a retirement home.

The studies reviewed in this chapter strongly support the notion that occupant
behavior is influenced by a large number of complex variables that extend well
beyond physical phenomena to include social and psychological factors.
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Researchers should take considerable care and rigor in both measuring and docu-
menting these phenomena. Model users must be made aware of the contexts upon
which observational studies and models were built, otherwise models may be
applied in entirely different and inappropriate building contexts.

Among the occupant action domains explored in this chapter, some have ben-
efitted from decades of research in diverse contexts, while others have been seldom
researched. The actions that have been studied more extensively include: window
opening in both commercial and residential buildings, occupant control of heating
and cooling in homes, and window blind and lighting control in office buildings.
Many domains require much more research, including: occupant posture, occupant
repositioning in response to discomfort, and lighting use in residential buildings, to
name a few.

One of the conclusions of this chapter is that it is crucial for future occupant
monitoring campaigns to be published with sufficient detail to inform future
researchers and save redundant effort. Contrary to common practice, as evidenced
in Tables 2.2, 2.3 and 2.4, both the influencing factors that were found to be
significant and those found to be insignificant should be documented. If several
comprehensive studies indicate that a given variable is not a significant predictor in
a particular domain, future studies can avoid diverting limited resources towards
that variable. Moreover, the statistical significance of predictive variables should be
determined and reported, as currently there is a large degree of variability in the
literature in this regard. It is likewise critical to have consistent reporting of other
technical terms. For instance, this chapter’s literature review revealed that numer-
ous papers did not specify whether “interior temperature” refers to indoor air
temperature, operative temperature, mean radiant temperature, or even internal
body temperature. Precision and consistency in the usage of terms is essential for
the field of occupant research to move forward.

This chapter also introduced the most commonly studied occupant domains and
provided a summary of existing literature in this area. The authors attempted to
summarize the existing literature so that researchers can maintain focus in the
potentially overwhelming sea of literature that has built over the last decades. The
next chapters provide practical and fundamental guidance on research methods for
collecting occupant data using a variety of unique approaches.
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