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Abstract: Urban-Building Energy Modelling (UBEM) tools play a crucial role in analysing and
optimizing energy use within cities. Among the available approaches, the bottom-up physics-based
one is the most versatile for urban development and management applications. However, their
accuracy is often limited by the inability to capture the dynamic impact of occupants’ presence
and actions (i.e., Occupant Behaviour) on building energy use patterns. While recent research has
explored advanced Occupant Behaviour (OB) modelling techniques that incorporate stochasticity
and contextual influences, current UBEM practices primarily rely on static occupant profiles, due
to limitations in the software itself. This paper addresses this topic by conducting a thorough
literature review to examine existing OB modelling techniques, data sources, key features and
detailed information that could enhance UBEM simulations. Furthermore, the flexibility of available
UBEM tools for integrating advanced OB models will be assessed, along with the identification
of areas for improvement. The findings of this review are intended to guide researchers and tool
developers towards creating more robust and occupant-centric urban energy simulations.

Keywords: Occupant Behaviour (OB); Urban-Building Energy Modelling (UBEM); building performance
simulation; occupancy; human activities

1. Introduction

The rapid increase in urban population demands innovative approaches to city design
and energy management, aimed at enhancing living standards while reducing greenhouse
gas emissions and mitigating local climate impacts [1]. The buildings sector alone con-
tributes to over one-third of global final energy use and energy-related CO, emissions [2],
highlighting the urgent need to reduce its environmental burden.

In this context, Urban-Building Energy Modelling (UBEM) represents a valuable
approach for analysing and optimizing energy consumption within cities. By offering a
comprehensive framework to simulate and evaluate energy use across a diverse building
stock, UBEM tools can provide valuable insights for urban planners, policymakers, and
energy managers [3]. Among the available approaches, the bottom-up physics-based
one stands out for its versatility in urban development and management applications.
This approach is based on the calculation, and subsequent aggregation, of each single
building’s energy consumption via energy balance equations [3,4]. Factors such as the
building’s geometry, materials, occupancy patterns, HVAC systems, weather conditions,
solar radiation, and building orientation are considered to provide estimations with high
spatiotemporal resolution [3,4]. For these reasons, this paper focuses only on this approach.
and in the following sections the term “UBEM” will refer specifically to “bottom-up physics-
based UBEM” unless otherwise specified.
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Nevertheless, performing highly detailed large-scale simulations presents challenges,
including significant computational time and effort. Consequently, multiple approxima-
tions are often adopted in UBEM modelling frameworks, which, combined with uncer-
tainties in input data, can lead to discrepancies between simulated and measured energy
data [5-7].

A similar performance gap exists in single Building Performance Simulation (BPS),
primarily due to the description of building occupants’ presence and energy-related actions,
often referred to as Occupant Behaviour (OB) [8]. Occupants’ presence (i.e., occupancy)
directly impacts the internal loads of a building, as well as, for most end uses, its oper-
ational conditions [9,10]. Additionally, building operations are influenced by occupants’
direct actions on thermostats, blinds, or light switches [10]. Over the years, efforts have
been made to formalize OB modelling frameworks and requirements in BPS [11,12] and
various models with different levels of detail have been proposed [10,13]. Nonetheless,
the complex, dynamic, stochastic, and heterogeneous nature of OB, coupled with data
gathering difficulties and simulation software limitations, led to the continued reliance on
deterministic and static profiles, such as those proposed by ASHRAE 90.1 [14] or other
national and international standards [15-18].

When scaling up the analysis from the single building to the urban level, the approach
to model OB usually remains the same, as the complexities encountered in single BPS
persist. In UBEM, to reduce computational time and effort, buildings are described with
the use of “archetypes”, which are fully characterized standard building models able to
represent a cluster (i.e., group) of buildings sharing similar characteristics [3]. Archetypes
comprise information about building use, fixed values of certain geometric variables (e.g.,
window-to-wall ratio or percentage of heated area), construction assemblies, systems and
occupants [4]. Each building in the model is then associated with an archetype based on
variables such as use type (e.g., residential, commercial, educational), construction period,
or construction type (e.g., traditional or prefabricated) [4].

Occupant-related information in archetypes is often in the form of static schedules
differentiated by building-use type, which can be either customized by modellers, with
direct inputs or dedicated editing functions (depending on the tool flexibility) or predefined
and extracted from the ones proposed for building-level applications by standards or
codes [3,19]. Therefore, the adoption of archetypes in UBEM results in the same OB
schedules assigned to all buildings of the same cluster. This approach, however, can lead to
homogenous load-curve predictions within archetype and building-use categories, failing
to capture the inherent randomness of human behaviour and urban dynamics [9]. While
this level of detail can be suitable for studies focused on large spatial and temporal scales
(e.g., annual energy use predictions for large building stock) [20,21] most urban applications
aimed at decarbonization and sustainability (e.g., renewable energy community design,
demand-response management, grid flexibility) require a more refined description of
spatiotemporal fluctuations in buildings’ energy demand [9]. To effectively support these
initiatives, a realistic, diverse, and stochastic description of occupants’ daily activities and
occupancy patterns is essential [22]. This level of detail is crucial for achieving accurate
simulations that can inform policies and strategies for urban energy management and
sustainability [23].

Consequently, researchers have begun exploring solutions to achieve this goal by
proposing new advanced mathematical models capable of representing OB with greater
heterogeneity and even stochasticity [19]. These efforts are supported by the proliferation
of new and opportunistic datasets able to inform about human habits, which have become
available due to the expansion of the Internet of Things (IoT) in everyday life (e.g., call-
detail records, location-based service applications data, etc.) [23-25]. However, despite
these advancements, the implementation of these models is not always feasible, due to
the inherent limitations of currently available UBEM simulation tools [3]. Therefore, it is
essential to accurately analyse the OB inputs of these tools to understand their constraints
and identify development opportunities. This paper addresses this need by starting with a
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literature review of the available studies proposing advanced OB models (i.e., OB models
that differ from the standard ones proposed by codes) for urban applications and examining
the occupant-related input of the main bottom-up physics-based UBEM tools. Through this
analysis, the paper aims to highlight the limitations and opportunities for development,
guiding improvements towards more accurate and reliable urban energy simulations.

1.1. OB in Building Performance Simulation: Scaling up from the Single Building to the
Urban Level

Despite the absence of an established scientific definition, OB in building performance
simulation is intended to reflect the presence of occupants and their energy-related ac-
tions [9,10]. Occupancy refers to the number of individuals in a space at a given time,
usually expressed as a normalized daily, weekly or annual profile. Occupant’s actions,
however, include activities such as operating windows, adjusting solar shades, controlling
lighting, modifying thermostat settings, using appliances, managing domestic hot water
(DHW), and adjusting clothing. A further distinction is made between “adaptive” and
“non-adaptive” actions: adaptive actions are driven by comfort needs and triggered by
environmental factors, while non-adaptive actions are routine tasks unrelated to environ-
mental adaptation [26]. This differentiation, however, is context-dependent rather than
absolute, as many energy-related actions can be habitual or influenced by building design
and control systems or sociocultural norms [9]. To simplify the terminology, in this study
the following OB attributes are defined and analysed:

- Occupancy (i.e., presence and number of individuals in a space at any given time). It
is often represented by occupancy schedules or profiles, which indicate the expected
number of occupants during different times of the day, week, or year. It can also
include details on occupancy density or sensible and latent occupant heat loads.

- Thermostat control (i.e., actions occupants take to adjust thermostat settings for tem-
perature regulation). It can be modelled by specifying setpoint temperatures for
heating and cooling, as well as schedules for when these setpoints change.

- Lighting control (i.e., management of artificial lighting.) It can include schedules that
specify when lights are turned on or/off, dimming controls or adjustments based on
occupancy or daylight levels, and the power density related to the lighting devices
installed in the space. Additionally, this can encompass the control of blinds and
internal/external shades, which not only regulate lighting but can also influence solar
heat gains.

- Electric appliances control (i.e., operation of various electrical devices and appli-
ances by occupants). This is often represented as usage pattern schedules and power
consumption profiles.

- HVAC systems control (i.e., management of HVAC systems by occupants). It includes
actions such as turning on/off devices, adjusting fan speeds or selecting heating or
cooling modes.

- Windows operation (i.e., actions taken to open or close windows for ventilation and
temperature control). It is often modelled using schedules or rules that determine
when windows are opened or closed based on indoor and outdoor conditions.

- DHW usage (i.e., DHW usage for activities like showering, washing dishes, and
laundry). It is generally modelled with schedules and flow rates that represent the
demand for hot water throughout the day.

While extensive research has been conducted on OB in single buildings [13,27], scaling
the modelling to the urban level presents unique challenges and complexities. Since UBEM
tries to capture the interconnection between buildings, environment and local microclimate,
considering people’s movement patterns through urban areas, influenced by factors like
public transport locations, public space design, and pedestrian connectivity, becomes
important to truly understand the energy use across the city [7,22]. Additionally, changes in
human behaviour over time must be considered for long-term urban analyses or scenario
evaluations [28].
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To realistically simulate energy use patterns for groups of buildings at various spatial
and temporal scales adopting the archetype approach in UBEM, it is crucial to introduce
diversity among buildings of the same archetype, trying to reflect the variability in human
behaviour and the influence of the surrounding urban environment, socio-economic con-
ditions, and cultural practices. Nonetheless, data sources and methodologies that have
been successfully used in single-building OB studies often need adaptation for urban-scale
models [21]. For example, detailed occupancy and behaviour data can be collected using
sensors and surveys in single buildings, providing high-resolution data for model calibra-
tion. However, scaling this approach to an entire urban area can be logistically or financially
challenging [9]. Therefore, the most common approach to modelling OB in UBEM still
relies on the adoption of standard deterministic schedules proposed for single building
analyses in standards or codes [9].

Deterministic and homogeneous OB schedules may provide a generalized estimation
with sufficient accuracy, balancing out over- and underestimation across different buildings,
when the primary goal of UBEM is to provide an overall prediction of energy use with
a low spatiotemporal resolution (e.g., annual prediction at city level) [9,20,21]. However,
they lack the flexibility to account for the dynamic nature of urban environments where
people’s presence and actions can vary significantly across different buildings and times.
Incorporating realistic, heterogeneous and stochastic OB models into UBEM is especially
important in applications where accurate prediction of the timing and distribution of energy
use is vital for ensuring optimal matching between energy supply and demand, and for
achieving energy efficiency goals.

Examples include, but are not limited to, demand-side management, renewable-energy
communities design and optimization or grid decarbonization. In these applications,
the precise timing and distribution of energy use are critical [29,30]. Deterministic and
homogeneous schedules might miss peak- or low-demand periods, failing to capture the
potential for flexibility in energy use or leading to inefficiencies in energy distribution and
potential grid instability. Similarly, the effective integration of renewable energy resources,
such as solar and wind, depends on accurately predicting when and where energy will
be consumed. Advanced OB models, incorporating heterogeneity and stochasticity, can
allow for a more precise matching of energy supply with demand, reducing reliance on
non-renewable backup sources.

To address these challenges and enhance the accuracy and applicability of UBEM, there
has been a growing focus on the development of advanced, context-specific OB models,
particularly supported by the proliferation of IoT data in recent years [24]. These datasets
have proven useful in other fields [31-33] and have shown promise also in pilot studies in
building science [28,34,35]. IoT devices can collect real-time data on occupancy and energy
use across multiple buildings, offering a more comprehensive dataset to inform advanced
OB modelling techniques, encompassing randomness and probability. Nonetheless, the
integration of advanced OB models into UBEM tools requires robust data-integration
techniques and remains a significant challenge.

1.2. Existing Reviews and Contribution of the Present Study

In recent years, there has been increasing interest in modelling OB for large spatial-
scale applications, with novel techniques and datasets being evaluated [19,24]. Researchers
have critically reviewed available studies to consolidate past research findings, identify
current gaps, and define future opportunities for urban-scale OB modelling. For instance,
Happle et al. [19] categorized urban OB modelling techniques based on their ability to
account for randomness, granularity, and inter-individual diversity. Salim et al. [23] and
Dong et al. [36] reviewed urban-scale human behaviours influencing energy use, alongside
the supporting datasets and techniques from urban science and beyond. Similarly, Dabirian
et al. [24] described available OB modelling techniques focusing on occupant-related
attributes influencing UBEM simulation, while Nejadshamsi et al. [25] and Ren et al. [37]
specifically reviewed occupancy profiles at the urban scale. Doma and Ouf [38] investigated
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the inputs and workflows of existing UBEM tools, providing a breakdown of the occupant-
related features. Banfi et al. [9] provided a user-oriented overview of the current State of the
Art, trying to summarize the overlapping or combinable results of the previous analyses
with unified terminology.

However, despite these extensive efforts, the practical integration of OB features
into current simulation software, particularly in bottom-up physics-based UBEM tools,
is underexplored. This paper addresses this topic, providing a critical review of the
available data sources and OB modelling techniques, key features, and detailed information
that could enhance UBEM simulations. Furthermore, the flexibility of existing UBEM
tools in integrating advanced OB models is assessed, along with the identification of
areas for improvement. The findings of this review aim to provide researchers and tool
developers with a practical guide towards creating more robust and occupant-centric urban
energy simulations.

1.3. Structure of the Paper
The paper is structured in the following sections:

- Section 1: Introduction. This section provides an overview of the topic of UBEM and
the challenges associated with modelling OB. It sets the context for the study, outlines
the research objectives, and highlights the contributions of the present work.

- Section 2: Literature review and study selection. This section details the literature
review and study selection process. It describes the search strategy, screening, and
selection criteria used to identify relevant studies, and summarizes the selected studies
according to their OB attributes, data sources, modelling approaches, and validation
methods. Furthermore, the selection process and key features of the studied bottom-up
physics-based UBEM tools are reported

- Section 3: Advanced OB modelling to support UBEM simulation. This section focuses
on the data sources and modelling techniques for OB in urban-scale applications.
It contrasts traditional data sources (i.e., in situ measurements and surveys) with
new datasets enabled by modern technologies (i.e., location-based service application
data and network connectivity data) and discusses various OB modelling techniques,
focusing on deterministic stochastic and agent-based modelling approaches.

- Section 4: Flexibility of UBEM tools in incorporating OB models. This section evaluates
the flexibility of existing UBEM tools in integrating advanced OB models, detailing
the allowed OB-related input with the current capabilities and limitations.

- Section 5: Current challenges and potentials of development in UBEM tools and OB
modelling. This section identifies and analyses the key limitations of current UBEM
tools and explores development opportunities. It suggests future research directions
and potential advancements in UBEM and OB modelling.

- Section 6: Conclusions. This section summarizes the main findings of the paper.

2. Literature Review and Study Selection
2.1. OB Modelling Study Selection

This review followed a structured approach akin to the PRISMA methodology [39]
to identify and select relevant studies. The search was conducted on Scopus using a
comprehensive query including a multiple set of keywords, selected based on the key
concepts of the research question, and Boolean operators, such as AND, OR, and NO, to
refine the results.

The first set of keywords included terms related to OB, such as “occupant behaviour”,
“human behaviour” and “occupancy” in combination with terms related to modelling,
profiling, and scheduling. The terms related to buildings, such as “building”, “house”, and
“office” were added and combined with keywords related to urban contexts (e.g., “urban”,
“district”, “neighbourhood” and “city”) and energy modelling and simulation. Then, the
resulting studies underwent a two-step screening, with the title and abstract first and the
full text later, to exclude documents non-relevant to the research scope. To reduce the
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number of studies, only publications written in English and with available full text have
been included.

Selection criteria for the final dataset included the following: (1) the goal of the paper
should be the proposal of a novel methodology to describe OB, and (2) the scale of analysis
should include more than a single building. Studies by Richardson et al. [40—42] and Page
et al. [43], despite being of a household scale, have been introduced, since they have been
adopted by other researchers in urban studies [44-46]. Figure 1 reports the workflow of the
review methodology.

)
§
g Records identified from Scopus Records removecll before screening:
.9 o N (Non-English language,
=) searching: > ) 0
= Full-text unavailability)
& n=273 L
) n=58
o
e
—
Y
v Records excluded after screening of
Records screened title and abstract
r:= 215 nec B  (Content not related to OB modelling
within the field of building science)
n=113
oD
a5
g
g v Full-text articles excluded
(9] (Content that does not propose a novel
Reports assessed for eligibility | methodology for describing OB, Content
n=102 " thatlimits thescale of analysistoa
single building)
n=63
—
— A 4
o
9
% Studies included in review
g n=39
—

Figure 1. Workflow of the review methodology.

In accordance with to this procedure, 39 studies have been selected. These documents
are summarized in Table 1, according to the modelled OB attributes (i.e., occupancy,
thermostat control, lighting control, electric appliances control, HVAC systems control,
window operations and DHW usage), the data sources and modelling approaches adopted
for their definition, the validation procedure (if available) and, if included, the energy
simulation tool employed to test their influence on energy output. Table 1 includes also
the “Location” and “Building Use” columns, which refer, respectively, to the geographic
and climatic context in which occupants are modelled and the building use to which OB
attributes refer. Location is important because different climates can impact the way people
move and occupy urban spaces, as well as their energy-related actions within buildings [47].
On the other hand, OB varies significantly across different building uses due to the distinct
functions, activities, and occupancy patterns associated with each of them [9].
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Table 1. Summary of the studies selected for review.
Authors Moge]eslled OB Mogzell;lin Building Type Location Models’ Verification Simulation in a Energy Ref.
(Year) Attributes Data Source Approa chg u g1yp (Climate *) Case Study Simulation Tool :
L. Richardson et al. . : UK Verification against UK
(2008) O S Sto Residential (Ctb) TUS data No [40]
Page et al. Residential, Lausanne, Switzerland Verification against
(2008) © M Sto Office (Ctb) measured O data No (3l
L. Richardson et al. . . UK Verification against )
(2009) L 5 Sto Residential (Cfb) Stokes et al. [48] model No [41]
I. Richardson et al. . . UK Verification against
(2010) FA s Sto Residential (Cb) measured electricity data No [42]
T. R(azlt)}ﬁ )et al. o S Det nd Massac(lblgs)etsl us nd. No [49]
R. Baétoelnss) etal O,EA, DHW, T S Sto Residential B?égfls)m Statistical verification Yes Modelica IDEA [44]
E. Azar et al. Residential, Office, Abu Dhabi, UEA . 3
(2016) O M ABM Educational (BWh) Theoretical validation No [50]
J. Parker et al. . UK Comparison with
(2017) © LBS Det Retail (Ctb) reference schedules No (511
J. Anetal. . . Wuhan, China Verification against
(2017) O, T, L, HVAC, W S Sto Residential (Cfa) measured energy data Yes DeST [52]
T. T 1 L . . L K
r?zrbcbe)et a O, HVAC S Sto Residential on(dCofrI;,) U n.d. Yes [53]
R. El Kontar et al. . . Austin, Texas, US Verification against .
(2018) O, L, HVAC, EA M Det Residential (C fa) measured energy data Yes umi [54]
A. Berres et al. o S ABM O C.hlc'ago, nd.
ice Illinois, US Yes Energy Plus [55]
(2019) o5
D. M. Koupaei et al. . . Des Moines, Iowa, US .
(2019) o S Sto Residential (Dfa) n.d. Yes umi [56]
. Verification against
G. Bl(légitga) etal. O,EA, L S Sto Residential (g fIE) annual national energy Yes EnergyPlus [46]
use
C. Wang et al. . Nanjing, China - e
(2019) O M Det . Re.tall . (Cfa) Statistical verification No [57]
E. Barbour et al. 1) N ABM Res?neé]ltlﬁlr’igetaﬂ’ Boston, US Comparison with Yes umi [34]
(2019) Mixed-use (Dfa) reference schedules
L. Mahmood et al. . . Islamabad, Pakistan Verification against .
(2020) O, EA M ABM Residential (Cwa) measured energy data Yes AnyLogic 8.2.4 [58]
W. Wu et al. Office, Retalil, San Antonio, Texas, US Comparison with .
(2020) © EBS Det Restaurant Cfa) reference schedules Yes CityBES [59]
M- Mostelre Romero 0, EA, DHW N ABM Office, School Zurich, Switzerland Comparison with Yes CEA [60]
(2020') P 4 (Dfb) reference schedules
G. Happle etal. o LBS Det Retail, Restaurant Us Comparison with No [35]

(2020)

reference schedules
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Table 1. Cont.
Authors Moge]eslled OB Mogzell;lin Building Type Location Models’ Verification Simulation in a Energy Ref.
(Year) Attributes Data Source Approa chg u g1yp (Climate *) Case Study Simulation Tool :
Uiggz%t) al. T M Det Residential Us nd. No [61]
M. Vellei et al. Det for O . . Canada Verification against
(2021) o 5 ABM for T Residential (Cfb) measured energy data Yes DIMOSIM [62]
K. Panchabikesan et al. . . Lyon, France
(2021) o S Det Residential (Cfb) n.d. No [63]
X. Kang et al. Retail, Hospital, Beijing and Shanghai Comparison with /
(2021) 0 LBS Det Transportation , China reference schedules Yes Dest-C [64]
hubs (Dwa, Cfa) o )
Schumann et al. O, T, EA S ABM Residential France Verification against Yes Modelica [65]
(2021) ] ] ] measured energy data
H. I({Zggze)t al. (@] N Sto Offli?[,i)ie;_l‘cliseghal, Lon(cé0£5 UK Statistical verification No [28]
J. Chen et al. DHW, L, EA . . Verification against
(2022) 1) S Sto Residential Us measured energy data Yes ResStock [66]
M. Ferrando et al. . . Milan, Italy Verification against .
(2022) O, EA M Det Residential (Cfa) measured energy data Yes umi [21]
D. M. Koupaei et al. . . Verification against
(2022) O S Sto Residential Us American TUS c_lata No [67]
Y. Wuetal. T, HVAC M Det Residential China Verification against Yes DeST [68]
(2023) measured energy data
X Liu et al Yinchuan and
. (210112 g) al. 0 S Det Residential Chengdu, China n.d. No [69]
(BWk, Cwa)
Educational, . . e - .
M. (22}61213(;,[ al. o LBS Sto Residential, Shangl&afl, China Verlflcatlo; Sg;l?st No [70]
Restaurant (Cfa) measure ata
w. 1(1;85’,3;3" al. O M Sto Residential US and Canada n.d. No [71]
7. Yu et al Residential, Office, Xi’an, China
: ) O,EA S ABM Commercial, g Statistical verification Yes Dedicated model [72]
(2023) - (Cwa)
Educational
D. 8(88513§t al. O S Det Residential UK n.d. Yes EnergyPlus [73]
W. Zhou et al. Residential, Office, Lhasa, Tibet .
(2024) o S Sto Educational (BSK) n.d. Yes umi [74]
A.Doma et al. . . Verification against
(2024) (¢) M Det Residential Canada Canadian TUS data No [75]
Z.Liuetal. . . Hangzhou, China
(2024) . O, HVAC M Sto Residential (Cfa) n.d. Yes DeST [76]
S3. Ab(zlz%zazs)anl etal. (¢) N Det Educational Montr?]%lébCanada Statistical verification Yes Tool4Clities [77]

* Climate classification according to Koppen [78]; O = occupancy, T = thermostat control, L = lighting control, EA = electric appliances control, HVAC = HVAC systems control,
W = windows operation, DHW = domestic hot-water usage, M = in situ measurement, S = survey, LBS = location-based service application data, N = network connectivity data;
Det = deterministic modelling, Sto = stochastic modelling, ABM = agent-based modelling.
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Figure 2a provides a breakdown of the different OB attributes modelled in the re-
viewed studies. The predominant focus is on occupancy, with more than half of the studies
concentrating on this attribute. This significant interest in occupancy can be linked to
the lower complexity of gathering data about people’s presence, rather than actions, in
buildings, but also to the fundamental role played by this attribute. Among the aspects of
OB, occupancy stands out as a fundamental and critical factor for its influence on various
building performance aspects, including internal loads, ventilation requirements, and
lighting needs [28]. Although occupants’ actions also affect these factors, they are contin-
gent on occupancy levels, display significant variability, and are not always controllable.
Electric appliances control and thermostat control follow occupancy, with 15% and 11%,
respectively, of studies modelling these factors. Fewer than 10% of the studies, however,
investigate lighting control, windows operation, DHW usage and HVAC systems control.

Modelled OB attributes Building uses modelled in the reviewed
studies

3%

4%
6% ® Occupancy

Electric appliance control 25
8% £ N
20
Thermostat control
15
= Lighting control 10
11% I
: 11
Windows operation 0 | ] ] = P . -
s N Y g 2 N Y e} .
= DHW usage ‘{6} & e‘,&\ \oéb & & *&‘0 “‘b
2 ) << (7"& & & > S
& & & V\\“' & < @‘\
15% = HVAC control ¥ © ¢
&Q
&7
a) b)

Figure 2. Breakdown of (a) the different OB attributes modelled in the reviewed studies and (b) the
building uses that have been the focus of OB modelling.

Looking at the different building uses that have been the focus of OB modelling in
the reviewed studies, Figure 2b reveals that residential buildings are the most frequently
modelled, with nearly 30 studies focusing on this building use. Office buildings are the
next most common, with around 10 studies. The interest in other building uses such as
retail, educational or restaurants is less frequent. However, by modelling a diverse range of
building uses, researchers can better understand and predict the complex interactions and
energy flows within mixed-use districts, leading to more effective energy management and
urban planning strategies. This holistic approach is essential for creating sustainable and
efficient urban environments that cater to the diverse needs of their occupants.

Figure 3 shows where OB attributes have been modelled in various studies, using a
colour gradient to indicate the number of studies conducted in each geographical region.
The United States and China have the highest number of studies, indicating significant
research interest. Europe, including the UK, and Canada show a moderate number of
studies. South America, Africa, Oceania and parts of Asia are notably under-represented.
This distribution highlights gaps in OB modelling research which might have different
energy usage patterns and occupancy behaviours due to varying levels of infrastructure,
economic development, and cultural practices. Also, tropical and arid climates are under-
represented in the research, with a major focus on temperate climates such as in the United
States and Europe, and humid subtropical climates, as in parts of China. Despite some
exceptions, this result aligns with the trend observed by Carlucci et al. [10] in building-level
applications. Nonetheless, understanding OB in different climates is crucial, as it influences
how people use and occupy buildings.
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Figure 3. Distribution of OB modelled attributes by geographical location.

The main approach to verifying models consists of the comparison of newly defined
advanced OB profiles against standard schedules, to check consistencies and differences.
Verification of simulated energy results against metered data is another common verification
procedure. However, around 30% of the reviewed studies lack a verification procedure,
evidencing the need for a standardized method to validate advanced OB models. Of the
39 selected studies, 22 test the proposed OB models in case studies, and specifically, only 9
of them use bottom-up physics-based tools. This underscores the importance of improving
the integration of OB in UBEM frameworks for accurately predicting energy consumption
and optimizing building performance in urban environments.

2.2. Bottom-Up Physics-Based UBEM Tool Selection

To evaluate the capabilities of UBEM tools in handling advanced OB inputs the
following tools were selected for detailed investigation: CitySim [79], Urban Modeling
Interface (umi) [80], City Building Energy Saver (CityBES) [81], OpenIDEA [82], City Energy
Analyst (CEA) [83], and IES-iCD [84]. The selection was based on the literature review of
advanced OB studies and the tools employed therein, as performed in Section 2.1, their
frequency and relevance in existing research, and their updated maintenance status.

CitySim [79], developed at the Solar Energy and Building Physics Laboratory of EPFL,
supports the simulation and optimization of energy performance in urban environments. It
is known for its advanced solar calculations and uses an equivalent reduced-order resistor—
capacitor (RC) network for the building thermal model. It can simulate and optimise
building-related resource flows based on four core models: the thermal model, radiation
model, behavioural model and plant and equipment model.

Umi [80] is an urban modelling platform developed by the MIT Sustainable Design Lab
as an extension for Rhinoceros 3D. It integrates analyses on building energy use, daylight,
walkability, urban food production and district-level energy supply with a SketchUp-based
interface and the EnergyPlus simulation engine.

CityBES [81] is a web-based data and computing platform developed by the Build-
ing Technology and Urban Systems Division of LBNL. It uses the CityGML schema and
EnergyPlus to simulate the energy use of building stocks. Applications include energy
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benchmarking, energy retrofit analysis, district energy-system design, renewable energy
analysis, heat resilience modelling, and urban mapping.

OpenIDEA [82] is an open framework for integrated building and district energy
simulation, provided by KU Leuven University and based on the Modelica framework.
This tool supports detailed and scalable energy analysis for both individual buildings and
entire districts. It is inclusive of three modules: the Modelica IDEA library for system mod-
elling, the stochastic residential occupant behaviour (StROBe) module and the Modelica
FastBuildings library for building modelling.

CEA [83], released by ETH Zurich, supports the modelling and simulation of energy
systems in cities, particularly in temperate and tropical climates, using an equivalent RC
model. Equipped with a pre-stored database of building archetypes, it allows for energy-
demand forecast, renewable-energy-potential assessment, and district energy-supply de-
sign and optimization.

Despite not being widely adopted in the literature, IES-iCD [83] is included in this
study, as it represents the only commercially available UBEM tool. Commercialized by
Integrated Environmental Solution as part of an integrated suite of four different tools, it
allows energy use, solar potential and PV integration, water and accessibility assessments
and simulations.

Tool4Cities [85], a suite of digital tools created by Concordia University to support
urban sustainability and resilience, despite its promising integrated urban-energy mod-
elling approach and its use in an advanced OB modelling case study [77], is still under
development and, therefore, it has not been selected in the present study. Among the energy
simulation tools employed in the reviewed studies, ResStock [86], although a comprehen-
sive tool for residential building stock modelling, was not selected, due to its primary focus
on national-scale residential building analysis rather than urban-scale modelling. Similarly,
engines like Modelica [87], EnergyPlus [88], and DeST [89], although used to simulate
advanced OB [46,52,55,64,65,68,73,76], as evidenced by the literature review performed
(Table 1), were not included in the review because they are not considered bottom-up,
physics-based UBEM tools. Instead, they are primarily used for detailed, component-level
simulations of individual buildings and systems, rather than for integrated urban-scale
energy modelling.

The decision not to conduct a comprehensive literature review on all UBEM tools is
based on the existence of multiple detailed reviews that already cover various aspects of
these tools. For example, Ferrando et al. [3] provide an extensive review of bottom-up
physic-based UBEM tools, focusing on their development, capabilities, and applications.
Hong et al. [7] pose and answer ten significant questions on UBEM, exploring advanced
data models, datasets, modelling approaches, simulation tools, and model calibration. Rein-
hardt et al. [6] discuss input organization, thermal-model generation and execution, and
result validation of UBEM tools. These reviews provide a solid foundation for understand-
ing the general landscape of UBEM tools, allowing this study to focus more specifically on
the tools’ capabilities in advanced OB modelling. Readers interested in a more comprehen-
sive understanding of UBEM tools, including their general capabilities and limitations, are
encouraged to consult these multiple reviews.

3. Advanced OB Modelling to Support UBEM Simulation
3.1. Data Sources

Modelling OB at an urban scale presents significant challenges, due to the complexity
and diversity of human activities and interactions within a city. The spatial and temporal
stochastic nature of OB directly links to difficulties in collecting sufficient and reliable data
about occupants [9]. Furthermore, OB encompasses both the presence of individuals and
their energy-related actions, requiring data to be gathered and integrated from multiple
and diverse sources [9].

This section aims to provide an overview of the various data sources emerging from
the literature for OB characterization, highlighting whether they can offer information
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on occupants’ presence, actions, or both. By categorizing these sources—ranging from
traditional in situ measurements and surveys to modern location-based service applications
and network connectivity— the inherent complexities in urban-scale OB data gathering are
addressed, and potential pathways for improvement are proposed.

3.1.1. In Situ Measurements

Multiple technologies have been developed over the years to monitor OB, providing
real-time data collection specific to the location being investigated [10]. These technologies
can provide either direct or indirect measurements of OB attributes and are typically used
to model people’s presence and movement patterns, electric appliances and lighting control,
thermostat control or HVAC control. However, they can be exploited also for windows
operation and DHW usage [10]. Despite reliability, they come with significant drawbacks,
including high sensor-installation and maintenance costs, limited coverage areas, and the
necessity for physical access to measurement sites.

The most promising technologies for urban-scale applications emerge to be vision-
based sensors, smart meters and connected thermostats [9]. Vision-based sensors, such
as cameras or infrared detectors, represent a type of direct OB-sensing technology. These
sensors can count the number of occupants, track their movements, and even detect specific
activities in buildings and outdoor areas. Furthermore, they can be supported by machine
learning algorithms to analyse visual data [90]. Their adoption in model urban OB is
still limited, but they have been widely employed in building-level applications [10]. In
particular, the advantage of vision-based sensors in urban studies is the possibility of
relying on existing cameras (e.g., surveillance cameras), rather than installing new sensors.
This approach avoids installation costs and potential resistance from citizens, but it can
generate privacy concerns that should be accurately investigated.

Direct counting of people entering buildings, as performed by Wang et al. [57] to
obtain the hourly occupancy profile of 12 commercial buildings in China, is another direct
approach. This approach, however, is extremely time-consuming, hindering its adoption in
large-scale applications.

On the other hand, smart meters and connected thermostats belong to the class
of indirect OB attribute-sensing technology. Smart meters provide detailed electricity
usage, typically at time resolutions of 15 min. Analysis of these data via machine learning
techniques has proven to discover typical electric load curves and infer OB schedules [91].
El Kontar and Rakha [54] proposed a framework based on k-means clustering to model
occupancy and related energy (i.e., lighting and electric appliances) loads based on metered
data. Similarly, Ferrando et al. [21] clustered smart meter registration to create data-driven
schedules for electric use and occupancy, adding diversity to UBEM simulations. Despite
the potential, smart meters are not widely used, and their installation can encounter
population resistance, due to privacy concerns.

Smart thermostats not only control heating and cooling systems but also collect data
on temperature preferences and occupancy patterns. Equipped with sensors, they can
detect when people are present in a room and adjust the temperature accordingly. They
have been recently employed by Jung et al. [71] and Doma et al. [75] to generate residential
occupancy profiles and by Ueno et al. [61] to model thermostat control in households. These
three studies leveraged an open dataset of smart thermostat registration called Donate Your
Data (DYD) [92]. The DYD dataset derives from an initiative launched in 2015 by Ecobee,
one of the leading vendors of smart thermostats in the US and Canada, where users were
invited to voluntarily share their smart thermostat data for research purposes. Data include
5 min-interval collections of indoor and outdoor temperature and humidity, heating and
cooling temperature setpoints, HVAC mode (i.e., heating or cooling), motion data, and
user-defined schedules. This initiative is still ongoing and currently collects data from
more than 200,000 households, making the DYD dataset a valuable resource for studies on
building science, and beyond.
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Wau et al. [68] investigated HVAC control strategies and thermostat adjustments in the
Chinese hot-summer—cold-winter climate zone, based on monitoring data of more than
1200 household variable refrigerant flow systems. The collected variables included on/off
status, operation mode, fan-speed gear and setting temperatures, and helped to identify
five typical HVAC behaviour patterns. However, different from DYD, the dataset employed
was not open source.

In summary, various technologies offer promising solutions for monitoring OB, al-
though their adoption is influenced by factors such as cost, privacy concerns, and the
scale of application. Initiatives like open data sharing are crucial in overcoming these
challenges and maximizing the potential of these technologies for urban-scale applica-
tions. Additionally, by addressing privacy concerns and leveraging existing infrastructure,
these technologies can be more effectively integrated into urban planning and building-
performance simulations, ultimately enhancing energy efficiency.

3.1.2. Surveys

Surveys are a widely used method for collecting data on OB in urban environments.
They offer unique insights into human behaviour, preferences, and subjective experiences
that are often difficult to capture through sensor-based methods. They can be conducted
by national institutes of statistics and government agencies, researchers or private com-
panies [9]. Furthermore, they can be structured to reflect population characteristics at
the national or regional level or be tailored to be representative of a specific case study.
Examples of surveys dedicated to specific case studies can be found in the works of An
et al. [52], Liu et al. [69], Yu et al. [72] and Zhou et al. [74]. These researchers created and
submitted surveys in their investigated case study area, to obtain context and location-
specific information about its population. Surveys can include general sociodemographic
variables, such as age, sex or occupation status, but also more specific information about
housing and household members, installed HVAC systems or appliances, preferences for
indoor conditions, activities performed during the day, working hours or travel patterns [9].

A common type of survey employed for OB modelling is the Time Use Survey (TUS),
collecting data on activities—including start and end times, and location—performed
during a typical day by individuals selected to statistically represent the national popu-
lation [93]. TUSs are currently available in more than 100 countries around the world,
and can be structured as a full diary, light diary, and questionnaire [94]. To unify the data
collection procedure among the member states, the European Union proposed a Harmo-
nized European Time Use Survey (HETUS) [95] with a standardized design, to make data
comparable across countries and over time.

TUSs provide high temporal resolution (1-to-10 min intervals) about a large variety
of possible indoor and outdoor activities and locations, representing a promising solu-
tion to OB data-gathering complexities. American, French, UK and Belgian TUSs have
already been successfully employed to model occupancy, electric appliances and DHW
usage [40,44,53,65,67]. Richardson et al. [40], for example, leveraged a UK TUS to inform a
model to stochastically generate residential occupancy patterns, diversified per household
size. Subsequently, they proceeded to extend the modelling to lighting [41] and electric
appliances control [42]. Similarly, surveys proved useful for modelling thermostat control
and DHW usage [44,66]. Their integration for windows operation and HVAC control still
needs to be tested.

Referring to Table 1, it is evident that most studies using TUSs focus on residential case
studies, showing a lack of versatility for application in mixed-use urban areas. However,
TUS data also include information on non-residential buildings, outdoor spaces (e.g., parks,
lakes, beaches), and transportation modes (e.g., cars, trains, buses). This broader scope
opens opportunities to integrate different urban domains, such as buildings and mobility,
within a unified modelling framework.

TUSs can be coupled with other surveys (e.g., travel surveys, work surveys) and
census data to include economic, and social information, detail on working hours, travel
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modes, durations, and purposes. An example of this integration can be found in the work
of Buttitta et al. [46], where the UK TUS was combined with census data and analysed
via data-mining techniques to develop occupancy-integrated UK residential archetypes.
Qualitative sociological and psychological studies can offer additional valuable insights
into the cultural, social, cognitive and emotional factors affecting human behaviour and
energy use patterns in urban settings [9].

While surveys provide detailed representative data that can be aggregated at different
spatial levels (e.g., individual, household, building, population), their reliability can be
affected by researcher bias, the representativeness of the sample population, and partic-
ipants” willingness to take part [93]. Additionally, carrying out large-scale surveys like
TUSs involves significant resources, effort and time, limiting updates to every 5 to 10 years
and hindering the use for simulation behavioural changes [93]. Nonetheless, surveys offer
the significant advantage of capturing rich, detailed data on both occupants’ presence and
actions, and they can often be made available as open-source resources, facilitating broader
access and collaborative research.

3.1.3. Location-Based Service Applications

Location-based service (LBS) applications are designed to operate using geolocation
data from users. Thus, even though the purpose of these applications (e.g., social media,
mapping platforms, tracking services, etc.) might be far from OB, they provide high
spatiotemporal resolution data on mobility patterns, presence, and time spent in specific
locations. While LBS data are limited in modelling energy-related actions in buildings,
they can support the creation of realistic and context-specific occupancy profiles for large-
scale applications.

Successful examples of data from social media check-ins and mapping platforms
to model occupancy in both residential and non-residential buildings are present in the
literature (Table 1). Google Popular Times [96], a feature available in Google Maps that
provides real-time and historical data on the busiest times at various businesses and
places, has been employed by Parker et al. [51] to extract occupancy profiles of twenty
supermarkets in the UK, and by Happle et al. [35] to create data-driven occupancy schedules
of restaurants and retail outlets in 13 different US cities. The advantage of Google Popular
Times [96] data is their open-source availability and their presentation as normalized
daily profiles with hourly time-steps (Figure 4), which simplifies the modelling process.
Nonetheless, these data are limited to busy public places, and they may need integration
with other data sources in case of simulation of mixed-use urban areas. Furthermore,
despite the useful normalized form, the normalization factor of Google Popular Times [96]
is unclear, adding uncertainty to simulations.

Popular times Tuesdays v ©)
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Figure 4. Example of real-time Google Popular Times [96] for a building of cultural interest in Milan,
as extracted from Google Maps.
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Kang et al. [64] leveraged social media data to extract, through clustering analysis, typ-
ical weekly occupancy profiles of 16 non-residential buildings (i.e., retail outlets, hospitals,
railway stations and airports) in Beijing, China. The data employed in this study come from
Tencent, one of the largest internet companies in China, and include positioning records
from apps such as WeChat and QQ. However, privacy legislation and cost considerations
may limit the accessibility and use of similar datasets.

Promising opportunities for occupancy modelling can also come from the use of
GPS traces, as is often seen in the transportation field [33], and geo-tagged tweets from
X Platform, whose frequency showed the potential to be a predictor of hourly, city-wide
electricity use [97].

Overall, leveraging LBS data for urban OB modelling offers several advantages, in-
cluding high spatiotemporal resolution and the ability to create detailed occupancy profiles
for a wide variety of building uses. The popularity of using such datasets, especially
open-source ones, is expected to increase.

3.1.4. Network Connectivity

Network connectivity data, such as Wi-fi logs or Call Detail Records (CDRs), provide
insights into the number and types of devices connected to networks, connection durations
and timings, and overall network-traffic patterns.

CDRs are metadata files that telecom operators generate for every telecommunication
transaction that occurs within their network. Among others, they typically include informa-
tion on the date and time when the data session started and ended, a unique identifier of
each user, and an identifier for, and location coordinates of, the cell towers or base stations
that managed the data session. In their study, Barbour et al. [34] started from CDR to
investigate users’ stay points in the Boston area. to estimate building occupancy. Through
the application of an agent-based modelling framework developed for transportation ap-
plications, they managed to derive occupancy profiles for residential, industrial, retail and
mixed-use buildings.

Hou et al. [28] and Abolhassani et al. [77] decided to employ Wi-Fi sensing data to
infer building occupancy in urban applications. Wi-Fi sensing data are derived from the
interaction of devices (such as smartphones, laptops, and IoT devices) with Wi-Fi networks.
Similarly to CDRs, they includes information on the unique identifier of the device con-
necting to the Wi-Fi network, date and time of connection/disconnection occurrences and
identifiers of Wi-Fi access points. While in UBEM Wi-Fi sensing data have been primarily
used to model occupancy, especially in the case of interdependent buildings [28], in single-
building analyses they has also proven useful for investigating occupant energy-related
actions [98].

The advantages of network connectivity data include high spatial and temporal res-
olution and the ability to capture real-time occupancy patterns. Their integration into
large-spatial-scale applications for the modelling of other OB attributes needs further inves-
tigation. However, privacy concerns and data security issues are significant limitations that
need to be addressed.

Overall, each of the presented data sources encompasses advantages and disadvan-
tages. Therefore, leveraging diverse data sources for urban OB modelling can be the best
solution to obtain a deep understanding of complex interactions within urban spaces.
The increasing availability of open-source datasets offers promising opportunities for
enhancing UBEM simulations, though privacy and data-integration challenges remain
significant barriers.

3.2. Modelling Techniques

From their initial application in single BPSs, OB modelling approaches have been
adapted and expanded for UBEM use. Choosing the appropriate approach depends on
a comprehensive exploration of the trade-offs between simplicity, accuracy, and compu-
tational demands, as well as on the research question and the data availability [20]. This
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section reviews the modelling formalism chosen by previous researchers in their urban OB
modelling studies (Table 1), distinguishing between deterministic, stochastic and agent-
based modelling (ABM), and investigating the statistical and mathematical techniques that
support them.

For those interested in modelling techniques from other fields (e.g., transportation,
risk management, epidemiology) which can support OB modelling, the work of Dong
et al. [36] is recommended.

3.2.1. Deterministic Models

Deterministic models use fixed schedules or rule-based schemes to describe OB in
buildings. Derived from statistical trends or observed data, these models have evolved from
standard schedules to be more robust and context-specific. Typically, they take the form of
24 h normalized profiles that correlate OB attributes to their peak value (e.g., occupancy
density, electric power density, etc.) or follow simple rules based on environmental triggers
(e.g., switching lights on in the absence of sufficient illumination).

Out of the 39 reviewed studies, 15 propose data-driven deterministic models, primarily
for occupancy but also for thermostat control, lighting control, electric appliance control,
and HVAC control. Table 2 details the deterministic models, their mathematical or statistical
techniques, and data sources.

Table 2. Data sources and modelling-technique details of the reviewed studies proposing determinis-
tic OB models.

Ref. OB Attributes OB Data Source OB Modelling Technique
[49] O Travel survey k-means clustering
[51] @) Google Popular Times Direct use of Google Popular Times
[54] O, L, HVAC, EA Smart-meter registrations k-means clustering
[59] O Private mobility data Count of users in buildings at different hours
[35] @) Google Popular Times Direct use of Google Popular Times
[61] T Smart-thermostat registrations k-means clustering
[63] O Smart-meter registrations Shape-based clustering and change-point detection
[62] @) French TUS, smart-thermostat registrations ~ Hierarchical agglomerative clustering
[64] O Network connectivity data k-means clustering
[5] O, EA Smart-meter registrations k-means clustering
[68] T, HVAC VRF sub-meter registrations k-means clustering
[69] O Dedicated survey k-means clustering
[75] (@) Smart-thermostat registrations Rule-based model
[77] @) Wi-Fi sensing Random forest classification
[73] O UK TUS k-mode clustering

O = occupancy, T = thermostat control, L = lighting control, EA = electric appliances control, HVAC = HVAC
system control.

Clustering, especially k-means clustering, is the most adopted technique. k-means clus-
tering is an unsupervised machine learning technique used to partition a dataset into a set
number of distinct groups of similar data points. This technique is simple and robust, mak-
ing it a common choice for clustering metered time-series data [91]. For instance, Ferrando
et al. [21] implemented a k-means algorithm to cluster similar residential electricity-use
patterns in Milan, to extract occupancy profiles. The same procedure subsequently allowed
for the detection of variations in residential energy-use profiles experienced in Milan before,
during, and after the COVID-19 emergency [99]. Ueno et al. [61] obtained 40 thermostat-
adjustment schedules from smart-thermostat registrations through the k-means algorithm
application. Furthermore, the k-means algorithm proved useful for extracting occupancy
schedules from survey data, as seen in the works of Rakha et al. [49] and Liu et al. [69].

In contrast, Sood et al. [73], dealing with Time Use Survey (TUS) categorical data,
used the k-mode algorithm, an extension of k-means for categorical data. Other determin-
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istic OB modelling techniques used in the literature include hierarchical agglomerative
clustering [62], shape-based clustering [63], and random forest classification [77].

Deterministic models are the simplest and least data-intensive, but they lack the
stochasticity of human behaviour, resulting in fixed profiles without any variation. They
usually assume the form of space-based profiles, meaning that their focus is on the aggre-
gated impact of OB attributes on a specific space (i.e., a certain category archetype, a certain
building or a single thermal zone), rather than on the individual movement and activities
within the urban fabric. The space-based approach is advantageous for its simplicity and
focus on building performance, but may lose individual behaviour detail and may limit
integration with other urban domains (e.g., mobility).

Thus, deterministic models are well-suited for applications with large spatiotemporal
resolutions [20], and are often preferred when data are insufficient for more detailed models.

3.2.2. Stochastic Models

Stochastic models use probabilistic approaches to account for the randomness and
variability of human behaviour. They can generate sequences of activities based on the
probability of occurrence and duration of events (e.g., occupancy of a space, switch on/ off
events, etc.), and can be informed by both historical and monitored data.

These models became popular among researchers to overcome the oversimplifications
introduced by deterministic models [9]. Seventeen reviewed case studies propose stochastic
modelling, covering the topics of occupancy, thermostat adjustment, lighting control,
electric appliances control, HVAC system control, DHW usage and windows operations.
Table 3 reports the details of data sources and modelling techniques employed.

Table 3. Data sources and modelling-technique details of the reviewed studies proposing stochastic
OB models.

Ref. OB Attributes OB Data Source OB Modelling Technique
[40] O UK TUS First-Order Markov Chain model
[41] L Active occupancy from [40], CREST  First-Order Markov Chain model for O combined with
irradiance database probabilistic switch-on event for L
Active oecupancy from [40], UK First-Order Markov Chain model for O combined with
[42] EA TUS, statistical e .
. . probabilistic switch-on event for EA
appliance-ownership data
[43] O in situ measurements First-Order Markov Chain model
[44] O, EA, DHW, T Belgian TUS, household Survival model
budget survey
. First-Order Markov Chain model for O combined with
(521 O, T.L, HVAC, W Dedicated survey probabilistic switch-on event T, HVAC, L, W
[53] O, HVAC UK TUS, Census data First-Order Markov Chain model
[56] O American TUS, dedicated survey First-Order Markov Chain model
[57] (@) in situ measurements Gaussian Mixture Model
[46] EA UKTUS, English .H.ousmg survey First-Order Markov Chain model
Household electricity survey
[28] O Wi-Fi sensing Hazard-based model combined with copula approach
[66] DHW, L, EA, O American TUS F1rst—OF(.ie1j MarkoY Chain model combined with
probabilistic sampling
[67] (@) American TUS First-Order Markov Chain model
[70] O .Loc'atlon-based service application, First-Order Markov Chain model and Bayesian Network
in situ measurements
[71] (@) Smart-thermostat registrations First-Order Markov Chain model
[74] O Dedicated survey First-Order Markov Chain model
[76] 0, HVAC VRE sub-meter registrations First-Order Markov Chain model for O, three-parameter

Weibull cumulative function for HVAC

O = occupancy, T = thermostat control, L = lighting control, EA = electric appliances control, HVAC = HVAC
system control, DHW = domestic hot-water Usage, W = window operations.
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A widely adopted technique is the First-Order Markov Chain (MC), which creates
event sequences based on state transition probabilities. With First- Order MC, the probabil-
ity of a state occurring is based only on the previous state; therefore, they are incapable
of capturing long-term dependencies in the time-series data [100]. Higher-Order MCs can
overcome this limitation; however, the trade-off between complexity and detail in mod-
elling large-scale OB attributes is unclear. Richardson et al. [40—42] used the First-Order
MC to model household occupancy, lighting use, and electric appliances, differentiating
schedules by household size. Baetens et al. [44] used the First-Order MC and survival
models for occupancy, thermostat adjustment, electric appliances control, and DHW usage.
In particular, the transition between states is defined using the MC and the duration of each
state in a survival model. Survival models, predicting the time before an event occurs, have
been employed by Hou et al. [28] to model occupancy patterns within neighbourhoods,
while Wang et al. [57] proposed a dynamic occupancy model for commercial buildings
using Gaussian Mixture Models (i.e., generating data based on Gaussian distributions).

By incorporating randomness, stochastic modelling can offer a higher level of real-
ism compared to deterministic models, making the generated OB profiles suitable for an
application that necessitates high spatiotemporal resolution (e.g., demand response, grid
flexibility, etc.). They can either have a space-based approach, as used by Buttitta et al. [46]
for the creation of occupancy-integrated archetypes, or they can capture individual be-
haviour detail though a person-based approach, allowing for the modelling of individuals
or groups of individuals with similar behaviour. An example of person-based stochastic
modelling is found in the work of Chen et al. [66], where four typologies of occupants have
been defined based on their daily presence/absence schedule at home. A person-based
approach can improve the capabilities of the simulation, increasing the heterogeneity of OB
and opening other topics, for example, the exploration of dedicated behavioural policies
on districts” energy use (e.g., the adoption of remote working for a share of the population)
or the integration of urban domains (e.g., mobility, public transportation, etc.). However,
the complexity and data requirements of stochastic models can be significantly higher,
necessitating comprehensive data collection and processing efforts.

3.2.3. Agent-Based Models

ABM simulates actions and interactions among autonomous agents and their envi-
ronment [101]. Agents are intended as individual entities having a certain set of attributes
and rules that govern their behaviour. Based on the level of detail of the model, agents can
anticipate future consequences based on environmental sensing, learn from experience and
develop a group behaviour [20].

In OB modelling, agents can be individuals or groups with similar characteristics, with
their state and its evolution being deterministic or stochastic. A few examples, summarized
in Table 4, are proposed in the literature for ABM applications with respect to OB, with
novel models or framework adaptations from the transportation domain.

Mosteiro et al. [60] adapted the MATSim [102], originally for transportation analyses,
to UBEM purposes, creating a synthetic population of agents distributed in the study
area with spatial position and activity (i.e., work, study, and lunch) evolving in time.
Barbour et al. [34] used the Time-Geo Framework [103] and CDRs to generate urban
mobility patterns with stay durations of activities, number of visited locations per day,
and daily mobility networks and eventually extract occupancy patterns to be inputted in
UBEM simulation. Berres et al. [55] generated human mobility patterns and vehicle trips
with TRANSIMs [104] to eventually map agents to nearby buildings, based on their final
destinations. Then, the arrival and departure times of agents were used to create hourly
building occupancy schedules.

Mahmood et al. [58] developed a three-layer ABM for estimating residential electricity
consumption, representing building stock, occupants, and appliance agents, interacting
dynamically to simulate aggregate electricity consumption. Schumann et al. [65] designed
an ABM with autonomous agents capable of coordination among household members,
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for simulating daily occupant activities and electricity use, based on survey and census
data, and TUS data. Yu et al. [72] proposed a combined ABM for predicting community
heating loads by simulating occupant transfer behaviour, temperature preferences and
thermostat adjustments.

Occupant agents in ABM can encompass a great variety of characteristics, depending
on the model’s purpose and granularity. The typical characteristics emerging from the
reviewed studies are the following:

—  Demographic attributes such as household size and employment status;

— Behavioural patterns such as daily routines or working hours;

— Energy usage habits such as preferences for heating/cooling, appliance usage patterns,
and responses to environmental changes;

— Mobility patterns such as commuting habits and travel frequency;

—  Environmental sensitivity such as thermal-comfort perception of temperature preferences;

— Interaction rules (i.e., how agents interact with each other), such as collective behaviour
in a household.

These characteristics allow ABM to simulate the complex and dynamic interactions
between occupants and their environments, leading to more detailed predictions of building
performance and energy usage. ABM models can adapt to changes in the environment
and agent behaviours, providing simulations that account for a wide range of scenarios.
Nonetheless, ABM requires substantial data and computational resources, which can be
a barrier to large-scale or highly detailed models. Ensuring the accuracy and validity
of ABM simulations requires rigorous validation against real-world data, which can be
complex and time-consuming. Developing and implementing ABM is complex, requiring
expertise in modelling techniques and domain-specific knowledge (e.g., building energy
performance). The level of detail of the ABM should be accurately chosen, based on the
research question, to avoid the addition of unnecessary complexity. Thus, despite these
challenges, the dynamic, adaptive, and data-driven nature of ABM makes it a valuable tool
for researchers and practitioners in sustainable building performance and its integration
into available UBEM tools should be investigated.

Table 4. Data sources and modelling-technique details of the reviewed studies proposing OB ABM.

Ref. OB Modelled Attributes OB Data Source OB Modelling Technique
[50] o in situ me'asurer'ne‘nt, historical data frorr} the literature, Tailored Agent-Based Model
Commercial Building Energy Consumption Survey

[55] O National Household Travel Survey TRANSIMS [104]

[34] O Call-detail Records TimeGeo Framework [103]
[58] O, EA Smart-meter registrations Tailored Agent-Based Model
[60] O, EA, DHW Employee registers and course-enrolment data Tailored Agent-Based Model
[62] O,T French TUS, smart-thermostat registrations Tailored Agent-Based Model
[65] O, T, EA French TUS Tailored Agent-Based Model
[72] O,EA Dedicated survey Tailored Agent-Based Model

O = Occupancy, T = thermostat control, EA = electric appliances control, DHW = domestic hot-water usage.

4. Flexibility of UBEM Tools in Incorporating Advanced OB Models

This section provides an in-depth analysis of the occupant-related features available in
various UBEM tools, focusing on how they model occupancy, thermostat control, lighting
control, electric appliances control, HVAC control, windows operation and DHW usage.
The tools analysed are the ones proposed in Section 2.2. Table 5 summarizes the key
findings of the proposed analysis.

It is worth noting that, independently of the specific input and modelling features,
UBEM tools currently implement only space-based OB inputs. This implies that the tools
do not model occupants as individuals moving and acting in the urban environment, but
rather account for their impact on a specific building or thermal zone.
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Table 5. Summary table of OB attributes in the analysed UBEM tools.
Thermostat Lightin, Electric Appliances HVAC Windows
Occupancy Control Contro% Control Control Operation DHW Usage
CitySim Det and Sto Det Det and Sto ! Det and Sto ! Det ! Det ! Det !
umi Det Det Det Det Det Det Det
CityBES Det Det Det Det Det NS Det
OpenIDEAS Detand Sto  Detand Sto >  Det and Sto 2 Det and Sto ! Det and Sto 12 Det Det and Sto !
CEA Det and Sto Det Det Det Det NS Det
IES-iCD Det 3 Det 3 Det 3 Det 3 Det 3 NS Det 13

Det = deterministic, Sto = stochastic, NS = not supported; !: based on occupancy states, 2: limited to residential
buildings, 3. non-customizable.

4.1. CitySim

CitySim [79] offers support for both deterministic and stochastic hourly-occupancy
models. Deterministic models provide consistent patterns for weekdays, Saturdays, and
Sundays without seasonal variability, and can be either predefined or customizable by
the user. To add randomness to occupancy profiles, CitySim [79] offers the possibility of
generating stochastic schedules based on the Page et al. [43] model. This model is built
upon the First-Order MC, in which a fixed mobility parameter lightly varies transition prob-
abilities over time, allowing for the creation of yearly profiles. The probabilistic modelling
of long absences is also included. This model is informed by occupancy data deriving from
standards, lacking the capability of capturing context-specific or real-time details. Creating
space-based occupancy profiles, it does not allow for individual heterogeneity.

CitySim [79] also includes deterministic and stochastic models for window and blinds
operation, and usage of lights and electric appliances. These behaviours are triggered based
on occupancy states generated by the presence model.

Besides schedules, the tool offers the setting of standardized or customizable values of
occupancy density, electric-equipment power density, and lighting power density. Ther-
mostat control in CitySim [79] is deterministic, with fixed temperature setpoints. HVAC
control is also deterministic, with on/off control based on occupancy schedules. DHW
usage follows a deterministic schedule.

Another advantage that CitySim [79] can offer is the integration (still under develop-
ment) with the MATSim toolkit [102], an interactive multi-agent transport model that could
open up to the simulation of individuals’ movement in the urban environment.

4.2, umi

umi [80] is designed for detailed and customizable occupancy scheduling but lacks
stochastic modelling capabilities. It allows users to set daily, weekly, and yearly schedules
for occupancy, lighting, electric appliances, DHW usage, natural ventilation, mechanical
ventilation, window openings and HVAC control. Similarly, users can set customized
values for occupancy densities, lighting and electric-appliance power densities and DHW
peak flow for each defined schedule. Thermostat control in umi [80] is deterministic, with
customizable setpoints for heating and cooling based on a user-defined hourly schedule.

Despite the possibility of defining detailed yearly schedules for each building in the
simulation, the inputting process is not automized and is highly time-consuming.

Additionally, the tool offers the possibility to adopt predefined OB standard schedules,
differentiated by building-use type.

4.3. CityBES

CityBES [81] offers the possibility of using predefined schedules. Default occupancy
schedules are fixed and derived from predefined datasets, modelled on an hourly time step
with occupancy density differentiated by building use and based on standard data. Both
peak sensible- and latent-heat load related to people occupancy can be set up. Thermostat
control follows fixed schedules with predefined setpoints, also on an hourly time step with
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standard values. However, CityBES [81] offers the possibility, working with the developers’
team, of customizing the schedules of each building in the model.

HVAC control in CityBES [81] uses, by default, predefined schedules, modelled on
an hourly time step with on/off control. The tool, however, for more advanced models
offers the possibility of changing the HVAC control via customized schedules. Similarly,
the lighting control and DHW usage follow deterministic schedules, by default, deriving
from standards but customizable with the support of the developers.

4.4. OpenIDEAS

OpenIDEAS [82] integrates detailed stochastic modelling for residential buildings
using the StROBe module. This allows for high-resolution time-series modelling of oc-
cupancy and various occupant-related behaviours. StROBe employs MC to model the
transition between three possible occupancy states (i.e., awake at home, asleep at home
and away), while the duration of each state is determined through a survival model. Then,
the activities are linked to occupancy states estimating the likelihood of occurrence. This
model is detailed in the work of Baetens et al. [44].

Occupancy is modelled stochastically with a 1 min resolution, based on the Belgian
Time-Use Survey. Thermostat control involves stochastic setpoints for space heating, also
with a 1 min resolution, and varying based on occupancy and external conditions.

DHW usage is modelled stochastically, based on occupancy patterns, with a 1 min
resolution and peak usage correlating with peak occupancy times. HVAC control supports
both deterministic schedules and stochastic models, with an hourly time-step and on/ off
control based on occupancy and temperature setpoints. Windows operation is modelled
deterministically with fixed schedules, while lighting control uses stochastic models linked
to occupancy, both with a 1 min resolution.

However, StROBe is limited to residential OB attributes, and, for other building-use
types, the user can only adopt deterministic schedules to model occupancy and occupant-
related actions, using either standard or customized profiles.

4.5. CEA

CEA [83] includes built-in standard schedules based on existing databases of Swiss
and Singaporean buildings and customizable deterministic schedules for occupancy, heat-
ing, cooling, electric appliances and lighting usage, DHW consumption and electromobility.
Such hourly-based schedules can be defined for typical weekdays, Saturdays and Sundays
with the possibility of accounting for seasonality through the setting of monthly probabili-
ties. Occupancy density, electric appliances and lighting-power density, and heating and
cooling setpoints are customizable. To account for both latent- and sensible-heat loads of
people, CEA [83] allows the definition of peak values (i.e., Watts per person) for sensible-
and latent-heat exchange.

Additionally, CEA [83] provides a stochastic model for occupancy, based on a First-
Order MC. Similar to CitySim [79], the stochastic model implemented in CEA [83] is
based on Page et al. [43], and is therefore a First-Order Markov Chain, with transitional
probabilities adjusted via a fixed mobility parameter and probabilistic determination of
long absences. The limitations of this model evidenced by CitySim [79] remain valid for
CEA [83].

4.6. IES-iCD

IES-iCD [105] relies on predefined hourly schedules derived from the ASHRAE 90.1
standard [14] with limited customization options for occupancy, electric appliances control,
thermostat control and lighting control. Schedules are defined for typical weekdays,
Saturdays and Sundays, without accounting for seasonality, differentiated by building-
use type. Customization options include the selection of fixed schedules from a limited
list. Occupancy density, electric appliances and lighting-power density, and temperature
setpoints, can be customized.
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HVAC control in IES-iCD [105] uses fixed schedules which are on/off control-based,
while the DHW usage profile, also fixed, is linked to occupancy states. The tool does not
support window operation.

5. Current Challenges and Potentials for Development in UBEM Tools and OB Modelling

UBEM tools have made significant advancements in recent years, yet they still hold
considerable potential for further development, particularly in improving the represen-
tation of OB in simulations, where several challenges persist. These challenges limit the
effectiveness, flexibility, and overall applicability of UBEM tools in realistically simulating
urban-energy dynamics.

One of the primary challenges is that OB in UBEM tools is often represented through
deterministic, space-based schedules. This approach reduces the adaptability of simula-
tions and can lead to unrealistic load-curve predictions, as it fails to capture the inherent
variability and stochastic nature of human behaviour. While deterministic models provide
a generalized representation of OB, they do not account for the randomness and hetero-
geneity of people’s presence and actions across different locations and times, making it
difficult to accurately reflect the dynamics of energy use in various contexts.

However, integrating more advanced stochastic models into UBEM tools presents
another significant challenge, due to their high computational demands, including the need
for complex algorithms, large datasets, and substantial processing power. These factors
make the process resource-intensive and complex, leading to longer simulation times. Some
tools, such as OpenIDEAS [82], CitySim [79], and CEA [83], have already incorporated
stochastic models that offer the potential to better capture the unpredictability of human
behaviour. Nonetheless, these models still have limitations, and require further refinement
to ensure they are suitable for different building-use types and mixed-use case studies.

Another challenge lies in the limited flexibility of current UBEM tools to accommodate
dynamic and customizable schedules that reflect real-time changes or seasonal variations.
Although most analysed tools, except for IES-iCD [105], allow schedule customization, the
process of associating schedules with buildings can be unintuitive and time-consuming,
especially when managing a large number of schedules. This can lead to inefficiencies and
inaccuracies in simulations.

Interoperability between UBEM tools and other urban-modelling platforms is also a
pressing issue. The current lack of common data formats and interoperability standards
hinders the integration of data across platforms, limiting the potential for a comprehensive
analysis of all the urban domains.

Additionally, there is a clear need for standardized methods for inputting OB aspects
within UBEM tools. The absence of such standards leads to inconsistencies across studies
and tools, reducing the reliability of simulation results. The challenge is not only to develop
these standards, but also to ensure they are adopted and implemented across the field.

Improving OB modelling itself is another crucial area where challenges remain. One
major issue is the lack of comprehensive data that accurately represent diverse contexts,
such as different cultural, climatic, and socio-economic environments. Even when data
are available, ensuring that they are representative enough to capture the variability of
occupant behaviour across these contexts may be challenging. Leveraging diverse data
sources, such as IoT devices and smart technologies, offers promising avenues for capturing
real-time information on occupancy and energy-usage patterns. However, integrating these
diverse data streams into UBEM models requires sophisticated data processing techniques
and raises concerns about data privacy and security.

Addressing these challenges could unlock substantial potential for the development
of UBEM tools.

Integrating advanced stochastic models informed by reliable and representative data
can enhance the adaptability of simulations, providing more realistic load-curve predic-
tions. The proliferation of IoT and smart devices offers an unprecedented opportunity to
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incorporate dynamic, real-time OB data into UBEM simulations, which could significantly
improve model accuracy and responsiveness.

Moreover, advancing person-based and ABM techniques can allow for a more detailed
understanding of how occupants interact with the urban environment. Techniques such as
MC and survival models, which simulate probabilistic transitions between different states
of occupancy and predict the duration of each state, can add a layer of randomness and
variability to OB. Meanwhile, ABM can provide a detailed and dynamic representation of
occupants by simulating individuals with unique behaviours and interactions. Tools like
CitySim [79] are beginning to explore this with their integration of the MATSim toolkit [102],
but further advancements are needed to fully capture the complexity of occupant behaviour.
Co-simulation of UBEM with ABM tools presents a promising development path for
addressing this complexity by simulating individual occupants with unique behaviours
and interactions.

Enhancing UBEM tools to support dynamic and customizable schedules can provide
users with greater flexibility and precision in their models. Implementing user-friendly
interfaces, such as drag-and-drop scheduling and templates for different building types
or enabling the upload and automatic assignment of schedules through external files, can
empower users to create more accurate and context-specific simulations.

Improving interoperability between UBEM tools and other urban-modelling platforms
is also crucial, as it offers several key advantages. One significant benefit is the ability to
holistically study urban areas by combining different domains such as buildings, energy,
transportation, and more. Establishing common data formats and developing middleware
solutions can enable seamless communication and data sharing across platforms, facilitating
coordinated strategies for urban planning, energy management, and sustainability. This
approach allows for a more comprehensive analysis, leading to better-informed decisions
that consider the interconnectedness of various urban systems.

Finally, rigorous validation and calibration of OB models against real-world data are
essential for ensuring their accuracy and reliability. Developing a validation protocol can
help ensure the robustness of OB models.

6. Conclusions

This paper provides a review of the integration of Occupant Behaviour (OB) into
Urban-Building Energy Modelling (UBEM), addressing current practices, challenges, and
potential improvements. The scope of this study includes an examination of existing OB
modelling techniques, data sources, and UBEM tools, aiming to guide future research and
tool development towards more accurate and reliable urban-energy simulations.

The review of available studies proposing advanced OB models for urban applications
revealed a predominant focus on the residential sector and occupancy attributes, underlying
a critical need to explore a broader range of OB attributes and building uses. This expansion
is essential for developing comprehensive and nuanced models suitable for mixed-use case
studies. The analysis also highlighted significant geographic regional disparities in OB
research, with regions like South America, Africa, and parts of Asia, as well as tropical and
arid climates, being notably under-represented. Investigating diverse contexts is crucial,
given the varying climatic and cultural influences on OB.

Insights from the analysis of data sources emphasize the increasing use of modern
technologies such as LBS applications and network connectivity data. These sources offer
high spatial and temporal resolutions, enhancing the granularity of occupancy modelling.
However, their suitability for the modelling of other OB attributes needs further investi-
gation. Furthermore, they present challenges related to accessibility, hindered by privacy
constraints. Traditional data sources, such as in situ measurements and surveys, while
reliable, face limitations in scalability. A balanced approach to data integration is therefore
required to gather comprehensive information about all aspects of OB in buildings.

The assessment of modelling methods reveals a shift towards advanced stochastic and
agent-based models, which better capture the variability and unpredictability of human
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behaviour. Despite this progress, the implementation of these sophisticated models is
often constrained by the current capabilities of UBEM tools, which predominantly rely
on deterministic approaches. These limitations hinder the ability to account for real-time
dynamics and individual heterogeneity. Furthermore, a standardized validation protocol
of OB models is needed to ensure accuracy in simulation results.

Current UBEM tools offer varying degrees of customization and flexibility in OB
modelling. However, they are primarily deterministic and space-based, and lack the
ability to simulate variable individual movements within the urban environment. Future
development should focus on integrating person-based occupant modelling, co-simulation
with agent-based frameworks, and the adoption of dynamic, easily customizable schedules.
Enhancing interoperability between UBEM tools and other urban-modelling platforms is
also crucial for providing a comprehensive view of urban dynamics.

In conclusion, while significant advancements have been made in integrating OB into
UBEM, further progress is needed to incorporate diverse data sources, improve modelling
techniques, and enhance tool capabilities. Addressing these challenges will enable more
accurate and reliable urban-energy simulations, contributing to more effective and sustain-
able urban planning and energy management strategies. Moreover, fostering collaboration
between researchers and tool developers is essential to bridge the gap between advanced
OB modelling and practical UBEM applications, ultimately facilitating the creation of more
occupant-centric urban-energy systems.
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