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ABSTRACT

EXPLORING ENERGY-RELATED OCCUPANT BEHAVIOR IN OFFICE
BUILDINGS: AN INTERDISCIPLINARY STUDY IN THE CONTEXT OF
BUILDING PHYSICS AND SOCIAL PSYCHOLOGY

Caglayan, irem
Ph.D., Department of Interior Architecture and Environmental Design
Advisor: Prof. Dr. Yasemin Afacan
Co-Advisor: Asst. Prof. Dr. Mehmet Sakin

December 2024

This thesis presents a novel approach to occupant behavior (OB) modeling in
office buildings by integrating psycho-social behavioral clusters with
environmental parameters through fuzzy logic modeling. Traditional building
performance simulations often rely on static and generalized assumptions,
which fail to capture the dynamic and complex nature of human behavior in
energy use, contributing to the energy performance gap. This research
addresses this challenge through a three-step methodology: (1) online study, (2)
field study, and (3) fuzzy logic modeling. Each step informs the next, culminating

in a holistic framework for more accurate energy performance predictions.

In Step 01, three distinct behavioral clusters were developed using the Theory of
Planned Behavior, Self-Determination Theory, and habit and comfort constructs,
capturing different energy-saving tendencies, motivation, and comfort needs.

Step 02 mapped these clusters against environmental parameters—outdoor and



indoor temperature, humidity, and CO, levels—to create a dynamic, context-
responsive model of occupant actions. Finally, Step 03 implemented a fuzzy
logic system in MATLAB, designed to integrate with EnergyPlus ™ via its Energy
Management System (EMS). This integration enables real-time simulation of
occupant responses to environmental shifts, incorporating psycho-social
influences and seasonal variations, thereby improving the precision and

adaptability of energy consumption forecasts.

Keywords: Building Simulation Tools, Energy Efficiency, Environmental

Parameters, Energy Performance Gap, Occupant Behavior



OZET

OFIS BINALARINDA ENERJI ILE ILGILI KULLANICI DAVRANISLARININ
ARASTIRILMASI: BINA FiZiGi VE SOSYAL PSIKOLOJI BAGLAMINDA
DISIPLINLER ARASI BIR GALISMA

Caglayan, irem
Doktora, i¢ Mimarlik ve Cevre Tasarimi Balimii
Tez Danigsmani: Prof. Dr. Yasemin Afacan

2. Tez Danismani: Dr. Mehmet Sakin

Aralik 2024

Bu tez, ofis binalarinda kullanici davranisi (OB) modellemesine yenilikgi bir
yaklasim sunarak, psikososyal davranis kumelerini gevresel parametrelerle
bulanik mantik modelleme araciligiyla entegre etmektedir. Geleneksel bina
performansi simulasyonlari, enerji kullanimindaki insan davraniginin dinamik ve
karmasik dogasini yakalayamayan statik ve genellegtiriimis varsayimlara
dayanir; bu da enerji performans bosluguna katkida bulunur. Bu arastirma, bu
sorunu u¢ adiml bir metodoloji ile ele almaktadir: (1) gevrimigi calisma, (2) saha
calismasi ve (3) bulanik mantik modelleme. Her adim bir sonraki adimi
bilgilendirerek, daha dogru enerji performansi tahminleri igin batincul bir

cerceve olusturmaktadir.

Adim 01’de, Planli Davranis Teorisi, Oz-Belirleme Teorisi ile aliskanlik ve konfor
unsurlarina dayali tg farkli davranis kimesi gelistiriimistir. Bu kiimeler, enerji
tasarrufu egilimleri, motivasyon ve konfor ihtiyaclarindaki farkhliklari ortaya

koymaktadir. Adim 02’ de, bu kiimeler ¢evresel parametreler — dis ve i¢

iv



sicaklik, nem ve CO, seviyeleri — ile eslestirilerek, baglama duyarh ve dinamik
bir kullanici davranisi modeli olusturulmustur. Son olarak, Adim 03’ te,
MATLAB'de gelistirilmis bir bulanik mantik sistemi, EnergyPlus ™'in Enerji
Yonetim Sistemi (EMS) araciligiyla entegre edilmistir. Bu entegrasyon,
psikososyal etkileri ve mevsimsel degisiklikleri yansitarak gevresel degisimlere
karsi kullanici tepkilerinin ger¢gek zamanl simulasyonunu mumkun kilmakta ve

enerji tuketimi tahminlerinin hassasiyetini ve uyarlanabilirligini artirmaktadir.

Anahtar Kelimeler: Bina SimUlasyon Araclari, Cevresel Parametreler, Enerji

Performans Boglugu, Enerji Verimliligi, Kullanici Davranisi
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CHAPTER 1

INTRODUCTION

The rapid pace of urbanization and the expansion of the building sector have
heightened global awareness of environmental issues in both practice and
research (Chuai, Lu, Huang, & Zhao, 2021). With people spending most of their
time indoors, conserving energy within buildings is crucial. The built environment
accounts for one-third of primary energy use, 40% of global energy
consumption, and 30% of energy-related greenhouse emissions (Li, Zhang,
Zhang, & Jha, 2021). Therefore, enhancing energy efficiency in buildings is a
cornerstone of energy and climate strategies to reduce carbon emissions
(Paone & Bacher, 2018). While there have been substantial efforts to develop
innovative building systems to lower energy consumption, further improvements
are essential. Physical characteristics, indoor environmental conditions,
operations, maintenance, and—crucially—occupant behavior (OB) all shape
building energy performance (Zhang, Bai, Mills, & Pezzey, 2018). As Janda
(2011) noted, “Buildings do not use energy: people do.” Occupant behavior
significantly impacts building energy performance, with OB-related factors
accounting for substantial variations in energy use. According to Bottaccioli et al.
(2017), OB can lead to up to 30% of energy waste in buildings, underscoring the

importance of considering OB in energy consumption analysis.

Despite the significant role of OB in influencing energy use—through actions
related to ventilation, cooling, heating, and lighting—our understanding of
energy-related human-building interactions remains limited (Hong, Yan, D’Oca,

& Chen, 2017). Interest in OB has grown notably since the early 2000s, with
1



increasing academic research examining OB and its impacts (Harputlugil & de
Wilde, 2021). Because OB in buildings is inherently subjective, involving
individual behaviors and movement, it is often assessed with assumptions rather
than measured behavioral data. These assumptions introduce limitations to
current tools that measure behavioral impacts on building energy efficiency
(Hong et al., 2017). Therefore, reliable models are needed to analyze building-

occupant interactions and predict energy use patterns accurately.

Given the randomness and unpredictability of OB, understanding the complex
interactions between buildings, the environment, and human behavior requires
robust methodologies and techniques. Such approaches are essential to
effectively model and simulate OB for accurate energy performance assessment
across the building life cycle (Hong, D’Oca, Turner, & Taylor-Lange, 2015). The
IEA EBC Annex 66, “Definition and Simulation of Occupant Behavior in
Buildings,” seeks to advance this area by developing new tools, methodologies,
and datasets to simulate OB in buildings (International Energy Agency, 2018).
While technology is instrumental in enhancing our understanding of OB, it alone

cannot guarantee reduced energy consumption (Zhang et al., 2018).

1.1 Problem Statement

The “energy performance gap” presents a significant challenge arising from the
difficulty in accurately measuring occupant behavior (OB). This gap reflects the
difference between the actual and predicted energy usage in buildings (Hong,
Chen, Belafi, & D’Oca, 2018). Building simulation tools are widely used to
estimate energy consumption, assuming predicted and actual energy use should
closely align (Hong et al., 2015). Despite the maturity of these simulation tools
and algorithms, there is still limited understanding of how occupant behavior
impacts simulated energy use (He, Hong, & Chou, 2021). A deeper
understanding and accurate modeling of OB are essential to narrow the gap

between designed and actual energy performance. Therefore, effectively



integrating OB modeling into simulation tools is crucial to closing this gap and

achieving more reliable energy consumption predictions.

1.2 Thesis Aim

Within this context, the study aims to identify occupants' energy-related
behavioral actions in office buildings to develop OB models by integrating social
psychology and building physics. Herein, more realistic and representative
behavioral algorithms can support the building design and reduce the energy
performance gap in building simulations. By focusing on socio-technical data
interchange and co-learning in the disciplines of building science and social

psychology, the study has the following objectives:

1) To identify clusters of energy-related behaviors in office buildings through
a psycho-social online survey.

2) To investigate the interrelationship between behavioral clusters of energy-
related behaviors, occupant actions (window operation, blind operation,
solar shading operation, door operation, thermostat adjustment, and
clothing adjustment), indoor stimuli (temperature, relative humidity, and
C02), and outdoor stimuli (temperature).

3) To develop behavioral models by providing a more accurate description of
the relationship between occupant behavior and influencing factors at
different levels.

4) To implement the generated behavioral models into building simulation

software.

To achieve these objectives, the study seeks to answer the following research

questions:

RQ1: What are the different groups of office occupants categorized based on

psycho-social behavioral data?



RQz: What is the relationship between identified behavioral clusters related to

occupant behavior and their behavioral actions?

RQs: How do behavioral actions correlate with indoor and outdoor
environmental parameters?
RQsa: How do window operation correlate with outdoor temperature,
indoor temperature, indoor humidity, and indoor CO2?
RQsb: How do door operations correlate with outdoor temperature, indoor
temperature, indoor humidity, and indoor CO2?
RQsc: How do solar shading operations correlate with outdoor
temperature, indoor temperature, indoor humidity, and indoor CO2?
RQs4: How do thermostats correlate with outdoor temperature, indoor
temperature, indoor humidity, and indoor CO2?
RQse: How do clothing adjustments correlate with outdoor temperature,
indoor temperature, indoor humidity, and indoor CO2?
RQss: How does drink intake correlate with outdoor temperature, indoor

temperature, indoor humidity, and indoor CO2?

This thesis substantially contributes to studying energy-related occupant
behavior (OB) in office buildings through a structured, interdisciplinary approach.
First, it introduces a clustering-based method to profile occupants using psycho-
social data, revealing distinct groups of energy-saving behaviors informed by
social psychology theories. Second, the thesis emphasizes the importance of
understanding individual motivations and actions within the workplace,
addressing challenges such as the "public good dilemma," where employees
may not feel responsible for energy use (Perrow & Olson, 1973). By exploring
the interactions between intentional drivers, habits, comfort, and environmental
factors, this work provides a comprehensive framework for designing energy-
efficient policies and workplace strategies that align with actual occupant

behavior.



Third, the study advances OB research by integrating behavioral clusters with
environmental parameters, uncovering correlations between specific occupant
actions (e.g., window operation, thermostat adjustments) and indoor and

outdoor conditions.

Furthermore, the thesis develops a fuzzy logic model to predict occupant actions
in real time, capturing OB's complex and adaptive nature. This model addresses
a critical gap in energy behavior modeling by combining psycho-social theories
with dynamic environmental data, offering a holistic tool for more precise

building performance simulations.

Overall, this approach fills an essential gap in OB research by integrating
multiple aspects of occupant behavior—including psycho-social characteristics
and environmental factors—into a cohesive dataset. This interdisciplinary
framework aligns with the holistic approach recommended by Harputlugil and de
Wilde (2021), providing valuable insights for future studies and applications in

building design and energy management.



CHAPTER 2

OCCUPANT BEHAVIOR (OB)

21 OB in buildings

Shi et al. (2019) defined occupant behavior (OB) as the actions and responses
of occupants to various stimuli. Similarly, Hong et al. (2015) described OB as
actions or reactions to environmental conditions such as temperature, indoor air
quality (IAQ), or lighting, while Deng and Chen (2019) defined OB in terms of
occupant movements and interactions with building systems like windows,
blinds, lights, or thermostats. Most definitions of OB center on occupant actions
and controls within building systems (e.g., lighting, windows, HVAC). These
actions and responses can be classified into physiological, environmental,
spatial, and individual adjustments (Arslan, Cruz & Ginhac, 2019), highlighting

human reactions to buildings through different behaviors.

In most buildings, occupants have various options for interacting with their
environment, including entering or leaving a room, adjusting indoor
environmental quality (IEQ) conditions (such as windows, doors, or blinds), and
using other devices. These interactions can result in a change of state (active
interaction) or maintain the current state (no interaction), as illustrated in Figure
1 (Wagner et al., 2017). Occupants engage in both adaptive and non-adaptive
behaviors in buildings. Adaptive triggers prompt behaviors that help occupants
adjust to indoor conditions—for example, opening a window to reduce CO,

concentration. Non-adaptive behaviors, however, are driven by triggers



unrelated to environmental adaptation, such as switching on lights when

entering a room, regardless of lighting needs (Wagner et al., 2017).
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Figure 1. The ontology of occupant behavior (Wagner & Brien, 2018).

Human interactions with building systems to adjust indoor environmental
conditions play an essential role in the energy use and performance of the
buildings (Zhang et al., 2018). Studies show that OB significantly impacts energy
consumption, waste, and CO, emissions in buildings (Csoknyai et al., 2019;
Vogiatzi et al., 2018). A deeper understanding of OB is crucial for robustly
predicting building energy use (Ali, Thaheem, Ullah & Sepasgozar, 2020).
However, since numerous variables may drive their actions, occupants do not

always act systematically (Harputlugil & de Wilde, 2021).

Existing studies specified different aspects of OB. For example, D'Oca et al.
(2018) and Gkargkavouzi et al. (2019) examine human dimensions, while Stazi
et al. (2017a) focus on the driving factors behind OB. Other researchers, like
Naylor et al. (2018) and Deng et al. (2021), study occupant-centric control
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systems. Amasyali and El-Gohary (2018) provide a review of data-driven OB
studies related to energy consumption prediction, while Delzendeh et al. (2017)
examine factors influencing energy-related OB, and Khosrowpour et al. (2018)
categorize research by data analysis methods. De Bakker et al. (2017)
concentrate on OB related to lighting, and Guyot et al. (2018) focus on
ventilation. Technical issues remain a predominant theme in OB research
(Franceschini & Neves, 2022; Khosrowpour et al., 2018). According to Li et al.
(2018), residences and offices are the most common contexts for OB studies,

with surveying and indoor monitoring being popular data-gathering methods.

To predict building energy consumption, prior studies have used models such as
statistical (Sun & Hong, 2017), linear regression (Andersen, Olesen & Toftum,
2011), logistical regression (Fabi, Andersen & Corgnati, 2013), stochastic (Feng,
Yan, & Wang, 2017) and agent-based (Papadopoulos & Azar, 2016). Despite
these advancements, current OB models often lack a comprehensive integration
of psycho-social and environmental factors, which limits their accuracy. Many
models also overlook the variability and adaptability of human behavior,
oversimplifying complex interactions. Further research is needed to develop
more nuanced OB models that better capture occupant behavior and improve
predictive reliability, narrowing the gap between predicted and actual building

energy performance.

2.2 Effects of OB on the building energy performance gap

According to Merriam-Webster, “performance” is defined as “the ability to
perform” (Merriam-Webster, n.d.). In the built environment context, performance
refers to qualities like energy efficiency and indoor environmental quality (IEQ)
(Shi et al., 2019). Of these aspects, building energy performance has received
the most attention in the building sector and academia, mainly because energy
metering is more accessible than other forms of measurement (De Wilde, 2014).
The term “gap” is commonly defined as a “difference” or “discrepancy” (Shi et

al., 2019), and the “performance gap” specifically refers to the difference
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between predicted (designed, calculated) and actual (measured, achieved)

building performance (Ali et al., 2020).

The “energy performance gap” highlights the discrepancy between predicted
and actual energy use, and despite a rise in energy-efficient buildings, actual
savings often fall short of expectations (Ali et al., 2020). This gap results from
poor communication between designers and building managers, design errors,
limitations in modeling tools, construction quality, and occupant behavior (OB)
(Shi et al., 2019). While technological improvements require substantial
investment, human behavior is more adaptable to changes in attitudes,
lifestyles, and technologies, offering significant potential for energy savings
(Harputlugil & de Wilde, 2021). Previous studies demonstrated occupants'
influence on energy performance through their presence, actions, and
interactions, such as opening windows or switching lights (Chen, Ding, Bai &
Sun, 2020; Hong et al., 2017; Wagner & Brien, 2018). Encouraging responsible
OB can greatly enhance building energy efficiency.

The difference between the predicted and actual energy use of the buildings is
illustrated in Figure 2. In many countries, building performance is modeled using
standardized operating conditions, which, while helpful in meeting baseline
requirements, risks overlooking unregulated loads and varying occupant
patterns (van Dronkelaar et al., 2016). To improve accuracy, energy simulation
tools must account for regulated and unregulated uses, aligning predictions with

actual energy use.
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Figure 2. Representation of building performance simulation through different end-uses in
energy calculations (Adapted from van Dronkelaar et al., 2016).

Today, technologies like eQuest® and DesignBuilder® support early design
simulations, yet they assume fixed occupant behaviors and energy use (Ali et
al., 2020). Although tools like EnergyPlus™ have started incorporating
behavioral modules, they still rely on standard schedules rather than fully
capturing OB dynamics (Gunay & O'Brien, 2018). Ali et al. (2020) emphasize
that no current commercial tools effectively capture occupants’ variable energy
use patterns. This underscores the need for detailed research into OB’s
complexity to close the simulation performance gap, leading to more robust

energy predictions and reduced building consumption.

2.3 Theoretical background of energy-related OB

Various social and environmental psychology approaches have been applied to
gain a comprehensive understanding of energy-related occupant behavior (OB).
For example, the Motivation-Opportunity-Ability (MOA) theory has explored
attitudes and intentions around energy-saving behaviors (Li, Xu, Chen, Fei &
Menassa, 2019). The Theory of Planned Behavior (TPB) examines factors
influencing energy-related behavioral intentions (Ajzen, 1991). Perceptual
Control Theory (PCT) has been employed to understand comfort-driven OB
(Langevin et al., 2015), while the Values-Beliefs-Norms (VBN) framework
investigates pro-environmental behavior (PEB) through a causal chain of

variables. The Drivers-Needs-Actions-Systems (DNAS) framework analyzes
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energy use in buildings by examining four key components (D'Oca et al., 2017).
Lastly, the Self-Determination Theory (SDT) framework has studied pro-
environmental behavior, focusing on different motivation forms (Baxter &
Pelletier, 2020).

TPB, proposed by Ajzen (1991), is widely used and well-cited in behavioral
studies and has been particularly influential in research on energy-saving and
pro-environmental behaviors (Li et al., 2019; Wolske et al., 2017). However,
earlier studies revealed that the TPB variables could only explain 46% to 81% of
the variance in behavioral intention (Greaves et al., 2013; Steg et al., 2015),
leaving a substantial gap in understanding OB. SDT, on the other hand, is a
newer, widely adopted theory for understanding pro-environmental behavior,
distinguishing between motivation (why people act) and goals (what people aim
to achieve) (Baxter & Pelletier, 2020). Given this study’s goal of accurately
analyzing energy-related OB in office settings, combining TPB and SDT could

significantly strengthen the study’s model.

Recognizing the role of motivation in shaping behavioral intentions, a deeper
understanding of how motivations influence the formation of these intentions is
essential. Therefore, this study integrates SDT to provide insight into energy-
related OB, specifically by focusing on SDT’s basic psychological needs that
may mediate pro-environmental intentions in office buildings. To our knowledge,
no prior research has combined TPB and SDT to investigate pro-environmental
behavior in built environments. Few studies have merged these models to
explore OB in other contexts, such as exercise participation (Cho et al., 2020),
lecture attendance (Hollett, Gignac, Milligan, & Chang, 2020), health promotions
(Brooks et al., 2018), and consumer purchase intention (Widyarini & Gunawan,
2018). This study is, therefore, the first to integrate intentional and motivational
constructs with additional factors such as habit and comfort, aiming to improve
our understanding of energy-related behavior in office buildings and its impact

on building energy use.
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2.3.1 The theory of planned behavior (TPB)

The theory of planned behavior (TPB) proposed by Ajzen (1991), is one of the
most popular frameworks for studying occupant behavior, particularly in
environmental behavior research (Gao et al., 2017). According to TPB, an
individual's behavioral intention is influenced by three main factors: attitude
toward the behavior (the person's feelings about the behavior), subjective norms
(the perceived social pressure from essential people), and perceived behavioral
control (the perceived ease or difficulty of performing the behavior). When
someone has a positive attitude toward a behavior, they are more likely to form
an intention to perform it (Gao et al., 2017) (See Fig