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A B S T R A C T   

Buildings consume energy for different purposes. One core function is to provide healthy and comfortable living 
conditions for the humans that inhabit these buildings. The associated energy use is significant: taken together, 
buildings are responsible for roughly 40% of the world’s total annual energy consumption. This large percentage 
makes the built environment an important target for researchers, policy makers, innovators and others who aim 
to decrease energy consumption and the associated emissions of Greenhouse Gases (GHG). Unfortunately, the 
significant body of research on energy efficient buildings conducted since the 1970s has had only a limited 
impact on the overall energy use of the sector, and this remains a serious concern. The energy use of buildings 
shows a strong correlation with the activities of the building occupants. A key factor that makes it hard to curb 
building energy use is a lack of understanding of building occupant behaviour. This paper reviews research on 
building occupant behaviour in two stages. The first stage reviews important issues, milestones, methodologies 
used, building types analysed and progress achieved related to the topic, as reported in the most frequently cited 
papers. The second stage focuses on recent work in the area and investigates ‘state of the art’ developments in 
terms of questions asked and solutions proposed. The aim is to identify problems and knowledge gaps in the field 
for future projection. Recent research on the topic is analysed, taking account of methodologies, building types, 
locations, keywords, data sampling and survey size. Based on a critical analysis of the literature, the following 
outcomes can be reported: research on building occupant behaviour relies strongly on quantitative methods, but 
studies are mostly located in the northern hemisphere and in developed and high-income countries. The 
dominant research topics associated with occupant behaviour are energy demand and thermal comfort, followed 
by retrofit and renovation. Most research focuses on technical aspects rather than socio-economic issues. Current 
research is mostly limited to studies of single buildings and typically lacks data-gathering standards, which 
makes it hard to conduct cross cultural data comparisons. Most research concentrates on individual topics, such 
as window, door and blind adjustments, effects of Heating Ventilating Air Condition (HVAC) systems etc. and 
does not provide a wider, holistic view that can be linked to social and economic factors.   

1. Introduction 

The increasing need for energy is among the key challenges facing 
the economic, environmental, societal, industrial and academic 

development of humanity. The International Energy Agency (IEA) 
regularly reviews the state of the art in this field. In a report from 2018, 
two important points were made: (i) In that year, the average global 
energy consumption increased by almost twice the average rate of 
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growth since 2010 and (ii) a historic high was reached with energy 
related CO2 emissions, which increased by 1.7% to 33.1 Gt CO2 [1]. 

Since people are spending more and more time indoors [2,3] there is 
a strong need to save energy from buildings. It is well-known that 1/3 of 
primary energy [4] and 40% of energy resources worldwide is consumed 
by the built environment [1,4,5,6,7]. Contrary to general belief, 
“buildings do not use energy: people do” [8]. Janda [8] comments that 
there is a deficiency in the understanding of occupant behaviour, but 
this factor is often ignored in the built environment. Although occupant 
behaviour plays an essential role in driving the building energy con
sumption through heating, cooling, ventilation and artificial lighting 
systems [9] and has a strong impact on the general thermal performance 
of buildings [4,10], there is still a lack of understanding of the intricate 
interaction between humans and buildings. Generally, the amount of 
research published on this topic has been limited [11]. However, there 
has been a strong increase in interest [12] since the beginning of the new 
millennium, leading to a significant growth in research on occupant 
behaviour and its outcomes (Fig. 1). 

Different publications emphasize various aspects of occupant 
behaviour. For instance, D’Oca et al. [13] analysed human dimensions, 
while Stazi et al. [14] reviewed driving factors and Naylor et al. [15] 
analysed occupant-centric energy control systems. Amasyali and El- 
Gohary [16] classified papers on occupant behaviour based on data 
driven energy consumption prediction, while Delzendeh et al. [17] 
analysed papers based on parameters influencing occupants’ energy 
behaviour. Jung and Jazizadeh [18] classified review papers based on 
their topics, while de Bakker et al. [19] focused on lighting, Guyot et al. 
[20] on ventilation and Khosrowpour et al. [21] reviewed papers based 
on their data analysis methodologies. 

An examination of the scope of recent papers reveals that technical 
issues are the most prominent topics. Quantitative research that analyses 
data is increasing [17,21,22]. Residences and offices are the building 
types that are the most studied, while monitoring and surveying are the 
most common methodologies for data gathering [23]. Although di
versity between different occupant groups in various regions and 
countries [24], as well as variation between socio economic groups [25], 
is mentioned, occupant behaviour is still mostly considered at the in
dividual building-scale and not at the urban-scale [26]. Strikingly, it has 
been reported that the low energy consumption of buildings cannot 
solely be guaranteed by technology [13]. 

A related area of research that attracts a high degree of interest is the 
‘energy performance gap’. This gap is related to the difference between 
the predicted and actually measured amount of energy used in buildings 
[27,28]. Mostly there is a significant difference, which means building 
energy performance targets are missed. In one of several studies on the 
performance gap [29,30] de Wilde [31] identifies occupant behaviour as 
one of the main underlying reasons for its existence. Maintaining 

comfort conditions of occupants is the main reason for energy con
sumption in buildings. Variation in building design, building systems, 
weather, indoor air temperature, relative humidity, air speed and 
occupant-centric parameters such as clothing, metabolic rate, cultural 
habits, attitudes and life-styles all may contribute to varying comfort 
conditions in which occupants consume energy. Furthermore, occupants 
are individual human beings, and therefore it is hard (and often 
controversial) to group them into predefined categories using a classi
fication based on their culture, location, society, status, lifestyles, in
come, vulnerability, age, gender etc. [4]. To conserve energy in 
buildings, occupant comfort conditions should be maintained while 
accommodating the occupants’ habits, attitudes, profiles, lifestyles, de
mographics, socio-economic status, vulnerabilities, and other limita
tions. Although comfort conditions are targets and these target 
conditions may not always be achievable, overlooking topics such as 
lifestyles, vulnerabilities, and limitations with lack of their measures/ 
metrics might be one the most important reasons for the energy per
formance gap in buildings (Fig. 2). However, some critical questions 
about the relation between occupant behaviour and building energy 
performance have been asked by Mahdavi [32]. 

Demographical change affects society in several ways. Since in
dividuals spend a good portion of their life in buildings, a healthy and 
comfortable environment is vital for occupants’ well-being and pro
ductivity, as well as energy conservation [33,34]. It is known that 
different age groups with different metabolism rates, health and 
vulnerability conditions tend to use different levels of building energy. 
Moreover, income and vulnerabilities may be listed as factors limiting 
the consumption of energy. The increasing life expectancy of humans 
due to developing technology, better health care and effective public 
precautions also has an impact on building energy consumption. 
Buildings, like people, inevitably age. Close to 64% of the European 
Union (EU) building stock is over 35 years old. Average consumption 
was 185 kWh/m2, while space heating constituted 60 – 80% of con
sumption [24]. Income, type of ownership, size, and respondent’s age 
are household characteristics that are known to have an influence on the 
use of energy [35]. Resilience of buildings, along with occupant 
behaviour, may be another topic for the coming decades. Older pop
ulations occupying older buildings may lead to increased energy con
sumption in the near future. 

As buildings are omnipresent, addressing the performance of the 
existing building stock has become a major challenge [36]. In principle, 
the reduction of energy use in buildings can be achieved in two ways. 
The first is to invest in technology and the second is to invest in changing 
occupant behaviour. In general, human beings can be considered as 
quite flexible to changes of climate conditions, lifestyles, developing 
technology, attitudes etc. Buildings, on the contrary, are a lot less flex
ible than humans over their operation period. Technological 

Fig. 1. Journal Papers published in English related to Occupant Behaviour between the years 2000–2019, based on Scopus records.  
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modifications of buildings take time, need a serious amount of invest
ment, and payback times cannot fully be estimated. Using the human 
capacity for adaptation may allow societies to get fast paybacks and 
efficiency results. This is not expensive and has a fast response time. 
Supporting this idea, Yue et al. [37] argue that promoting the use of 
energy-efficient technologies, as well as further developing such tech
nologies, is not enough to tackle high levels of environmental pollution 
and energy consumption. Occupants should not be considered as the 
only actors who will solve the problems. It is obvious, however, that the 
challenges of reducing energy consumption and bridging the energy 
performance gap in buildings require a deep understanding of occupant 
behaviour. 

1.1. Aim and objectives 

This paper explores the current knowledge based on occupant 
behaviour in relation to the energy consumption of buildings. It dis
cusses the current ‘state of the art,’ identifies research challenges, and 
reviews ongoing research efforts. The contribution of this review paper 
is twofold. Firstly, it provides an extensive and deep literature review to 
understand current research in this field. Secondly, it outlines what 
needs to be investigated next in order to progress the domain. 

In more detail, the paper has the following objectives:  

1. To investigate the current body of knowledge on building occupant 
behaviour, specifically homing in on the interaction between 
humans and buildings, occupant attributes, and different categories 
of occupants.  

2. To explore current efforts in the field of building occupant behaviour 
in terms of the coverage of the domain, with specific attention to 
knowledge gaps, underexplored areas, and hyperbole in some areas.  

3. To review the methodologies used in building occupancy studies 
reported in the literature in terms of research focus, methodology 
used, building types studied, geographical coverage, data sampling, 
and dataset size.  

4. To identify areas that need further work.  
5. To develop suggestions for future research. 

1.2. Overview of the paper 

The paper is organized according to the objectives and covers the five 
main themes, namely, introduction (Section 1), literature review (Sec
tion 2), followed by ongoing efforts (Section 3), discussion (Section 4) 
and conclusion (Section 5). 

The introduction gives an overview of the research area and defines 
specific problems based on review and research papers. The section is 
built on developments and milestones in the field from the publications 
that are most often cited. 

Further literature is reviewed in seven different sub-sections by 
defining the role of occupants in building energy use, scrutinizing 

occupant and occupants attitudes, the importance of occupant behav
iour, discussing the differences between energy efficiency, consumption 
and conservation, focusing on the importance of data for analysing 
occupant behaviour and reviewing building types used in previous 
studies by concentrating on the near future and its challenges. The 
literature is reviewed on the basis of review and research papers pub
lished in the field. 

‘Ongoing efforts’ is the deep analysis of research published in the last 
two years in seven internationally indexed – Social Science Citation 
Index (SSCI), Science Citation Index (SCI), Science Citation Index- 
Expanded (SCI-E)- journals, namely Building and Environment, Build
ing Research & Information, Energy and Buildings, Energy Research & 
Social Science, Energy Policy, Journal of Building Engineering, and 
Renewable & Sustainable Energy Reviews. The journals that have been 
selected are all listed in the Scopus database and have been chosen on 
the basis of their impact factor and on earlier publication numbers 
related to occupant behaviour. This chapter is followed by discussions 
that critically analyse up to date research and conclusions based on the 
outcomes of the review. 

1.3. Methodology 

The literature review in this paper has been conducted in two rounds. 
In the first round, papers in the field are reviewed from a wider timeline, 
covering the one hundred papers most often cited in the field. The first 
two sections inspect the literature for contextualization, providing an 
overview and describing recent developments to clarify the main topics 
and challenges in the field. Review and research papers related to 
occupant and building interaction, performance gap, hot topics of dis
cussion and overlooked issues are categorized. 

The second round of reviews conducts a critical analysis of work 
published in the last two years in seven internationally indexed (SSCI, 
SCI, SCI-E) journals. This review analyses the ongoing efforts to under
stand cutting-edge developments and current innovations in the field. 
The discussion section critically analyses up to date research and dis
cusses what has recently been done and what action will be carried out 
next. The paper concludes with outcomes of the review, followed by 
future work projection. The research reviewed around 300 papers in 
total to provide projections for future research. Most, but not all, of these 
papers are cited in this article. 

2. Literature Review 

This section of the paper reviews the existing literature on building 
occupant behaviour in the papers that are most often cited. The papers 
used in this chapter are carefully chosen from research and review ar
ticles in the Scopus database under the term “Occupant Behavio(u)r”. 
Papers with a different focus area, such as fire safety, health sciences, 
accident analysis, transportation, which are included in the term, have 
been excluded. The section lays out the main issues to frame the 

Fig. 2. Effects of Occupant Behaviour on the building energy performance gap.  
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developments and challenges to be discussed in seven sub-sections. The 
outcomes of this section contribute to drawing a framework of the 
analysis of the current practice for ongoing efforts in Chapter 3. 

2.1. Role of occupants in building energy use 

Descriptive statistics give a general feel for the important role of 
buildings and their occupants in the environmental challenges facing the 
world. Buildings consume approximately 80% of their life cycle energy 
during their operation [38] which is roughly more than 4 times the 
embodied energy [39]. Overall, 36% of the global final energy con
sumption is jointly attributable to existing buildings and building con
struction, and close to 40% to total direct and indirect CO2 emissions 
[40]. 

The importance of occupant behaviour in the energy performance of 
buildings has been pointed out by many authors, such as Nicol & 
Humphreys [41] Clarke [42] Baker & Standeven [43], Nicol [44], and 
Mahdavi & Kumar [45]. The Report of IEA Annex 53, on occupant 
behaviour, lists triggers for occupant actions, such as biological, psy
chological, and social contexts, time of day, building/installation 
properties, and the physical environment [46]. This report positions 
occupant behaviour as addressing the first stage of Maslow’s pyramid of 
need when considering energy consumption in buildings. A few years 
later, IEA Annex 66 [47], in a project related directly to occupant 
behaviour, reported that the behaviour of occupants plays an important 
part in their standard of comfort and their use of energy. 

Building energy consumption is significantly influenced by the oc
cupants’ behaviour [48]. Yu et al. [49] define seven important factors 
influencing the total energy consumption of buildings, namely climate, 
building related characteristics, user related characteristics, building 
services systems and operations, occupants’ behaviours and activities, 
social and economic factors and indoor environmental quality. Occu
pants, simply by their presence, passively affect the energy balance of 
buildings [50]. Occupants are also responsible for consumption, emis
sion and waste produced, and consume energy in buildings for different 
reasons to maximize their comfort though their use of Heating, Venti
lation, and Air Conditioning (HVAC) systems, cooling, lighting, plug 
loads/appliances, and domestic/service water heating [4]. 

Occupancy is difficult to measure and model in building research, 
even though it may be listed as a key factor in building energy use [51]. 
D’Oca et al. [13] defines occupancy patterns as the key driver of 
building performance for residential buildings. They are also important 
for energy related calculations and simulations considering specific is
sues [52]. The general profile of occupants can be used to further 
develop energy saving policies specific to certain sectors of society [52]. 
Consequently, while patterns are used mostly for individual research, 
profiles are also needed for larger scale implementations. Occupant 
profiles and patterns can be developed, based on detailed data analysis 
[35] and nationwide statistical analysis [53]. However, the literature 
does not provide an agreed profile or patterns for group populations in 
studies focused on Europe and the United Kingdom (UK) [54]. 

To conclude, occupants with their different profile and activity patterns 
are the main drivers of energy use in buildings. Occupants not only consume 
energy as a consequence of their presence but also with their operative control 
related to building type. Besides, occupants play an active role by changing 
thermostat set points, tuning radiator and light switches etc. to adjust the 
indoor air environment. However, due to variances in occupants’ back
grounds, it is not easy to model or measure occupancy to determine energy 
consumption in buildings. 

2.2. Occupants and occupant attributes 

The term “occupant” stems from the Latin term verb “occupare” and 
is typically defined as a person who resides or is present in a house, 
vehicle, seat etc. [55]. Within the domain of buildings, a more specific 
definition may be: occupants are human beings who occupy a space 

within a building for some purpose, who have their own comfort re
quirements and expectations regarding the environment they occupy 
[47]. Occupants interact with the buildings, modifying the indoor 
environment to maintain their personal comfort, which is a necessary 
pre-condition for health, well-being and productivity [56]. In this 
respect, occupant behaviour can be defined as the presence of people in 
the building in relation to actions of adjustment to the indoor environ
ment [57]. Nicol and Humphreys [58] state that people react to change 
in order to restore their comfort if a modification of their environment 
occurs. On the other hand, occupancy is not a singular term and does not 
only represent individuals. The term is also related to the presence of 
people in a building, occupying space, the number and location of 
people in a space, and all of these in relation to time [59]. Understanding 
the adaptive approach to thermal comfort; control by occupants might 
be viewed as a decision-making process that takes certain physiological 
and psychological assessments into consideration before any control 
action is carried out [60]. 

Behavioural change is a term that is used to describe a process 
whereby occupant behaviour is modified in some way. This is mainly 
considered to be achievable at little or no cost, without hi-tech knowl
edge, and to have the potential to decrease energy consumption. The 
opportunity is applicable to both new and existing buildings [61] and 
effects may be attained in the short term compared to other in
terventions. Each individual human being has a distinct personal his
tory, attitude, sociocultural attributes (such as age, gender, education 
and wealth/income) and shows variations in physical and mental 
health, relationships with family and friends, and the amount of free 
time each has, all of which all have an effect on the energy-related 
behaviour in buildings [62]. In addition, socio-economic characteris
tics may affect lifestyle, attitudes and preferences [63]. Since occupants 
have different habits, attitudes and thus different influences on energy 
consumption in buildings, occupant profiles are often used to define 
segregation between clustered groups. Occupancy patterns, different 
from profiles, are used to define actions and reactions within a certain 
time scale. 

To conclude, occupancy is the term given to humans who occupy a space 
and who interact with buildings. Occupants react to modifications in their 
environment to restore their comfort. The comfort conditions such as tem
perature, humidity, indoor air quality, sunlight etc. may vary due to the 
different profiles of occupants. Occupant profiles classify people based on 
demographics related to age, gender, single-family, vulnerability etc. Different 
profiles may have different activity patterns, which may change over time. 
However, there are as yet no cross-culturally agreed occupancy profiles or 
patterns to group building occupants. 

2.3. Importance of occupant behaviour 

An occupant’s interaction with a building and its systems to adjust 
indoor air quality and thermal comfort plays a significant role in the 
total energy use [35,48,64], as well as the specific energy performance 
of buildings [65]. As reported by Fabi et al., [65], Kirsten [66] and Yan 
et al. [67] research exploring identical buildings and identical envelopes 
has identified occupant behaviour as a significant driver for variation of 
energy consumption, CO2 emissions and waste production. A deep un
derstanding of occupant behaviour is vital for the accurate prediction of 
operational energy use in buildings [68]. However, occupants are not 
homogenous groups of people. Moreover, occupants may not always 
react on the basis of logic but may also be driven by their emotions, 
which may reflect numerous variables. Occupant behaviour is listed as 
one of the important reasons for the performance gap [31] since its 
complexity and its dynamics make it difficult to capture. 

Nguyen and Aiello [69] point out that occupancy-based control may 
allow for a significant amount of energy savings in HVAC and lighting 
systems. Ouyang and Hokao [62] state that occupant behaviour affects 
household electricity use directly. Similarly, Gill et al. [70] conclude 
that occupant behaviour in low-energy dwellings has a significant 
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impact on heat and electrical energy consumption. Moreover, van Dam 
et al. [71] reported, on the basis of research by Brohus et al. [72] and 
Crosbie and Baker [73], that the behaviour of occupants played an 
important part in the varying degrees of consumption of domestic 
energy. 

Even though the world’s attention seems to be focused on improving 
technology for energy efficiency, poor occupants’ behaviour in terms of 
wasting energy requires more serious attention [61]. Occupants may 
also change their behavioural patterns due to increased awareness. The 
European Environment Agency [74] reports that different measures 
targeting consumer behaviour may help to save up to 20% of energy 
demands. For example, positive effects of policy coverage of total final 
energy consumption in buildings led by lighting has effects on building 
sector energy intensity, which is decreasing [75]. Levy and Belaid [53] 
affirm that a better understanding of the processes of energy consump
tion can be obtained by paying more attention to the use of energy by 
individuals or groups and by applying anthropological, sociological and 
geographical methods to the study of residential practices and life-styles. 
Policy makers and researchers should not fall into the trap of blaming 
people and making no investment in buildings. Energy conservation in 
buildings should take occupants into account but cannot depend solely 
on changing occupants’ behaviour. 

Occupancy-related information is not only useful for building energy 
management but also for safety, security, and emergency response [76]. 
Occupants develop adaptive behaviours and interact with buildings. 
Human-building interaction based on passive and active control systems 
follows the same philosophy of human–machine interaction as is 
established in the wider engineering domain. For example, machine 
learning algorithms have effectively been used in Building Energy 
Management Systems (BEMS). Occupant behaviour is seen as a vital 
factor in reduction of the ecological footprint [77]. And finally, occupant 
behaviour must be taken into account for Life Cycle Assessment (LCA), 
especially for operational estimation [78]. 

Occupants adapt themselves for the building environment for the 
best possible fit of their comfort requirements and indoor environment 
conditions. However, occupant behaviour is affected by several 
contextual factors, such as socio-cultural background, demographics, 
personal limitations, lifestyles etc. Considering occupant behaviour is a 
key factor of energy consumption; a better understanding of it is needed 
for energy management that covers efficiency and conservation in 
buildings. 

To conclude, buildings consume energy: this consumption, however, is 
driven by the needs of occupants. Occupants are the ones who consume en
ergy, cause greenhouse gas (GHG) emissions and produce waste in buildings. 
Occupants have a direct effect on the heating, cooling, and ventilation of 
buildings. They are one of the most important reasons for the energy per
formance gap and have the biggest impact on consuming energy. That is why 
occupant behaviour is one of the hot topics related to energy conservation and 
efficiency in buildings. 

2.4. Energy efficiency, conservation, and consumption 

Energy saving measures work in different ways and therefore need to 
be selected on the basis of a good understanding of the workings of 
specific buildings [79]. Conserving energy, however, is not the same as 
reducing consumption or increasing efficiency, two terms that are 
frequently confused and poorly understood [80]. Energy efficiency and 
energy conservation are related terms, but each has a distinct meaning 
[81]. According to the Energy Information Administration (EIA) [81] 
energy efficiency relates to the use of technology to provide the same 
service with less energy, while conservation relates to any intervention 
that results in the use of less energy in relation to the total amount of 
energy used. Energy efficiency may be increased, and consumption can 
be reduced, through a better understanding of occupant behaviour in 
buildings. Another key point to remember is the need to define time 
intervals and metrics when calculating consumption. Depending on 

context, one may for instance decide to aggregate energy data as weekly, 
monthly, seasonal or annual, or to measure energy use per person, 
household, building volume or floor area. Consumption may be 
compared in relation to a specific target or goal of research. By way of 
example, reference can be made to the outcomes of research by Levy and 
Belaid [53]. They state that consumption intensity per person may vary 
according to the diversity of households. However, the age of house
holds and their consumption may be totally different, whereas con
sumption per square meter remains relatively stable. One of the 
outcomes of their research was that larger households with more 
members consume more energy overall, although the individual energy 
usage of a member of such a household is decreased [53]. Thus, re
searchers must align their targets with their method of analysis. Mean
ingful outcomes require the use of meaningful performance measures 
and the correct use of statistics. 

Varying habits, attitudes and lifestyles among individuals in a society 
render the definition of energy- based measures complicated and force 
researchers to inspect several issues related to interactions between 
these measures and human beings. To achieve energy targets, people 
should ask themselves to define their objectives for energy consumption 
in buildings. According to Filippin et al. [82] saving energy is more cost- 
effective than producing energy. Consuming less energy reduces GHG 
emissions, preserves resources and decreases users’ energy costs. The 
research of Steinberger et al. [83], which was concerned with negawatt 
and energy saving in relation to reduced consumption, reveals that EU 
targets for the reduction of GHG emissions by 2050 are unachievable 
through technological improvements alone. 

Pre-bound and rebound effects are also important tasks to deal with 
in considering energy efficiency related to occupant behaviour. Hens 
et al. [84] and Santin [85] define the rebound effect as added energy 
used after retrofitting, while Sunikka-Blank and Galvin [86] explain the 
pre-bound effect as using less energy than expected before any retro
fitting. Both are believed to cause a gap between measured and per
formance consumptions due to the behaviour of occupants. 

To conclude, it should not be forgotten that (i) energy efficiency might not 
decrease total consumption of energy but might positively affect energy 
conservation and that (ii) energy efficiency and conservation have positive 
effects on reducing energy consumption. However, these two factors might be 
subject to prebound and rebound effects related to occupant behaviour. 

2.5. Importance of data for analysis of occupant behaviour 

Data, whether quantitative or qualitative, is crucial to all analysis of 
occupant behaviour. Qualitative research gathers data about opinions, 
attitudes, perceptions and understandings of people and groups in 
different contexts, using interviews, focus groups, observation, case 
studies, etc., while quantitative research gathers data in terms of 
numbers, using surveys, statistics, modelling etc. [87]. Quantitative 
research provides the best means of testing hypotheses and quantifying 
relationships, whereas qualitative methods are appropriate for explor
atory studies or for acquiring deeper levels of information [87]. 

It may be noted that recent research on occupant behaviour is highly 
focused on data collection and analysis. Hong et al. [48] define four 
areas in which data should be gathered: (i) occupant movement and 
presence, (ii) thermal comfort sensation and control, (iii) operation of 
windows, shades and blinds and (iv) operation of lighting and electrical 
equipment. One of the biggest obstacles with regard to data collection is 
the lack of standardized data-gathering, storage, and analysis protocols. 
Privacy issues also pose a problem [48]. Furthermore, occupancy data 
collection at the building scale is highly varied [54] and exact details of 
the underlying data-gathering and analysis often remain vague. With 
only a few exceptions, all reviewed research papers use data analysis 
combined with case/field study, surveys, questionnaires, interviews or 
monitoring. In recent research, excellent data analysis has been ach
ieved using different statistical methods, mathematical formulations 
with capable computer systems and simulation tools. Consequently, 
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quantitative research easily stands out amongst the many quantitative or 
mixed-mode efforts. However, Day and O’Brien [88] point out the 
importance of data gathering based on qualitative research for detailing 
hidden and important facts which quantitative research may overlook. 
Most of the research related to occupant behaviour is conducted during 
post occupancy stages. 

Post Occupancy Evaluation (POE) is the evaluation of a building 
based on its performance with occupants [89,70]. According to a review 
by Li et al., [23] energy use is by far the most explored issue. POE can be 
applied to any type of building. To have statistically significant out
comes, however, demographics and the size of samples of occupants 
should be carefully chosen. Research based on POE has been produced 
by Vale and Vale [90] for domestic energy use and lifestyles, Korsavi 
et al. [91] for adaptive behaviours, and Gonzales-Caceres et al. [92] for 
evaluation in social housing. 

Monitoring, whether for a single building or dwelling is one of the 
methods most often used in studies of occupant behaviour [54]. Records 
of energy consumption based on bills and meter readings may be listed 
as basic methods. More advanced approaches employ motion sensors, 
vision- based technology, Radio Frequency (RF) based technology, 
Passive Infrared Sensors (PIR), multi- sensor networks, CO2 sensors, 
acoustic sensors, air pressure sensors, Device Free Localization (DFL), or 
virtual sensors [76,54]. The monitoring period is important for under
standing monitoring results. Seasonal effects are often critical and 
monitoring for a full year may be needed to capture the full complexity 
of the observed quantities in sufficient detail [67]. Demographics should 
be taken into account when deciding on sample size. Time intervals for 
monitoring vary from 1, 5, 10, 15, 30 or 60 min to daily, weekly, sea
sonal and yearly intervals, depending on the specific purpose of the 
research. Research based on monitoring is to be found in Gilani and 
O’Brien [93] for in situ monitoring for offices and Abubakar et al. [94] 
for energy monitoring devices 

Simulation can be defined as the digital representation of the 
behaviour of a building, process or a system. Challenging factors in 
building simulation are the representation of social constraints and dy
namics, lack of stressors, and unfamiliarity with the environment [67]. A 
large number of simulation tools is available for the prediction of a 
building’s energy consumption [56] and new tools are regularly intro
duced with highly different underlying models and opportunity of use. 
Melfi et al. [95] and Yan et al. [67] list temporal, spatial, and state 
resolutions for occupancy modelling as challenging factors, requiring 
knowledge of occupancy (activity type, identity and number of occu
pants with a specific state), spatial resolution (community, building, 
zone and room) with time intervals (seconds, minutes, hours, days and 
years). Yu et al. [49] assert that it is not possible to define all the effects 
of occupant behaviour and activities through simulation, due to the 
behavioural diversity and complexity of users. There are several 
methods and systems that attempt occupant modelling in the field. Some 
of these are based on Statistical-Linear Regression, Bayesian Probability, 
Logistic Regression, Support Vector Regression, t-test, the U test, the 
Pearson chi-square test, the KS test, Time Series, the Stochastic Standard 
Markov Model, the Markov Chain-Monte Carlo, the Hidden Markov 
Model, the Layered Hidden Markov Model, the Autoregressive Hidden 
Markov Model, the Dynamic Markov Time-Window Inference, Various 
Probability Distributions, the Machine Learning- Support Vector Ma
chine, the Artificial Neural Network, the Decision Tree, Classification 
Methods, Polynomial Regression, Clustering, Bayesian Networks, Pres
ence Sense and Optimization [48,76]. Building performance simulation 
is a low-cost and efficient alternative for analysing and optimising 
building designs and systems [12]. Research based on simulations can be 
accessed in Virote and Neves-Silva [64] (occupant behaviour assessment 
based on stochastic models); Yang and Becerik-Gerber [96] (a system
atic review of simulation programs for coupling of occupancy informa
tion with HVAC energy simulations); and Feng et al. [59] (simulations of 
occupancy in buildings). Moreover, an occupant behaviour XML 
schema, obXML, has been developed for exchange of occupant 

information modelling and integration with building simulation tools 
[97,98] 

Surveys are valuable for gaining knowledge of relationships among a 
group of variables [4] and are often used in social science. Different 
approaches can be discerned, such as transverse, longitudinal, and 
background surveys [68]. Validation is important for the avoidance of 
misinformation [67]. Research with large datasets based on surveying 
can be found in Acharya and Sadath [99] for surveys of more than 
40,000 households conducted over a period of several years to investi
gate the relationship between energy poverty and economic develop
ment. Time User Surveys (TUS), which aim to identify, quantify and 
classify people, are also used for profiling occupants with large datasets 
and likewise the research of Barthelmes et al. [100]. 

Questionnaires provide a well-known method for gathering data for 
analysis and are often used in occupant behaviour studies. An important 
piece of information about in questionnaire research is the response rate. 
However, this information is often missing from occupant behaviour 
research. Questionnaires can be augmented by diaries and observation 
and focus groups. Research on the use of questionnaires in the field of 
occupancy has been provided by Carpino et al. [101]. 

To conclude, data is crucial for occupant behaviour research, whether 
quantitative or qualitative. Advanced methods are used to gather reliable 
data for the analysis of occupant behaviour. Extensive data sets are required 
to find trends within this challenging domain. However, no standards or 
protocols have so far been developed, which makes it difficult to compare 
data originating from different research projects. 

2.6. Building types researched in previous studies 

There is a close relation between building type, typical occupants, 
and occupant behaviour. However, research on occupant behaviour is 
not evenly split over all building types. Most research focuses on resi
dential buildings, offices, educational buildings, and healthcare facilities 
[7]. These types represent different fractions of the overall building 
stock; residences form a major part of the total building stock and thus 
represent the most common building type [102]. It is worth keeping in 
mind that everyone is linked to some sort of residential building; a house 
can be considered as “a machine to live in” [103] for twenty-four hours, 
which entails a constant consumption of energy. Although people may 
not be present during the full twenty-four hours, many systems of the 
house will still be consuming energy in their absence. For instance, 
equipment such as refrigerators will run all day; other systems, such as 
heating, are likely to remain on during winter at a reduced setpoint to 
prevent freezing. In some countries cooling and air conditioning may 
also run during hours of non-occupation in summer. Systems such as 
home security apparatus, fire alarms and similar appliances also have to 
be kept on for twenty-four hours a day all year round, which requires a 
continuous energy supply. 

Personal choices have a strong influence on energy use [104,105], 
and a house has more options for personalisation than socially shared 
spaces in other building types [27]. People may adjust themselves and 
change environmental conditions in their own homes on the basis of 
their personal preferences in ways that may not be possible in shared 
spaces. In contrast to other building types, the limited number of people 
who share a home can often be seen to constitute a homogenous group. 
However, a variety of personal differences may remain, leading to po
tential conflict among family members [106]. Residential units have 
been well studied by researchers who carry out case or field studies. 
However, an important problem with the research on occupants in 
residential settings is the issue of privacy [12] and data confidentiality. 
Sensor-based monitoring within a house might thus be challenging 
[107]. Moreover, outcomes of a survey may fail to reveal exact realities, 
due to seasonal effects, mood, boredom, a suspicious attitude towards 
surveys and concerns related to privacy. These constraints make data on 
occupants of residences difficult to gather and analyse. Another concern 
within residences is further classification of the building typologies. A 

T. Harputlugil and P. de Wilde                                                                                                                                                                                                              



Energy Research & Social Science 71 (2021) 101828

7

resident can have the use of very different buildings that have widely 
differing attributes in terms of size, geometry, status, location, physical 
appearance, heating systems, energy performance, dwelling type etc. 
Although these buildings are all classified as residential buildings, major 
differences can make it very hard to compare outcomes for different 
residents. However, it is also important to note that most residents pay 
their own energy bills, which impacts their perception of building en
ergy consumption [108]. 

The office is another building type that is frequently studied in 
occupant behaviour research. Compared to residences, offices have 
more shared spaces, contain more people and involve hierarchical 
management structures [109]. These occupants typically are a hetero
geneous group, consisting of adults with different backgrounds. People 
generally spend one third of their day in offices [110]. Unlike residences, 
offices are mostly occupied during daytime and more active systems are 
used for HVAC. Certain appliances, mostly those related to Information 
and Communication Technologies (ICT), are standard features of an 
office. HVAC systems, their setpoints and other operational decisions are 
often centrally controlled and based on time schedules and automated 
settings via a BEMS, especially in large, modern office buildings. Yet 
data gathering in an office could be easier compared to that in most 
other building types. Unlike residences, the activity patterns of occu
pants in offices are relatively steady and relate mostly to working hours. 
This eases the definition of occupancy patterns, especially where data 
analysis is done in the context of simulation-based research. Since offices 
are assigned as working places, there may be benefits for researchers in 
using this work environment as a living laboratory, without distracting 
occupants’ attention. Easy access to infrastructure for monitoring 
equipment may be another positive contribution to data gathering [93]. 
Where offices use BEMS, these systems may be accessed to see detailed 
setpoints and timings. Data can also be reviewed for longer times if the 
system contains a logging facility. On the other hand, whenever energy 
systems are more advanced, effects on occupants may arise which 
require a deeper understanding of occupant behaviour. Furthermore, 
since there will be different stakeholders using an office, there will be a 
variety of occupant profiles for comfort and satisfaction levels. Social 
interaction may impact the interaction with office HVAC control sys
tems, such as thermostats or light switches, and this may cause some 
occupants to be less satisfied with comfort conditions [111]. According 
to Chen et al., [112] there are no universally applicable human-building 
interactions - “one size fits all”-, encompassing differences in culture, 
gender, etc., that effectively provide both comfort and energy savings in 
workplaces. However, office occupants may tend to consume less energy 
where they pay their own energy bills and are owner-occupiers. 

A third building type often used in occupant research is educational 
facilities, such as university buildings and schools. Having groups of the 
same age and with similar educational backgrounds enables researchers 
to analyse more homogenous groups. Profiling students and defining 
patterns may be easier because students are in the same age groups with 
regular activities related to learning. As with offices, education generally 
takes place during daytime and weekdays. Since education proceeds in 
terms and semesters, the energy consumption may have peak values at 
certain times, but not continuously over the year. Data gathering thus 
can only be undertaken for a certain period of time and privacy may still 
be of concern, as occupants may be underage. Different disciplines and 
corresponding traditions and cultures make it more challenging to 
evaluate and compare buildings on the same basis. Educational facilities 
may also have their own policies in terms of maximizing energy con
servation, which is seldomly the case for other building typologies. 
Research by Tucker and Izadpanahi [113] found that sustainable school 
design plays an important role in shaping children’s environmental at
titudes and behaviour. Thus, educational buildings might also be eval
uated for their active contribution to inspire new generations to 
conserve energy. 

Different occupants may occupy different types of building during 
the day. A user may be a resident of a house for the evening, a worker in 

an office in morning and a student at a school in the afternoon. Although 
these different spaces are occupied by the same user, his/her actions 
may vary according to the comfort conditions in these spaces in different 
time intervals [114]. This is due to variation in social codes, behavioural 
patterns, attitudes, lifestyle and different social roles. Each type of 
occupant behaviour should be analysed in its own specific contexts. 

To conclude, offices, residences, and educational buildings are the most 
common building types that are studied in occupant behaviour research. 
Defining occupant patterns in offices and schools is easier than in residences 
because of the regularity of activity. Although residences represent a higher 
energy consumption in buildings, privacy and accuracy are still major con
cerns in relation to data gathering. 

2.7. The near future and challenges 

The National Aeronautics and Space Administration (NASA) has 
revealed that the decade 2010–2019 was the hottest that it has ever 
recorded, while the National Oceanic and Atmospheric Administration 
(NOAA), which has a climate record dating back 140 years, has reported 
that 2016 was the hottest year, closely followed by 2019 [115]. At the 
same time, the world’s limited non-renewable energy, water and ma
terial resources are being consumed by an increasing population with a 
growing demand for energy. Society will eventually exhaust these re
sources, and moreover cause further GHG emissions with a substantial 
amount of waste, thus further exacerbating climate change and global 
warming. Wang et al., [116], whose research related to statistics from 
the IEA and the World Bank, reported that energy use and CO2 emissions 
per capita rose significantly between the years 1960 and 2010 
[117,118]. Climate change and global warming are at the top of the 
United Nations’(UN) agenda. Each day, further studies reflect the 
impact of climate change [119] which may amplify diseases [120], 
energy and water shortages and energy and fuel shortages [119] around 
the world. The UN, in an attempt to counter these trends, has introduced 
17 urgent sustainable development goals, including affordable and clean 
energy, sustainable communities and cities, climate action and life on 
land [121]. 

The Energy Performance Building Directive (EPBD) recast [122] was 
introduced by the EU in 2010 and drives objectives of Nearly Zero En
ergy Buildings (NZEB) and cost optimization. Society needs to act 
immediately and cannot wait until the years 2030 or 2050 to achieve 
such targets. At a generic level, the EU 2020 has aimed to meet the 
following targets: (i) 20% cut in GHG emissions (from 1990 levels) (ii) 
20% of EU energy generation from renewables (iii) 20% improvement in 
energy efficiency [123]. The outcomes by the end of the year will yield 
insights into the feasibility of the 2030 targets of (i) a minimum of 40% 
cuts in GHG emissions (from 1990 levels) (ii) at least a 32% share for 
renewable energy (iii) a proposed minimum 32.5% improvement in 
energy efficiency [265]. However the targets for the 2050 goal to curb 
the global temperature increase to well below 2 ◦C and efforts to keep it 
to 1.5 ◦C. have already failed, according to the global warming report of 
the Intergovernmental Panel on Climate Change (IPCC) [124]. 

Economic growth particularly affects energy consumption. Accord
ing to the EIA, overall energy consumption in the US has almost tripled 
over the last 70 years [125]. For the reasons mentioned above, energy 
awareness campaigns are a worthwhile investment [61] in order to 
improve building energy performance and to bridge the gap between 
predicted and actual energy consumption in buildings [126]. 

It should be kept in mind that a “one size fits all” approach does not 
apply to different building types and across varying cultural cases. 
Occupant awareness and level of knowledge should also be kept in mind. 
Due to complexity of the physical, physiological, and psychological 
factors of humans, modelling occupants in simulations remains chal
lenging [67]. Topics based on long term behavioural effects, such as 
adaptive behaviour and evolving occupant profiles and patterns, need 
long term monitoring or extended survey periods, which is demanding. 
Structuring datasets remains a challenging topic for researchers, as there 
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are no agreed standards or policies. Issues of sampling size, frequencies 
and monitoring protocols for measurement equipment and calibration 
are still subject to contention, which makes it impossible to compare 
cross-culturally gathered data. 

To conclude, due to the complexity of humans, it is not easy to estimate, 
model or calculate the behaviour of building occupants. Furthermore, the lack 
of standards and protocols for data gathering with accuracy of data are 
challenging areas in the field of building occupant research. Global warming 
and climate change are existent realities. Buildings are one of the highest 
consumers of energy, producing waste and GHG emissions and on an urban 
scale may be listed as one of the hot topics on the political agenda. 

3. Ongoing efforts 

The previous sections have reviewed the interaction between occu
pant behaviour and building energy consumption. The following section 
presents a detailed analysis of publications in seven leading academic 
journals in the time frame 2018–2019. All articles are published in En
glish and indexed in Scopus, namely Building and Environment, Build
ing Research & Information, Energy and Buildings, Energy Research & 
Social Science, Energy Policy, Journal of Building Engineering, and 
Renewable & Sustainable Energy Reviews. This section aims to capture 
the cutting edge of research in this area, and to direct needs for future 
work. 

The papers are organized on the basis of the topics of the research 
and their study type. Furthermore, building types are also considered 
where research methodologies are used. Location of the research is also 
categorized with country and hemisphere information (Table 1). The 
table reflects the current status of research related to occupant behav
iour, helping the reader to understand the main efforts and revealing 
topics that may have been underestimated or overlooked. The meth
odologies of current research are analysed to allow correlation between 
the method and the research topic. 

3.1. Current Status/Topics of Research 

The research presented in the selected papers is mostly focused on 
technical aspects rather than socio-economic issues. In the papers from 
2018 and 2019, most of the work studies residential buildings, with 
some addressing offices. Energy is the dominant research topic in the 
domain, followed by thermal comfort. Other recurring subjects are 
window operation, retrofit & renovation, lighting, fuel poverty, and 
energy models (simulation). Some other research topics not listed above 
but present in the dataset are vulnerability [119], technical performance 
of buildings with occupants [53], the rebound effect [253], energy 
management [254], occupant drivers [255], user experience in low 
energy homes [256], NZEB [257], the energy performance gap [30], and 
energy metrics [82]. Effects of the impact of childhood and early 
adulthood on energy consumption [258], and analysing gender dy
namics in slum rehabilitation housing [259] may be noted among rarely 
seen research topics in the field. Apart from the research papers, some of 
the review paper topics other than those listed above are occupancy 
detection [189], domestic hot water consumption [25], the human 
dimension in energy use [13], life cycle assessment [78], low carbon 
energy measures [260], and research techniques [22]. Research mostly 
centres on singular buildings or a small group of buildings in an urban 
context. There is a limited number of papers related to research about 
rural areas [261], districts [262], and the urban scale [151]. 

Most of the papers use data gathering techniques, such as monitoring 
and surveys. Large datasets are reported by van den Brom et al. [204], 
Levy and Belaid [53], Acharya and Sadath [99], and Damari and Kis
singer [142]. However, no evidence has been found on the standardi
zation of data gathering, protocols and sampling, which makes it hard to 
conduct comparative analysis across these projects. 

3.2. Locations of Research 

The papers studied report on findings from 158 different locations in 
36 different countries. 147 of the locations are in the northern hemi
sphere, while only 11 are in the southern hemisphere. Since 88% of the 
global population lives in the northern hemisphere, this strong focus of 
research on the northern hemisphere is logical (Fig. 3). The work mostly 
stems from research in the USA, UK, China, the Netherlands, France, and 
Germany. Note that these are all developed and strongly industrialised 
countries where the average income is higher than the global average. 
While energy is a major challenge for developing countries, there seems 
to be little work that explores how occupant behaviour research might 
contribute to an understanding of the energy needs and problems of 
those countries. 

3.3. Classification of research and keywords used 

A deeper review of the keywords listed in the papers shows that 47% 
of them relate to technical issues, 28% to socio cultural aspects, 13% to 
construction issues and 12% deal with financial issues. Not surprisingly, 
the most widely used keyword is occupant behaviour, followed by 
thermal comfort, energy efficiency, building energy, residential build
ing, and office building (Fig. 4). Energy performance, machine learning 
and energy consumption may be listed as the closest followers. Energy, 
thermal, building and occupant are the most referred main terms. A total 
number of 1009 keywords was used for the papers. Lifestyle, de
mographics, low income and NZEB are amongst the rarely used 
keywords. 

4. Discussion of Research in papers reviewed 

This paper explores the state of the art of research on the interaction 
between occupant behaviour and energy efficiency in buildings. The 
investigation focuses on papers from two years, 2018 and 2019, pub
lished in seven internationally indexed (SSCI, SCI, SCI-E) journals. This 
focus is important when assessing the outcomes. 

Several papers on occupant behaviour have contributed in-depth 
reviews of the technical, constructional, financial and socio-economic 
effects of occupant behaviour on energy consumption in buildings. 
Most research is focused on technical aspects, such as adjusting win
dows, doors, blinds/sunshades, lighting adjustments, and the control of 
HVAC systems (both manually and automated), rather than on socio- 
economic issues. The mostly commonly researched building types are 
residences and offices, followed by educational facilities. 

Quantitative and qualitative data is the basis of all research reported 
in the literature. Several methodologies have been used, with in
terviews, observation, case studies, surveys, monitoring and simulation 
tools frequently appearing to compute details and to explore ‘what-if’ 
scenarios for further analysis. Lack of a standard for data gathering and 
lack of protocols for data analysis make it difficult to compare outcomes. 
Modelling the energy consumption of occupants is another challenge in 
the field. For the most part, occupant attitudes and preferences have a 
significant impact on the use of energy resources [7]. It can be noticed 
that a general trend in research related to technical issues is centred 
around analysis of the operational habits of occupants. Occupant 
behaviour research usually requires a combination of social science and 
physical science [22]. The full complexity of human activity cannot 
easily be represented by patterns or profiles. One challenge is that 
humans are not always rational decision makers and that they do not 
always have fixed attitudes. Furthermore, occupants may change 
behavioural patterns during the daytime. At other times, a building user 
may behave differently and may not adapt comfort conditions in some 
spaces on the basis of external issues, such as social codes. Contrary to 
behavioural models, which mostly focus on a single action or activity 
generated by one or more environmental variables, recent studies are 
supporting approaches which consider complicated behaviour, different 
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Table 1 
Classification of reviewed papers.  

Topic of the research Study 
Type 

Building Type Methodologies Used Country Hemisphere Reference 

Activity Estimation Research Residence, 
School 

Monitoring, Simulation, Data Analysis Denmark North [127] 

Adaptive Behaviour Review Building Literature Review   [91] 
Research Residence Survey, Data Analysis Denmark North [128] 

Air Condition Research Office Monitoring, Simulation, Data Analysis United States of America 
(USA), China 

North [129] 

Research Residence Survey, Monitoring, Simulation, Data 
Analysis 

South Korea North [130] 

Research Residence Monitoring, Data Analysis China, North [131] 
Research Residence Monitoring, Simulation, Data Analysis China North [132] 

Behavioural Effects & Interventions Review Residence Literature Review   [133] 
Research Residence Data Analysis UK North [134] 
Research Residence, 

Office 
Survey, Data Analysis United Arab Emirates North [114] 

Research Residence Survey, Data Analysis UK North [135] 
Research Residence Monitoring, Simulation, Data Analysis UK North [136] 
Research Office Survey, Data Analysis USA North [137] 

Cooling Research Residence Simulation, Data Analysis USA North [138] 
Demand Side Response Review Buildings Literature Review   [139] 

Research Buildings Expert Interviews UK North [140] 
Research Residence Field Study, Data Analysis UK North [141] 

Electricity Consumption Research Residence Survey, Data Analysis Israel North [142] 
Research Residence Panel Data, Data Analysis Singapore North [143] 
Research School Monitoring, Data Analysis France North [144] 

Energy Consumption Research School, Day Care Monitoring, Simulation, Data Analysis Finland North [79] 
Research Residence Survey, Data Analysis France North [145] 
Research Residence Monitoring, Simulation, Data Analysis EU North [146] 
Review  Literature Review   [147] 

Energy Demand Research Residence Survey, Data Analysis Kuwait, North [148] 
Research Residence Monitoring, Systematic Comparison, 

Data Analysis 
New Zealand South [149] 

Research Residence Data Analysis UK North [150] 
Review Urban Building Literature Review   [151] 

Energy Efficiency (Retrofit) Research Residence Data Analysis The Netherlands North [152] 
Research Residence Monitoring, Simulation, Data Analysis Germany North [153] 

Energy Performance Review Building Literature Review   [11] 
Research Residence Literature Review The Netherlands North [154] 
Research Office Survey, Monitoring, Simulation, Data 

Analysis 
Egypt North [155] 

Energy PerformanceCertificate 
/Evaluation 

Review Residence Literature Review, Data Analysis UK North [156] 
Research Residence Survey, Data Analysis Germany North [157] 
Research Residence Data Analysis Japan North [158] 
Research Residence Monitoring, Data Analysis Germany North [159] 

Energy Poverty Research Residence Survey India North [99] 
Research Residence Data Analysis Germany, China North [160] 

Energy Use Research Commercial Monitoring, Data Analysis USA North [161] 
Research Residence Data Analysis Greece North [162] 
Research Residence Survey, Data Analysis Greece North [163] 
Research Office Monitoring, Data Analysis USA North [164] 

Fuel Poverty Research Residence Simulation, Data Analysis Chile South [165] 
Research Residence Data Analysis France North [166] 
Research Residence Data Analysis France North [167] 
Research Residence Simulation, Data Analysis, Sensitivity 

Analysis 
Greece North [168] 

Research Residence Data Analysis Scotland, UK North [169] 
Research Residence Survey, Data Analysis UK North [170] 

Heating Review Residence Literature Review   [171] 
Review Residence Literature Review EU North [24] 
Research Residence Data Analysis, Simulation Switzerland North [172] 
Research Residence Survey, Data Analysis Ireland North [173] 
Research Residence Survey, Data Analysis UK North [174] 
Research Residence Interview, Survey UK North [175] 

Indoor Air / Environment Quality Review Residence Literature Review   [176] 
Research Residence Monitoring, Data Analysis   [2] 
Research Residence Monitoring, Data Analysis China North [177] 
Research Residence Survey UK North [178] 
Research Office Survey, Interview, Data Analysis USA North [179] 
Research Residence Monitoring, Validation Australia South [180] 

Lighting Research Office Monitoring, Survey, Data Analysis USA North [181] 
Research Office Monitoring, Survey, Data Analysis Canada North [182] 
Research Office Monitoring, Survey, Data Analysis China North [183] 
Research Office Survey, Data Analysis USA North [184] 
Research Office Survey, Data Analysis USA North [185] 

(continued on next page) 
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Table 1 (continued ) 

Topic of the research Study 
Type 

Building Type Methodologies Used Country Hemisphere Reference 

Research Office Survey USA North [186] 
Research Office Simulation, Data Analysis Canada North [107] 

OCCUPANCY 
Pattern 
Profiles 
Sensing 
Detection 

Research Office Monitoring, Data Analysis Italy North [187] 
Research Residence Survey, Data Analysis Denmark North [100] 
Research Office Monitoring, Data Analysis USA North [188] 
Review Building Literature Review   [189] 
Review Building Literature Review   [15] 
Research Residence Monitoring, Data Analysis Ireland North [190] 
Research Residence Monitoring, Data Analysis Portugal North [191] 
Research Residence Simulation, Data Analysis UK North [54] 

Occupant Comfort Research Residence Survey, Data Analysis Denmark North [192] 
Research Office Survey, Data Analysis Canada North [193] 

Occupant Satisfaction Research Office Survey, Data Analysis China North [194] 
Research Residence Survey, Data Analysis The Netherlands North [195] 

Performance gap Review Building Literature Review   [30] 
Research Building Interview, Data Analysis Australia South [196] 
Research Residence Survey, Data Analysis The Netherlands North [28] 

Retrofit & Renovation Research Residence Monitoring, Survey, Data Analysis UK North [197] 
Research Buildings Monitoring, Simulation, Data Analysis UEA North [198] 
Research Residence Simulation, Data Analysis The Netherlands North [199] 
Research Residence Survey, Monitoring, Data Analysis UK North [200] 
Research Residence Data Analysis UK North [201] 
Research Residence Monitoring, Data Analysis Argentina South [82] 
Research Residence Simulation, Data Analysis Italy North [202] 
Research Office Survey, Data Analysis, Sensitivity 

Analysis 
Middle East North [203] 

Research Residence Survey, Data Analysis The Netherlands North [204] 
Research Residence Survey EU North [205] 
Research Residence Data Analysis USA North [206] 

Simulations(Energy Models) Review  Literature Review   [207] 
Review  Literature Review   [26] 
Research Building Simulation, Data Analysis   [208] 
Research Office Data Analysis USA North [209] 
Research Residence Monitoring, Simulation, Data Analysis China North [210] 
Research Office Simulation, Data Analysis Hong Kong North [211] 
Research Office Monitoring, Simulation, Data Analysis USA North [212] 
Research Residence Mock-up, Monitoring, Simulation, Data 

Analysis 
UK North [213] 

Smart Buildings / Houses Research Building Experiment, Monitoring, Data Analysis   [214] 
Research Residence Field Study, Monitoring, Interview UK North [215] 

Thermal Comfort Review  Literature Review   [34] 
Review  Literature Review   [216] 
Research Office Survey USA North [217] 
Research Residence Monitoring, Survey, Data Analysis Chile South [218] 
Research Office Monitoring, Data Analysis USA North [219] 
Research Office Monitoring, Data Analysis Poland North [220] 
Research University 

Building 
Survey, Monitoring, Simulation South Korea North [221] 

Research Dormitory Monitoring, Simulation, Data Analysis China North [222] 
Research Residence Monitoring, Logbook, Data Analysis The Netherlands North [223] 
Research Residence Survey, Simulation, Data analysis Greece North [224] 
Research Residence Monitoring, Survey Japan North [225] 
Research Residence, 

Office 
Monitoring, Simulation, Data Analysis USA North [226] 

Research Office Data Analysis, Simulation USA North [227] 
Research Residence Monitoring, Survey, Data Analysis China North [228] 
Research School Survey, Data Analysis Australia South [229] 
Research Residence Interview, Survey, Data Analysis Germany North [230] 
Research Office Survey, Monitoring Brazil South [231] 
Research Nursing Monitoring, Survey, Data Analysis Australia South [232] 
Research Office Survey, Monitoring China North [233] 
Research Office, Hospital Survey, Monitoring The Netherlands North [234] 
Research Office Data Analysis USA North [235] 

Uncertainty Analysis Review  Literature Review   [236] 
Research Office Simulation, Data Analysis France North [237] 

Ventilation Research Residence Monitoring, Simulation, Data Analysis Portugal North [238] 
Research Office Monitoring South Korea North [239] 
Research Residence Monitoring, Data Analysis The Netherlands North [240] 
Research Residence Monitoring, Survey, Data Analysis China North [241] 
Research School Survey India North [242] 
Research School Monitoring, Simulation, Data Analysis USA, India North [243] 

Window Research Office Monitoring, Simulation, Data Analysis Austria North [244] 
Research Office MonitoringSurvey, Data Analysis China North [245] 
Research Office Monitoring, Data Analysis China North [246] 
Research School Monitoring, Survey, Data Analysis Hungary North [247] 

(continued on next page) 

T. Harputlugil and P. de Wilde                                                                                                                                                                                                              



Energy Research & Social Science 71 (2021) 101828

11

lifestyles and the interaction between users [14]. Cole et al. [263] have 
commented that performance gaps stem less from the design and tech
nology that is applied to buildings than from the disparity between 
assumed and actual occupant behaviour and the operation of controls 
and management. It can be observed that most building energy con
sumption models provide only short-term analyses and neglect to 
represent long-term profiles and predictions [147]. 

It may be a good time to change the perspective not only of the 
content -research topics and methodologies used for occupant behav
iour- but also of the context. Total energy consumption of the built 
environment cannot be reported via analysis of singular buildings. 

Occupant behaviour within the building should be tracked, together 
with interactions with the neighbourhood, district, regions and cities. 
Fraysinnet et al. [151] claim that topics such as energy price, income, 
population density, urban morphology etc. are being ignored whenever 
a single building or a small group of buildings is analysed. Strategies to 
manage energy related to occupant behaviour should be developed 
within communities, while the differences between energy efficiency, 
energy conservation and energy consumption need to be borne in mind. 
Analyses of underdeveloped societies should also be undertaken; in such 
societies energy and fuel poverty may be the fundamental limitations. 
Humphries [264] points out that it is not possible to define a multifactor 

Table 1 (continued ) 

Topic of the research Study 
Type 

Building Type Methodologies Used Country Hemisphere Reference 

Research Residence Monitoring, Data Analysis China North [248] 
Research Office Monitoring, Simulation, Data Analysis Germany North [249] 
Research Residence Simulation, Data Analysis Germany North [250] 
Research Office Survey, Simulation, Data Analysis China North [251] 
Research Office Survey, Monitoring, Data Analysis UK North [252]  

Fig. 3. Locations of the research based on reviewed papers.  

Fig. 4. Distribution of keywords used 4 times or more in reviewed papers.  
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index of the indoor environment that would perfectly fit different cul
tures and countries of the world. Underdeveloped and developing 
countries need more research dedicated to the improvement of their 
capacity for energy conservation. Standardization of data gathering 
should be improved in order to make it possible to use data worldwide 
and to make it possible to comparatively analyse similar research topics 
in different locations, and to make big data available. Such standardi
zation attempts, along with protocols, will form a basis for developing 
new parameters and measures where current ones fall short. Studies 
with an interdisciplinary approach are essential, since human activities 
can best be analysed through a wider collaboration of disciplines. Oc
cupants with their differing social contexts and, specific social and 
psychological variables should be taken into account in the assessment 
of human-building interaction. A wide range of these variables should be 
considered, in terms of target behaviours (curtailment vs. efficient be
haviours), demographics (e.g., income level), and building type (com
mercial vs. residential) [4]. 

Hong et al. [97] point out that optimal decisions and an overall 
improvement in human behaviour should be considered along with new 
technologies for energy efficiency in buildings. Statistical analysis of 
large samples of surveys while monitoring only single buildings or 
limited groups of people may not provide holistic approaches with 
worldwide applicability. Researchers should focus on immersive meth
odologies to understand occupants better and to cope with the perfor
mance gap. 

5. Conclusion 

Current research suggests that the effects of occupant behaviour on 
energy efficiency and conservation in buildings are mostly under
estimated, oversimplified, misunderstood, or disregarded. However, 
typical data gathering efforts in the field face challenges regarding 
sample size and selection, and issues pertaining to the analysis meth
odologies implemented. A lack of standardised data gathering ap
proaches is of concern. 

An in-depth review has highlighted the following challenges: 

1) Studies of occupant behaviour are typically limited to single build
ings or to a small group of buildings over short time intervals. There 
is limited research on occupants residing in interacting buildings. 
Occupant behaviour is still considered at the individual building- 
scale.  

2) Data gathering about occupant behaviour does not follow well- 
established protocols or standards. Consequently, it is hard to 
compare data gathered in different research projects that have been 
conducted in different geographical locations. Therefore, it is hard to 
investigate and define cross-cultural and societal differences.  

3) Research on occupant behaviour is heavily based on quantitative 
research located in the northern hemisphere and from developed 
countries with higher per capita income. Consequently, the effects of 
financial issues, such as fuel poverty and other socio-cultural factors, 
are generally disregarded or overlooked. Moreover, due to this 
geographical focus, occupant behaviour studies prioritise heating 
over cooling of buildings.  

4) Most research does not employ holistic approaches. Typical research 
is focused on specific technical topics in a singular area of interest, 
such as window adjustment, lighting systems, heating systems or set 
point control. More attention should be paid to interdisciplinary 
research. 

5) Specific areas, such as defining the backgrounds of comfort condi
tions and analysing lifestyles of occupants, may be listed as the less 
popular research topics concerning building occupant behaviour. Yet 
habits and attitudes differ across cultures, regions, climate, geogra
phy and local topography. Research therefore should pay more 
attention to lifestyles in order to understand profiles and patterns of 
occupants. Further human attributes should be explored within the 

context defined for occupancy, especially for the quantification of 
socio- cultural habits such as attitudes and lifestyles. New or com
posite metrics need to be developed to define such occupant traits. 
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