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Abstract

Building retrofits are a critical means of reducing energy demand for space
heating, yet adoption rates remain low. To address this challenge, it is essen-
tial to both understand the factors that influence homeowners’ decisions and
model these decision-making processes to evaluate the impact of potential
policy interventions. This thesis adopts a dual approach: it first explores the
drivers of retrofit adoption through empirical analysis, and then investigates
how agent-based modeling (ABM) can be used to simulate and understand
these decisions in the context of urban energy transitions.

The first research question focuses on understanding homeowner decision-
making about retrofitting. Through principal component analysis (PCA) of
a Dutch homeowner survey, the research identifies the key factors associated
with energy-efficient retrofit decisions. The analysis shows that older and
smaller households with long home tenure are less likely to adopt energy-
efficient measures. In contrast, households with high levels of neighborhood
involvement are more inclined to adopt solar panels and insulation, likely
driven by social trust and influence.

In parallel, the second research question examines how ABM can be used
to model decision-making processes in energy-efficient retrofitting. Despite
its growing use in various fields, the application of ABM in the context of
retrofitting is not yet widespread, highlighting a gap in the existing litera-
ture. This research reviews how ABM has been applied in previous studies,
identifying the key factors integrated into these models and analysing how
agent interactions affect the adoption of energy-efficient measures.

The third part of the thesis builds on this foundation by applying ABM
to simulate the impact of homeowner decision-making on broader outcomes


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

such as neighborhood energy demand. By modeling both techno-economic
and socio-psychological decision-making processes, this research shows how
different assumptions lead to varying outcomes in terms of retrofit adop-
tion and energy savings, providing valuable insights for policymakers. While
subsidies can significantly boost heat pump and insulation adoption in the
techno-economic model, they prove less effective in the socio-psychological
model, where behavioral barriers like low perceived control and attitudes to-
ward heat pumps hinder uptake. In such cases, stronger regulatory measures,
such as a ban on gas boilers, may be more successful in driving sustainable
heat transitions.

Together, this thesis covers both the factors that drive energy-efficient
retrofitting and the potential of ABM as a tool for simulating policy in-
terventions. It stresses the need for integrated policies that consider both
techno-economic and socio-psychological drivers of retrofitting adoption. Fu-
ture research could build on this work by exploring additional technologies,
such as hybrid heat pumps, and by integrating more granular, contextualised
data into ABM simulations for even more accurate policy guidance.
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Kurzfassung

Gebéudesanierungen sind entscheidend zur Reduktion des Energiebedarfs von
Gebéduden. Dennoch bleiben die Umsetzungsraten gering. Um diese Her-
ausforderung zu bewiéltigen, ist es wichtig, sowohl die Faktoren zu verste-
hen, die die Entscheidungen von HausbesitzerInnen beeinflussen, als auch
diese Entscheidungsprozesse zu modellieren, um die Auswirkungen poten-
zieller politischer Interventionen zu bewerten. Diese Dissertation verfolgt
einen doppelten Ansatz: Zunéchst werden die Treiber fir die Umsetzung
von Sanierungsmafinahmen durch eine empirische Analyse untersucht. An-
schlieBend wird erforscht, wie die agentenbasierte Modellierung (ABM)
genutzt werden kann, um diese Entscheidungen im Kontext der urbanen En-

ergiewende zu simulieren und zu verstehen.

Die erste Forschungsfrage konzentriert sich auf das Verstédndnis der Entschei-
dungsfindung von HausbesitzerInnen in Bezug auf Sanierungen. Mit Hilfe
einer Principal-Component-Analysis (PCA), die auf die Ergebnisse einer
niederldndischen Umfrage unter HausbesitzerInnen angewandt wurde, wer-
den die Schliisselfaktoren identifiziert, die mit der Entscheidung zur energieef-
fizienten Sanierung verbunden sind. Die Analyse zeigt, dass é&ltere und
kleinere Haushalte mit langer bisheriger Wohndauer im Gebédude weniger
wahrscheinlich energieeffiziente Mafinahmen umsetzen. Im Gegensatz dazu
neigen Haushalte mit hoher Nachbarschaftsbeteiligung eher dazu, Solaranla-
gen und Dédmmungen umzusetzen, was auf hoheren sozialen Zusammenhalt
zuriickzufithren ist. Parallel dazu untersucht die zweite Forschungsfrage, wie
ABM genutzt werden kann, um Entscheidungsprozesse bei energieeffizien-
ten Sanierungen zu modellieren. Trotz ihrer zunehmenden Anwendung in
verschiedenen Bereichen ist der Einsatz von ABM im Kontext von Sanierun-
gen noch nicht weit verbreitet, was eine Liicke in der bestehenden Literatur
aufzeigt. Dieser Teil der Arbeit untersucht, wie ABM in fritheren Studien
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angewendet wurde, und identifiziert die Schliisselfaktoren, die in diese Mod-
elle integriert wurden, sowie die Auswirkungen von Interaktionen zwischen
AgentInnen auf die Umsetzung energieeffizienter Mafinahmen.

Der dritte Teil der Dissertation baut auf diesem Fundament auf, in-
dem ABM verwendet wird, um die Auswirkungen der Entscheidungen
von HausbesitzerInnen auf den Energiebedarf sowie Energietrédger-Mix in
der Nachbarschaft zu simulieren. Durch die Modellierung sowohl techno-
Okonomischer als auch sozialpsychologischer Entscheidungsprozesse zeigen
die Ergebnisse, wie unterschiedliche Annahmen zu verschiedenen Ergebnis-
sen in Bezug auf die Sanierungsumsetzung und Energieeinsparungen fiithren.
Wiéhrend Subventionen die Umsetzung von Warmepumpen und Ddmmungen
im techno-6konomischen Modell erheblich steigern kénnen, erweisen sie sich
im sozialpsychologischen Modell als weniger wirksam, da verhaltensbedingte
Hiirden und Einstellungen gegeniiber Warmepumpen die Umsetzung behin-
dern. In solchen Féllen koénnten stérkere regulatorische Mafinahmen, wie
ein Verbot von Gasheizungen, erfolgreicher sein, um die Energiewende im
Gebéudesektor voranzutreiben.

Diese Dissertation untersucht sowohl die Faktoren, die energieeffiziente
Sanierungen antreiben, als auch das Potenzial von ABM als Werkzeug
zur Simulation politischer Interventionen. Sie betont die Notwendigkeit
integrierter politischer Mafinahmen, die sowohl techno-6konomische als
auch sozialpsychologische Treiber der Sanierungsumsetzung berticksichtigen.
Zukiinftige Forschungen konnten auf dieser Arbeit aufbauen, indem zusét-
zliche Technologien wie Hybrid-Warmepumpen untersucht und granularere,
kontextualisierte Daten in ABM-Simulationen integriert werden, um noch
genauere politische Empfehlungen abzuleiten.

VI
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1. Introduction

1.1. Motivation

Improving energy efficiency in residential buildings is vital for mitigating
climate change and energy crises. In Europe, nearly 75% of existing buildings
are inefficient, and 85-95% will still be in use by 2050 (European Commission,
2024). In many countries across Europe, such as the Netherlands, the space
heating and hot water infrastructure relies heavily on natural gas, leading to
significant dependence on cheap natural gas imports. With 63.5% of building
energy used for space heating, there’s a pressing need to reduce this through
energy-efficient retrofitting (EER) of buildings.

Despite the benefits of retrofitting, such as reduced energy consumption and
lower greenhouse gas emissions, adoption rates remain low (Publications Of-
fice of the European Union, 2019). For instance, the European Commis-
sion’s Renovation Wave initiative highlights that only 1% of buildings un-
dergo energy-efficient renovation each year, far below the rate needed to meet
climate targets (European Commission, 2020). This indicates that existing
policy instruments have failed to sufficiently motivate or incentivise home-
owners to enhance their homes’ energy efficiency.

In light of this, there is a significant gap in understanding the decision-
making processes of homeowners regarding building retrofits. Homeowners,
who make up 70% of the EU population (Eurostat, 2023b), are traditionally
viewed as rational economic decisions (i.e. a homeowner retrofits to save
money and chooses the most cost-optimal renovation measure), studies show
that psychological and social factors also play a significant role (Kastner and
Stern, 2015; Fowlie et al., 2015; Ebrahimigharehbaghi et al., 2020; Lang et al.,
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1. Introduction

2021). Homeowners often renovate if they perceive it as necessary or improv-
ing their quality of life (Ebrahimigharehbaghi et al., 2022; Wilson et al., 2015;
Organ et al., 2013; Abreu et al., 2020; Azizi et al., 2019). Major barriers for
renovation are the complexity of applying for grants and lack of awareness and
uncertainty about the cost of renovation (Ebrahimigharehbaghi et al., 2019;
Wilson et al., 2018). Factors like energy independence, thermal comfort, and
environmental impact strongly influence retrofit decisions, while demographic
variables have ambiguous effects (Kastner and Stern, 2015). Hence, under-
standing their decision-making processes is crucial for increasing retrofitting
rates and achieving sustainability goals.

Policymakers require robust, evidence-based advice to formulate and imple-
ment strategies that can effectively encourage retrofitting. Initially, energy
system models focused on techno-economic aspects of building decarboni-
sation (Senkpiel et al., 2020; Huckebrink and Bertsch, 2021), providing de-
tailed technological representations for policy support. These models, often
using bottom-up approaches, study policy scenarios (McKenna et al., 2013;
Heeren et al., 2013; Sandberg et al., 2017), support energy planning (Rein-
hart and Cerezo Davila, 2016; Torabi Moghadam et al., 2017) or evaluate
retrofit strategies (Fonseca et al., 2016). However, they lack interaction with
homeowners’ decision-making processes (Négeli et al., 2020). Although these
models have been the cornerstone of policy advisement, they often fall short
by focusing primarily on financial and technical aspects while neglecting cru-
cial socio-psychological factors that significantly influence decision-making
processes (Michelsen and Madlener, 2013; Wilson et al., 2015).

With the pressing need for energy transition, integrating social aspects of
retrofit adoption has become essential. Agent-based models (ABMs) now
simulate homeowners’ decision-making, incorporating psychological and so-
cial factors. While most ABMs focus on single technologies (Du et al., 2022),
predominantly on solar panels (PV) (Zhang et al., 2022; Moncada et al.,
2021; Nunez-Jimenez et al., 2020; Mittal et al., 2019a; Pearce and Slade,
2018; Palmer et al., 2015; Rai and Robinson, 2015; Zhao et al., 2011)!. Few

IFor comprehensive reviews of agent-based models of energy technology adoption, see
Du et al. (2022), Akhatova et al. (2022), Hesselink and Chappin (2019), Zhang and Vorob-
eychik (2019), Moglia et al. (2017), and Kiesling et al. (2012)
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1. Introduction

study retrofit adoption as a combination (or packages) of several retrofit mea-
sures, such as insulation and heating system replacement (Derkenbaeva et al.,
2023; Nava-Guerrero et al., 2021; Négeli et al., 2020; Moglia et al., 2018).
Many ABM studies consider either heating systems (Du et al., 2024; Meles
and Ryan, 2022; Sopha et al., 2013) or insulation (Friege et al., 2016; Chersoni
et al., 2022) adoptions independently. Studying these together is crucial as
they influence each other, like heat pumps performing better in well-insulated
houses. Our research contributes to this integrated approach.

1.2. Research questions

The aim of this thesis is to explore and enhance our understanding of
energy-efficient retrofitting adoption among homeowners through a multi-
dimensional approach. This involves two key goals: first, to understand what
drives or hinders homeowners’ decisions to retrofit, and second, to model
these decision-making processes to simulate the impact of policy interven-
tions. By combining empirical analysis with agent-based modeling (ABM),
this thesis not only explores the socio-economic factors influencing retrofit
decisions but also evaluates the effectiveness of different policy strategies for
increasing adoption.

To address this aim, three contributions are made, each associated with a
specific research question (RQ). These contributions build on one another,
starting with understanding homeowner behavior, followed by modeling the
decision-making process, and finally, evaluating the effectiveness of these
models in influencing energy-efficient retrofitting. They are based on three
first-author publications? in scientific journals respectively: Who invests in
energy retrofits? Mining Dutch homeowners’ data (Akhatova et al., 2024),
Agent-Based Modelling of Urban District Energy System Decarbonisation—A
Systematic Literature Review (Akhatova et al., 2022), and Agent-based mod-
elling of building retrofit adoption in neighborhood (Akhatova and Kranzl,
2024).

2 Akhatova and Kranzl, 2024 is at the point of the submission of this thesis — October
16, 2024 — under review (major revision)
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1. Introduction

The first contribution of this thesis is an empirical analysis of the factors as-
sociated with decisions to adopt energy-efficient retrofits, such as window
double-glazing, insulation, solar panel adoption, and heat pump installa-
tion. Using data from a Dutch household survey, the analysis identifies which
homeowners are more likely to implement these measures. The findings pro-
vide insights into homeowner demographics, socio-economic status, and atti-
tudes, and offer policy recommendations to improve energy efficient retrofit
adoption.

Research question 1: What kind of homeowners adopt building retrofitting
(in the Netherlands)? (Akhatova et al., 2024)

This research question focuses on identifying the key factors that influence
homeowners’ decisions to retrofit their homes with energy-efficient measures
such as insulation, solar panels, and heat pumps. The goal is to provide a
detailed understanding of the drivers and barriers that guide homeowners in
making these decisions.

From a modeling perspective, it is crucial that the insights derived from em-
pirical data analysis are effectively integrated into energy economic models
that inform policy-making. Agent-based modeling (ABM) is gaining recogni-
tion among modellers due to its capacity to simulate each agent individually,
offering a detailed view of agent behaviors, decision-making processes, and
interactions (Gilbert and Troitzsch, 2005; Bonabeau, 2002; Epstein and Ax-
tell, 1996). ABM was selected as it allows for a detailed representation of
individual behaviors and their interactions within a system, making it suit-
able for modeling complex decision-making processes. This literature review
analyses how ABM has been applied in the field and highlights the factors
that need to be considered during ABM, including model purpose and out-
puts, agent types and attributes, decision rules, interactions, the technologies
and policies modeled, the representation of spatial and temporal aspects, and
the empirical grounding of the models.

Research question 2: How has ABM been used to model policy interven-
tions that facilitate the decarbonisation (i.e., energy transition) of building-
related urban district energy systems? (Akhatova et al., 2022)
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1. Introduction

By reviewing existing ABM applications, this research question explores the
potential of ABM to simulate energy-efficient retrofit adoption. It highlights
how ABM can model the interactions between agents and considers which
factors (e.g., socio-economic, psychological) need to be included to improve
the accuracy and applicability of these models.

The third contribution of this thesis is a comparative analysis of techno-
economic and socio-psychological decision-making models and their impacts
on energy demand within a small neighborhood. Techno-economic mod-
els typically focus on financial and technical factors, such as cost savings,
payback periods, and technological feasibility, to predict retrofit adoption.
In contrast, socio-psychological models consider social factors, such as at-
titudes and social norms, which influence homeowner decisions. This re-
search compares two decision-making models—techno-economic and socio-
psychological—within the ABM framework to assess which factors (financial
vs. behavioral) have the greatest influence on retrofit adoption.

Research question 3: How do techno-economic and socio-psychological
decision-making rationales impact energy-efficient retrofitting adoption?

(Akhatova and Kranzl, 2024)

This research question uses ABM to evaluate how different decision-making
frameworks affect retrofit adoption rates and energy demand outcomes. By
modeling both economic incentives and psychological factors, this analysis
highlights the importance of addressing not only financial barriers but also
behavioral and social influences in policy design.

The relationship between the research questions, objectives, and the overall
aim of this thesis is illustrated in Figure 1.1.

1.3. Overview of methods

To address Research Question 1, this thesis employs a combination of sta-
tistical and econometric approaches, with a focus on Principal Component
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1. Introduction

Aim
To explore and enhance the understanding of energy-efficient
retrofitting adoption among homeowners

Empirical analysis Model-based analysis

Objective 2
Understand the impact of decision-making
rationales and the related impact of policy
interventions

Objective 1
Understand what drives or hinders homeowners’
decisions to retrofit

Research Question 3:

How do techno-economic and socio-
psychological decision-making rationales
impact on energy-efficient retrofitting adoption?

Research Question 1:
What kind of homeowners adopt building
retrofitting (in the Netherlands)?

Research Question 2:

How ABM has been used to model policy interventions
that facilitate the decarbonisation (i.e., energy transition)
of building-related urban district energy systems?

Figure 1.1.: The relationship between aim, objectives, and research questions

Analysis (PCA). PCA is utilised to reduce the dimensionality of the data
from a Dutch household survey by identifying key components that repre-
sent underlying patterns in retrofit decision-making. These components are
then incorporated into logistic regression models to predict the likelihood of
different types of retrofit adoption, such as window double-glazing, insula-
tion, solar panels, and heat pumps. This methodological approach provides
a detailed and robust framework for understanding the factors driving retrofit
decisions, thereby informing policy recommendations.

To address Research Question 2, a systematic literature review was conducted
following PRISMA guidelines. This method involved a rigorous process of
identifying, selecting, and synthesising relevant literature on energy-efficient
retrofit adoption and ABM in energy research. The review focused on var-
ious criteria, including the purpose and outputs of models, agent types and
attributes, decision rules, interactions, the technologies and policies mod-
eled, and the representation of spatial and temporal aspects. By systemat-
ically analysing existing studies, this review highlighted gaps in the litera-
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1. Introduction

ture, provided context for the empirical and modeling work, and established a
foundation for developing more integrated and holistic models of homeowner
decision-making in retrofit adoption.

To address Research Question 3, Agent-Based Modeling (ABM) was utilised
to simulate the decision-making processes of homeowners regarding energy-
efficient retrofitting. ABM allows for the detailed representation of individual
agents (homeowners) and their interactions, capturing the heterogeneity in
behavior and decision-making processes. In this thesis, ABM was used to
model two different decision-making strategies—techno-economic and socio-
psychological—and their impact on retrofit uptake. The models incorporated
various attributes, such as agent preferences, financial considerations, and so-
cial influences. By comparing the outcomes of these strategies, the ABM pro-
vided valuable insights into the effectiveness of different policy interventions
and highlighted the importance of incorporating socio-psychological factors

into energy-economic models.

1.4. Structure of the thesis

Based on the research questions outlined above, the remainder of this thesis
is structured as follows.

Chapter 2 reviews the most relevant literature on all the topics addressed
in this thesis. It begins by 55 defining key building retrofit measures and
discussing European and Dutch policies aimed at promoting energy-efficient
retrofitting among homeowners. The chapter then examines how literature
has explored homeowner decision-making regarding retrofits, identifying fac-
tors associated with retrofit adoption and how these decisions have been
modeled in energy economic studies.

Chapter 3 addresses the first research question, aiming to enhance under-
standing of the key drivers behind energy-efficient retrofit (EER) decisions.
This is accomplished through a systematic literature review (SLR), princi-
pal component analysis (PCA), and binary logistic regression. The chapter
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1. Introduction

provides a robust approach to synthesising evidence-based recommendations,
which can be used to refine policies that encourage EER adoption.

Chapter 4 addresses the second research question by exploring the use of
agent-based modeling (ABM) in energy research. Through a systematic lit-
erature review (SLR) following PRISMA guidelines, the chapter qualitatively
analyses selected papers based on various criteria, including model purpose
and outputs, agent types and attributes, decision rules, interactions, tech-
nologies and policies modelled, and the representation of spatial and temporal
aspects, as well as empirical grounding of models.

Chapter 5 addresses the third research question by employing the ABM ap-
proach to model two homeowner decision-making strategies regarding retrofit
adoption in a typical Dutch neighborhood. This chapter presents the method-
ology, results, interpretations, and overall conclusions of the modeling exer-
cise, highlighting the differences between the two decision-making logics in
terms of retrofit uptake.

Chapter 6 synthesises the key findings of this thesis, critically discussing the
results in relation to the three research questions. It discusses the key results
in the context of existing literature, outlines the limitations of the study, and
suggests specific directions for future research, suggesting ways to build on
the insights gained from this work to further enhance our understanding of
energy-efficient retrofitting and urban energy transitions.

Chapter 7 concludes the thesis by summarising the main contributions, of-
fering a broader outlook on the implications of the findings for the field of
energy-efficient retrofitting, and providing general recommendations for fu-
ture work and policy development.

10
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2. State of the art and progress
beyond

2.1. Building retrofit measures and policies

2.1.1. Building retrofit

Retrofit actions enhance the building or its components to exceed the initial
standards set for the building. For instance, replacing single-glazed windows
with sealed double-glazed units is a retrofitting action that enhances energy
conservation by reducing heat loss (Jaggs and Palmer, 2000). Additionally,
these new windows improve indoor environmental quality by reducing drafts,
enhancing noise insulation, and boosting the building’s aesthetics, thereby
benefiting the occupants (Jaggs and Palmer, 2000).

According to the goal, building retrofit strategies can be categorised in four
main groups (Felius et al., 2020; Rabani et al., 2017):

1. Measures for reduction of energy demand: actions concerning modi-
fications to building envelope and design aspects, such as improving
thermal properties, reducing infiltration and minimise thermal bridges.

2. Measures for lowering energy consumption: actions regarding enhance-
ment of building systems and installations, such as installing efficient
Heating, Ventilation, and Air Conditioning (HVAC) systems, improve-
ment of domestic appliances and of electrical lighting systems.

3. Measures for improving monitoring and controlling the energy use: ac-
tions associating with building services and management tools, such as

11
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2. State of the art and progress beyond

monitor and control of building during operation, utilisation of meter-
ing services, clock controls, sensors, etc.

4. reducing consumed fossil fuel: comprised of replacing fossil by renew-
able energy carriers (e.g heat pump, solar panels, biomass boilers) and
storing excess energy.

These retrofit measures can be implemented either as single measures or as
packages (Chidiac et al., 2011). The choice depends on various factors, in-
cluding the specific goals of the retrofit, the building’s current condition,
available budget, and the potential for energy savings. Single measures are
often easier to implement, less expensive upfront, and can provide quick en-
ergy savings. Packages of measures involve a combination of multiple retrofit
actions implemented together. When multiple measures are implemented
together, they often complement each other, resulting in greater energy sav-
ings. For instance, combining insulation upgrades with window replacements
and HVAC system enhancements can lead to better overall efficiency than
implementing these measures individually.

The European Commission (EC) advocates for the development of stan-
dardised deep energy retrofit packages that ensure reliable performance and
quality while appealing to homeowners and investors (International Energy
Agency, 2016; European Commission, 2012). The main idea is that hav-
ing pre-defined packages simplifies the process for both potential investors
and the architects or construction companies involved (Shaikh et al., 2017).
Analytically, these pre-defined packages make it easier to assess the cost-
effectiveness of energy-saving strategies through scenario analyses (Streicher
et al., 2020). Pre-defined retrofit packages simplify the decision-making pro-
cess for homeowners and investors by providing a clear, comprehensive so-
lution rather than requiring them to choose and coordinate multiple single
measures. The combined implementation often reduces labor and material
costs compared to conducting multiple individual projects.

Retrofit packages often align well with regulatory requirements and energy
performance standards, ensuring buildings meet or exceed these standards.
Besides the packages developed by European member states, various pub-
lic and private energy labels offer deep-energy retrofit packages, such as the

12
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2. State of the art and progress beyond

EnerPHit label by the Passive House Institute (Passivhaus Institut, n.d.; Bas-
tian et al., 2022) and the KfW “Effizienzhaus” in Germany (EnBW, 2024),
as well as the MINERGIE system solutions in Switzerland (Minergie, 2024).
Importantly, bundling measures into packages does not necessitate imple-
menting all measures simultaneously; buildings can be retrofitted in stages
over several years due to budget constraints or tax considerations (Streicher
et al., 2020; Maia et al., 2021). This step-by-step retrofit approach is further
supported by the concept of Renovation Passports, which provide a tailored,
long-term renovation roadmap for buildings. These passports ensure that
each step contributes to an overall strategy for achieving deep renovations
and facilitate the gradual implementation of energy-saving measures, offer-
ing flexibility while maintaining a clear path toward significant energy reduc-
tions (Maia et al., 2021). Conversely, Energiesprong promotes a single-stage
implementation using pre-fabricated modules for a complete home retrofit
(Energiesprong, 2024). After an Energiesprong retrofit, a home is net-zero
energy, generating the total amount of energy required for heating, hot water,
and electrical appliances.

Renovations are often combined with planned maintenance of buildings, as
materials degrade over time, requiring systematic upkeep and improvements.
This approach ensures the longevity and efficiency of the building while op-
timising costs. Néageli et al. (2019) emphasise the integration of maintenance
schedules with energy renovation strategies, highlighting cost savings and en-
hanced building performance. Hummel et al. (2021) discuss the synergistic
benefits of combining maintenance with retrofits, improving overall sustain-
ability. Additionally, the Invert/EE-Lab model by Kranzl et al. (2013) and
Miiller (2015) provides a framework for simulating the impacts of combined
maintenance and retrofit measures on building energy performance. This
holistic approach not only extends the life of building materials but also
maximises energy efficiency and economic benefits. Farahani et al. (2019)
presents methods for synchronising maintenance schedules with energy ren-
ovation plans, highlighting significant cost savings and enhanced building

performance.

Space heating is the largest energy-consuming activity in buildings, with
many households relying on natural gas not only for heating but also for hot
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2. State of the art and progress beyond

water and cooking needs (International Energy Agency, 2023). However, at
least half of the existing residential and commercial buildings are in urgent
need of deep, comprehensive renovations to lower their energy demand (Fe-
menias et al., 2018; Jensen et al., 2018). Retrofit measures can be categorised
into two main groups: those aimed at reducing energy demand and those fo-

L. For example, heat pumps, which

cused on reducing energy consumption
consume three to five times less energy than typical gas boilers, present a
significant opportunity for reducing energy consumption. According to the
European Heat Pump Association (EHPA), heat pump sales have been grow-
ing for the last ten years, before falling in 2023 (compared to 2022) (European
Heat Pump Association, 2024b). One of the main reasons for the slowdown
is the shift in policies and support mechanisms. This can be clearly observed
in contrasting cases such as the Netherlands, where consistent policy sup-
port has fueled growth, and Italy, where a significant change in the support
structure has undermined consumer confidence (European Heat Pump Asso-
ciation, 2024b). Despite this slowdown heat pumps are gaining market share
on fossil fuel boilers, as seen in Figure 2.1.

Improved building insulation enhances the overall energy efficiency of heat
pump systems. Insulation reduces the heat loss in a building, leading to a
lower heating demand, allowing the heat pump to operate more efficiently at
lower temperatures (Carroll et al., 2020; ENERGY STAR, 2024). According
to International Energy Agency (2022a), implementing passive measures such
as improving the building envelope is a critical first step in enhancing thermal
performance, which directly supports the efficiency of high-efficiency HVAC
systems like heat pumps. This approach is also emphasised in the Energy

'In the context of EN ISO 52000-1, the terms “energy demand” and “energy consump-
tion” are defined as part of the framework for assessing the energy performance of buildings.
Energy Demand refers to the total amount of energy required by a building to fulfill its
intended use. This encompasses the energy needed for heating, cooling, ventilation, hot
water, and lighting, among other uses. The demand is calculated based on the conditions
and activities within the building, assuming standard operating conditions and indoor cli-
mate settings. Energy Consumption refers to the actual amount of energy consumed by the
building during operation. This includes the energy delivered to the building from external
sources (like electricity or gas) as well as any energy generated on-site (such as from solar
panels) and used directly within the building. The consumption figure accounts for all en-
ergy flows necessary to meet the building’s energy demand but may differ from the demand
due to factors like system inefficiencies or behavioral variations in usage (CivilNode, 2018;
REHVA Journal, 2019).

14
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Figure 2.1.: Heat pumps’ market share of the space heating market over time (European
Heat Pump Association, 2024b)
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2. State of the art and progress beyond

Performance of Buildings Directive (EPBD, 2024/1275), which advocates for
enhancing building insulation to reduce energy consumption and improve
overall performance during renovations (European Commission, 2024). En-
hanced insulation not only helps in reducing the heating load but also ensures
that the heat generated by the pumps is retained within the building, leading
to lower operational costs and improved indoor comfort. The IEA’s special
report on the future of heat pumps highlights the importance of integrat-
ing energy efficiency measures, such as insulation, with the deployment of
heat pumps to achieve significant energy savings and reduce greenhouse gas
emissions (International Energy Agency, 2022b).

By focusing on combined retrofit packages that include both insulation and
the installation of heat pumps, buildings can achieve better energy perfor-
mance, lower utility bills, and contribute to broader climate objectives. This
holistic approach ensures that the benefits of high-efficiency technologies like
heat pumps are fully realised, making it a strategic priority for building ren-
ovations in the coming years.

2.1.2. Policies to promote energy-efficient retrofit adoption

EU regulations play a crucial role in shaping the policies and initiatives in the
residential and service sectors. The key legislative frameworks guiding energy
efficiency in buildings are the 2024 Energy Performance of Buildings Direc-
tive (EPBD, EU/2024/1275) and the 2023 Energy Efficiency Directive (EED,
EU/2023/1791). The EED has a broader scope that covers overall energy ef-
ficiency across all sectors of the economy, including industry, transportation,
and buildings. It aims to improve overall energy efficiency across the EU,
contributing to the EU’s climate goals by reducing energy consumption, en-
hancing energy security, and supporting the transition to a sustainable energy
system. The EPBD specifically targets the energy performance of buildings.
It sets requirements for the construction of new buildings and the renova-
tion of existing buildings to improve energy efficiency, with a strong focus
on reducing energy consumption and promoting the use of renewable energy
sources within the building sector.
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2. State of the art and progress beyond

The 2024 revision of the Energy Performance of Buildings Directive (EPBD),
codified as Directive (EU) 2024/1275, introduced several significant changes
from its previous version, Directive (EU) 2018/844. These changes reflect the
European Union’s heightened ambition to achieve climate neutrality by 2050
and to accelerate the decarbonisation of the building sector. Especially, in
relation to the existing building stock, it introduces Minimum Energy Perfor-
mance Standards (MEPS) for the worst-performing non-residential buildings
and establishes renovation passports, which provide a detailed plan for build-
ing upgrades, and establishes one-stop shops to offer technical assistance and
guidance, making it easier for building owners to undertake energy efficiency
renovations.

As for the new EED (EU/2023/1791), it places greater emphasis on the
public sector, mandating a 3% annual renovation rate for public buildings
to improve energy performance, a target that was less stringent in earlier
legislation. Furthermore, the 2023 directive introduces enhanced measures
to support vulnerable populations and addresses energy poverty, ensuring
that the transition to greater energy efficiency is socially equitable.

There is considerable variation in how policy packages are implemented across
different Member States though, both in terms of the total number of poli-
cies enacted and the types of policies used. Laes et al. (2018) conducted
a review of various panel data studies at the national level, which sought
to evaluate the ex-post effects of different policies or policy packages on en-
ergy consumption within the residential sector. Germany focuses on regu-
latory and financial measures, setting strict energy standards for buildings
and offering subsidies and loans for compliance and renovations. Finland em-
phasises informational and motivational strategies, running campaigns and
providing resources to encourage energy-saving behaviors. Romania priori-
tises regulatory measures, enforcing laws that mandate specific energy-saving
technologies. The Netherlands primarily relies on financial incentives, such
as grants and tax breaks, to promote energy efficiency in homes.

Recently, several European countries have begun phasing out gas boilers,

reflecting their commitment to reducing greenhouse gas emissions and tran-
sitioning to more sustainable energy sources. For example, France, Austria
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2. State of the art and progress beyond

and Ireland has banned the installation of gas boilers in new buildings start-
ing from 2023 (European Heat Pump Association, 2023c). Some countries
have extended the ban on new installations of gas boilers to include existing
homes. Ireland plans to extend the ban to existing homes by 2025 (European
Heat Pump Association, 2023¢). Germany is planning to phase out new in-
stallations of gas boilers in existing buildings by 2026, with the aim that any
new heating systems installed after 2024 must use at least 65% renewable
energy (European Heat Pump Association, 2023c). Denmark is planning to
phase out all gas boilers by 2029, replacing them with district heating or heat
pumps (European Heat Pump Association, 2023c).

The Netherlands, a country where gas boilers have traditionally dominated
residential heating, has taken a strong stance by banning gas boiler connec-
tions in new buildings since 2018. In 2022 the Dutch government introduced
a standard that requires the installation of hybrid heat pumps when replacing
existing gas boilers, starting from 2026. Most ground-level homes will need
to switch to hybrid heat pumps, which typically pay for themselves within
seven years (Rijksoverheid, 2023). Exceptions include situations where the
standard cannot be properly applied due to noise requirements, necessary
home adjustments, or disproportionately high costs, such as when a district
heating solution is expected within ten years (Rijksoverheid, 2024). Monu-
ments and apartments are also excluded due to complex permit procedures
and noise concerns (Rijksoverheid, 2024).

The energy crisis, which started in 2021, has led to higher residential gas
heating prices, accelerating heat pump adoption in 2022, supported by gov-
ernment policies, such as decreasing electricity prices and subsidising heat
pumps (European Heat Pump Association, 2024b). However, complete gas
boiler bans face resistance due to high upfront costs, existing gas infrastruc-
ture, and cost-of-living pressures (Miiller et al., 2024). Even with subsidies,
the initial investment required for heat pumps and the need to replace existing
gas infrastructure pose significant challenges for many households (European
Heat Pump Association, 2023c). In response to these challenges, several
countries have delayed the implementation of gas boiler bans. For exam-
ple, the Netherlands, which has been at the forefront of the transition to
renewable heating, has recently postponed its plans for a complete phase-out
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2. State of the art and progress beyond

of gas boilers (Kabinetsformatie, 2024; European Heat Pump Association,
2024a). This delay highlights the complexity of the transition, especially in
areas where existing gas infrastructure is still deeply embedded and where
the costs of switching to alternative heating systems are high. Neverthe-
less, despite these delays, the overall trend indicates a steady acceleration
towards reducing reliance on natural gas in residential heating, driven by
both economic pressures and environmental policies (European Heat Pump
Association, 2023c).

According to a review of policies modelled using ABM (Hesselink and Chap-
pin, 2019), subsidies appear to be most effective for technologies where high
initial costs and limited access to capital are the primary barriers to adop-
tion, such as electric vehicles (EV) and heat pumps. However, in the case
of technologies like solar PV, lighting, and Micro-CHP (Combined Heat and
Power) plants, subsidies are less effective. This indicates that for these tech-
nologies, other obstacles, such as user inertia and the influence of social com-
parisons, are more significant than the financial barriers related to upfront
costs (Hesselink and Chappin, 2019). Additionally, a study by Claudy et al.
(2011) supports the idea that non-financial barriers, such as the perceived
complexity of installation or maintenance, and the lack of information, often
outweigh the financial considerations in the adoption of certain technologies.
This further underscores the need for a multifaceted approach to policy de-
sign that addresses both financial and non-financial barriers. In conclusion,
while subsidies are crucial for lowering the barriers to adoption for high-cost
technologies like EVs and heat pumps, they must be part of a broader strat-
egy that also addresses behavioral and informational barriers to effectively
promote the uptake of other energy-efficient technologies such as solar PV,
lighting, and Micro-CHP systems.
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2. State of the art and progress beyond

2.2. Homeowner decision-making regarding retrofit

2.2.1. Overview

Understanding the decision-making processes of homeowners is crucial for
designing effective policies and programs that encourage retrofitting. This
knowledge enables businesses and service providers to tailor their market-
ing strategies, products, and services to meet homeowners’ specific needs
and preferences, thus contributing to broader climate and sustainability
goals (International Energy Agency, 2023). Additionally, well-designed pro-
grams can ensure equitable access to retrofitting opportunities, addressing
energy poverty and promoting social equity (Urge-Vorsatz and Tirado Her-
rero, 2012). Governments are increasingly using behavioural insights to im-
prove the effectiveness of policy. For instance, a better understanding of
behaviour can help encourage insulation uptake, increase policy compliance
and convince citizens to act on implementing energy efficiency measures. The
2022 energy crisis sparked a rapid roll out of energy saving campaigns aimed
at shielding consumers from skyrocketing prices and energy supply risks.

A group of literature supports the idea that homeowners’ decision-making
regarding EER is a multi-stage process. The decision-making processes de-
scribed in studies by Broers et al. (2019), Pettifor et al. (2015), and Wilson
et al. (2018) are grounded in Rogers’s five-stage innovation decision-making
process. Similar models are discussed in Ebrahimigharehbaghi et al. (2019)
and further developed in Ebrahimigharehbaghi et al. (2020). An adapted
decision-making model from Du et al. (2022) is illustrated in Figure 2.2.
This model begins with a preliminary “not considering” stage, where house-
holds are either unaware of EER or lack adoption intentions. The “getting
interested” stage follows, indicating households’ awareness and consideration
of EER as an option. In the ’gaining knowledge’ stage, households acquire
information about EER, which can be hindered by inadequate knowledge but
facilitated by personalised audits. The planning stage involves gathering de-
tailed information and seeking professional advice, with financial constraints
posing potential barriers. In the decision stage, households decide whether to
adopt EER, with information acquisition and professional consultation being
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Figure 2.2.: A decision-making model (Du et al., 2022)

significant transaction costs. Following the decision, households implement
and experience EER, where difficulties faced by architects and contractors
can lead to negative perceptions and hinder EER diffusion.

The next section elaborates on the factors that are commonly associated
with retrofit adoption. Section 2.2.2 is the outcome of a systematic literature
review conducted within the author’s research (Akhatova et al., 2024).

2.2.2. Factors associated with retrofit adoption decisions

2.2.2.1. Socio-demographic variables

Homeowners’ age is one of the often studied variables in examining decisions
about EER (Kastner and Stern, 2015; Schulte et al., 2022), with contradic-
tory conclusions. Most of the reviewed articles report a negative relationship;
that is, the older the homeowners are, the less likely they are to adopt EER
(Michelsen and Madlener, 2012; Achtnicht and Madlener, 2014; Ameli and
Brandt, 2015; Mortensen et al., 2016; Hecher et al., 2017; Engelken et al.,
2018; Réaihd and Ruokamo, 2021). Most of these studies deals with heat-
ing system preferences, e.g., heat pumps, and wood pellets heating. On the
contrary, several articles suggest a positive correlation between age and the
likelihood of energy retrofitting, i.e., older homeowners are more likely to
insulate (Ameli and Brandt, 2015), install energy-efficient windows (EEW)
(Ameli and Brandt, 2015; Ebrahimigharehbaghi et al., 2021), and invest in
sustainable heating (pellet, heat pump, etc.) (Mahapatra and Gustavsson,
2010). On the other hand, other studies identify that some age groups are
more likely to renovate than others. For example, in Spain, retired people and
people close to retirement show a higher propensity for insulation than the
middle-aged and young groups (Fernandez-Luzuriaga et al., 2022), whereas
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in Sweden and the Netherlands, middle-aged groups are more likely to insu-
late (Nair et al., 2010a; Halleck Vega et al., 2022) or install PV (De Groote
et al., 2016; Halleck Vega et al., 2022).

Similarly, homeowner’s income demonstrates mixed outcomes. In all ob-
served studies, income shows a positive correlation with decisions to insulate
(Ameli and Brandt, 2015; Schleich, 2019; Fernandez-Luzuriaga et al., 2022),
install EEW (Ameli and Brandt, 2015; Schleich, 2019), adopt a more sustain-
able heating system (e.g., ground heating (Ruokamo, 2016), or install a heat
pump (Mahapatra and Gustavsson, 2010; Michelsen and Madlener, 2012;
Ruokamo, 2016). However, this correlation differs across income categories
that are important for adoption. As such, while lower-income households
are more likely to invest in EEW in the Netherlands (Ebrahimigharehbaghi
et al., 2021) and thermal insulation in rural Poland (Kaya et al., 2021), Az-
izi et al. (2019) and Mortensen et al. (2016) highlight that medium- and
medium-high-income homeowners are more likely to undertake energy effi-
ciency improvements.

The education level is also among the often-studied predictors of EER adop-
tion. Homeowners with higher education levels are more likely to insulate
(Nair et al., 2010a; Achtnicht and Madlener, 2014; Kaya et al., 2021; Halleck
Vega et al., 2022), to install heat pumps (Michelsen and Madlener, 2012) or
solar panels (Ebrahimigharehbaghi et al., 2021; Halleck Vega et al., 2022) or
EEW (Halleck Vega et al., 2022). Education level of a homeowner is neg-
atively correlated only with adopting wood pellet heating (Michelsen and
Madlener, 2012; Michelsen and Madlener, 2013; Ruokamo, 2016; Raih4 and
Ruokamo, 2021). Ruokamo (2016) suggests it could be due to the high main-
tenance needed for this type of heating.

Regarding family composition, couples with children are most likely to invest
in EER (Trotta, 2018b; Ebrahimigharehbaghi et al., 2021). This may be
correlated with household size (i.e., the number of people in a household), as
De Groote et al. (2016) demonstrate that homes with 3 or 4 inhabitants adopt
PV the most. Furthermore, Ameli and Brandt (2015) identify that household
size positively correlates with the probability of investing in PV. However,
results from Poland indicate that the likelihood to insulate decreases as a
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number of people in the household increases (Kaya et al., 2021).

Length of residence, the time a homeowner has been living in a corresponding
dwelling, is a more consistent predictor of renovating. Many studies conclude
that the shorter the residence time, the more likely the homeowners are to
retrofit (Mortensen et al., 2016; Azizi et al., 2019). It holds in the case of
EEW installation (Nair et al., 2012; Ameli and Brandt, 2015), insulation
(Ameli and Brandt, 2015), and solar panel purchase (Halleck Vega et al.,
2022). This might be related to the tendency to improve a new dwelling
after moving in, which could be part of adapting a new dwelling for own
needs (Wilson et al., 2015; Friege et al., 2016).

2.2.2.2. Dwelling characteristics

Building age positively correlates with renovating decisions (Mortensen et al.,
2016; Azizi et al., 2019). It is especially evident for insulation and replac-
ing windows with more energy-efficient ones (Nair et al., 2010b; Achtnicht
and Madlener, 2014; Schleich, 2019). Heat pumps are installed in newer
houses (Michelsen and Madlener, 2012). For solar panels, the adoption rate
decreased with the house age; most adoptions occurred in homes built after
2000 (De Groote et al., 2016). Several works find no linear relationship be-
tween construction year and the probabilities to invest in retrofitting and that
houses of some construction year categories are more likely to invest (Trotta,
2018b; Ebrahimigharehbaghi et al., 2021; Halleck Vega et al., 2022).

Building type is a significant predictor of the probability of investing in EER,
with single-family houses having a higher probability. Several studies show
that detached and semi-detached homes are more likely to invest in different
types of renovation (Ameli and Brandt, 2015; De Groote et al., 2016; Curtis
et al., 2018; Trotta, 2018b; Schleich, 2019; Ebrahimigharehbaghi et al., 2021;
Halleck Vega et al., 2022).

Home size, or surface area, also shows mostly a positive relationship, as
larger houses are more likely to install heat pumps (Michelsen and Madlener,
2012) and other sustainable heating systems (R&ihd and Ruokamo, 2021),
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insulation (Kaya et al., 2021) and PV (De Groote et al., 2016). Only Halleck
Vega et al. (2022) find that surface area is not significant and that bigger
houses lag in EER uptake.

Homeowners who have undertaken previous removations (not only energy-
efficient ones) are more likely to invest in EER (Nair et al., 2010b; Kaya
et al., 2021; Raihd and Ruokamo, 2021; Ebrahimigharehbaghi et al., 2021).
However, if the heating system is relatively new (i.e., after 2000), homeown-
ers are not considering installing a different heating system (Achtnicht and
Madlener, 2014). In addition, (Ameli and Brandt, 2015) find that homeown-
ers who perform low-cost conservation measures are more likely to invest in
renewables or EER.

Some studies find that the location of residence can indicate the likelihood
of renovating. Within specific countries, there are different levels of EER
uptake. For example, in Sweden, Sméaland and the islands were more likely
to insulate due to energy efficiency being promoted since the 1990s (Nair
et al., 2010a). Stockholm county and North-Central Sweden were less likely
to insulate compared to other parts of the country (Nair et al., 2010a). In
Germany, east Germans are more likely to insulate (Achtnicht and Madlener,
2014) and install heat pumps (Michelsen and Madlener, 2012), while the
south of Germany has a low probability of choosing heat pump but a high
probability to choose pellet heating (Michelsen and Madlener, 2012).

Several articles relate this difference in adoptions to the level of urbanisa-
tion. For example, Halleck Vega et al. (2022) suggest that, in comparison to
highly dense city centers, more rural owners are likely to adopt PV but renew
their heating systems less. Michelsen and Madlener (2012) also found that
rural areas have a lower likelihood of adopting heat pumps. Trotta (2018b)
suggests that households living in London are 3% less likely to invest in insu-
lation, sustainable heating, or EEW than households living in the North East
region. The author assumes that low uptake in London could be due to more
favorable weather conditions (less heating demand) and a busy lifestyle, i.e.,
“hassle factor” (Trotta, 2018b).
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2.2.2.3. Motivational and other social factors

Ebrahimigharehbaghi et al. (2021) suggest that nothing motivates homeown-
ers more than the necessity to renovate, e.g., when a heating system is broken.
However, this might be because most renovations were related to replacing
the gas heating system in the Dutch household survey 2018 that the authors
used in their study. Similarly, Nair et al. (2012) observed that homeowners
replaced the windows with EEW because they were too old. On the contrary,
if homeowners do not see the need to renovate, for example, if they think that
their dwellings are already energy-efficient, they are less likely to invest in
EER (Achtnicht and Madlener, 2014; Halleck Vega et al., 2022).

Improved comfort is one of the essential motivations for renovation
(Ebrahimigharehbaghi et al., 2021), as well as a value of homeowner, such
that when comfort is considered necessary to homeowners or they experience
discomfort, both the probability of and interest in renovating increases (Nair
et al., 2010a; Klockner and Nayum, 2017; Baumhof et al., 2018). Moreover,
the belief that measures improved comfort is an essential predictor of un-
dertaking those EER measures (Middelkoop et al., 2017). In the reviewed
works, it is found to be relevant for heat pumps (Michelsen and Madlener,
2012; Decker and Menrad, 2015).

Often economic motives are correlated with decisions to renovate. For exam-
ple, homeowners tend to renovate when they desire to save costs on energy
bills (Nair et al., 2012; Engelken et al., 2018; Ebrahimigharehbaghi et al.,
2021). This usually happens when households perceive their current energy
bills as too high (Nair et al., 2010a; Hecher et al., 2017) or expect the prices
to rise in the future (Achtnicht and Madlener, 2014). Homeowners who have
plans to move and sell their dwellings in the next few years are significantly
less likely to implement renovations (Azizi et al., 2019; Halleck Vega et al.,
2022), as they are not planning to enjoy the benefits of renovation (such as
comfort or saved energy costs).

There are other external factors that may facilitate the EER uptake, such as

subsidies and grants. Subsidising PV is effective, as it increases the adoption
rate (De Groote et al., 2016). The probability of choosing alternative heating
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systems increases significantly for subsidy recipients (Hecher et al., 2017).
In addition, receiving subsidies increased the chances of performing more
than one EER (Middelkoop et al., 2017). On the other hand, Michelsen
and Madlener (2012) report that subsidies did not show any significance for
adopting heat pumps.

Studies show that the effect of social influence are underestimated and that
our choices are influenced by our family, friends, neighbors, or other peers
(Ebrahimigharehbaghi et al., 2021). For example, Decker and Menrad (2015)
show that homeowners’ likelihood of choosing a heat pump over fossil-based
heating was much higher if the neighbor had a heat pump. In addition, the
PV adoption is associated with the positive influence of neighbors, friends,
and the community (Engelken et al., 2018). However, in some cases, dis-
cussions with friends decrease the likelihood of investing in supplementary
renewable heating; for example, if the majority of friends are non-adopters
(Rédihéd and Ruokamo, 2021).

2.2.3. Energy-economic modelling of retrofit adoption decisions

According to the seminal work by Mundaca et al. (2010), bottom-up energy-
economy models are critical for evaluating ex ante energy efficiency policies by
simulating the impacts of different policy instruments and resulting techno-
logical changes. These models, which represent detailed characterisations of
current and emerging technologies, help in designing effective policies by as-
sessing their potential impacts. They simulate alternative technology futures
and are typically driven by macroeconomic and demographic scenarios.

In the building sector, building stock models (BSM) are analytical tools used
to represent and analyse the composition, characteristics, and evolution of
building stocks over time. Bottom-up building stock models are utilised to
estimate the energy demand of representative archetype buildings and aggre-
gate the results to the stock level for various purposes, including studying
policy scenarios (McKenna et al., 2013; Heeren et al., 2013; Sandberg et
al., 2017), supporting energy planning (Reinhart and Cerezo Davila, 2016;
Torabi Moghadam et al., 2017) or evaluating retrofit strategies (Fonseca et
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al., 2016). They are applied at a transnational and national scales (Sartori
et al., 2016; McKenna et al., 2013; Mata et al., 2014) as well as at an urban
(Mastrucci et al., 2014; Osterbring et al., 2016) or district scale (Fonseca
et al., 2016; Néageli et al., 2015). Most BSMs either focus on the analysis of
the status quo or representation of changes in the stock primarily through
assumed rates of building retrofit, technology diffusion, demolition and new
construction (Mastrucci et al., 2017).

Decision-making frameworks are crucial part of bottom-up energy models,
as they help models realistically represent how consumers (or adopters) and
firms make energy-related decisions, considering factors like market imper-
fections, information asymmetry, and behavioral biases. Incorporating more
realistic decision-making frameworks and behavioral determinants is crucial
for improving the accuracy and reliability of the models, making them more
effective for evaluating and designing energy efficiency policies that can drive
technological adoption and environmental benefits.

Based on Négeli et al. (2020), conventional energy economic bottom-up build-
ing stock models assume perfect rationality with decisions based on cost-
benefit analyses. For example, McKenna et al. (2013) base the decisions to
renovate on a combination of economic factors and policy scenarios. Re-
cently, more effort has been made to make the decision-makers less rational,
and more "social". Discrete-choice models evaluate decisions by considering
multiple attributes of technologies and policies, reflecting consumer prefer-
ences and heterogeneity. Giraudet et al. (2012) the probability of choosing a
specific option is determined by sigmoid function based on the NPV difference
of a retrofitting option relative to an average retrofit measure. Kranzl et al.
(2013) and Miiller (2015) use logit approach based on heat generation costs
to calculate the share of the actual installation (market share) of available
retrofitting types.

BSM traditionally focuses on technological aspects, neglecting complex in-
teractions between technology, economics, and policy. Agent-based model-
ing (ABM) addresses these interactions by simulating diverse actors with
distinct attributes and decision processes, making it useful for modeling en-
ergy efficiency technology adoption. Hence, researchers started employing
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agent-based models (ABM) they enable explicit modeling of building owners’
decision-making processes based on various rules and degrees of information
(Senkpiel et al., 2020; Huckebrink and Bertsch, 2021). This approach allows
to integrate psychological behaviour theories (see Section 4.3.3) and social in-
teraction (such as Relative Agreement algorithm, see Section 4.3.4) to model
the decisions to adopt various technologies.

Most of the retrofit adoption ABMs focus on single technologies (Du et al.,
2022), predominantly on solar panels (PV) (Zhang et al., 2022; Moncada et
al., 2021; Nunez-Jimenez et al., 2020; Mittal et al., 2019b; Pearce and Slade,
2018; Palmer et al., 2015; Rai and Robinson, 2015; Zhao et al., 2011). For
comprehensive reviews of agent-based models of energy technology adoption,
see Du et al. (2022), Akhatova et al. (2022), Hesselink and Chappin (2019),
Zhang and Vorobeychik (2019), Moglia et al. (2017), and Kiesling et al.
(2012). There are few models that study retrofit adoption as a combination
(or package) of several energy-efficiency measures, such as insulation and
heating system replacement (Derkenbaeva et al., 2023; Nava-Guerrero et al.,
2021; Nageli et al., 2020; Moglia et al., 2018). Many ABM studies consider
either heating systems (Du et al., 2024; Meles and Ryan, 2022; Sopha et
al., 2013) or insulation (Friege et al., 2016; Chersoni et al., 2022) adoptions
independently. It is important to study these measures together, because
they influence each other, for example, heat pumps have higher efficiencies in
better insulated houses with lower useful energy demand. Hence, the current
work contributes to this stream of research.

2.3. Progress beyond state of the art

The research introduces an innovative approach to understanding homeowner
decision-making by integrating both technical and socio-psychological fac-
tors. Traditional models often focus on economic and technical aspects, but
this work incorporates behavioral insights, recognising that homeowner deci-
sions are influenced by a complex interplay of social norms, perceived risks,
and personal values. By acknowledging these socio-psychological factors,
the study provides a more comprehensive understanding of the barriers and
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drivers of retrofit adoption. This approach leads to more effective policy
recommendations that are better aligned with the real-world behaviors and
motivations of homeowners, thereby improving the uptake of energy-efficient
renovations.

The dissertation makes a significant contribution by conducting a compara-
tive analysis of techno-economic versus socio-psychological decision-making
logics within the context of building energy retrofits. This dual approach
highlights how different factors influence adoption rates and the effective-
ness of various policy measures. While the techno-economic model primarily
emphasises financial incentives and payback periods, the socio-psychological
model considers behavioral aspects such as social influence and personal at-
titudes. This comparison reveals critical differences in how these logics affect
retrofit decisions, underscoring the need for policies that address both eco-
nomic and psychological barriers. Such a hybrid approach, integrating both
logics, could lead to higher adoption rates and more successful policy out-
comes.

This dissertation contributes to the field by focusing on combined retrofit
measures in residential buildings. Instead of relying on single technologies,
the research explores the combination of insulation with heating systems,
such as heat pumps. This combined approach is shown to significantly en-
hance energy efficiency, as it addresses both heat retention through improved
insulation and the efficient generation of heat. This dual strategy ensures
that the energy savings are maximised, and the environmental impact is
minimised, contributing to a more sustainable and resilient housing sector.

Another novel aspect of this research is the use of behaviorally-informed mod-
els to simulate the impact of various policy instruments on retrofit adoption,
particularly through the inclusion of empirical data from the Netherlands on
heat pump adoption. This data, used in the calibration of the models, allows
for a more accurate and context-specific representation of homeowner behav-
ior, providing insights that extend beyond theoretical constructs. The in-
corporation of actual adoption statistics ensures that the simulations closely
reflect real-world dynamics, making the findings more applicable and reli-
able.
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Moreover, this works improves the understanding energy-efficient retrofitting
(EER) adoption among homeowners in the Netherlands by emphasising the
significance of contextual factors. Unlike previous studies that often yielded
contradictory results, this research focuses on the specific context within
which EER decisions are made. By identifying and categorising the fac-
tors that influence homeowners’ decisions to adopt measures such as insu-
lation, photovoltaic panels (PV), and heat pumps (HP), the study provides
a nuanced understanding tailored to the Dutch environment. This context-
specific analysis highlights the importance of considering local conditions and
homeowner characteristics when examining EER adoption.

Moreover, the empirical research pays particular attention to the character-
istics of different homeowner groups, such as older, smaller households in
long-owned homes. By focusing on these specific demographics, the study
uncovers how these characteristics influence EER adoption and highlights
the need for targeted interventions. This focus allows for the development of
more precise and effective policy measures that can better address the dis-
tinct needs and challenges of these groups, ultimately contributing to a more
inclusive and successful energy transition in the Netherlands.
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3. Factors associated with retrofit
adoption in the Netherlands

The contradictory results of previous studies on determinants of energy-
efficient retrofitting (EER) adoption presented in Section 2.2.2 demonstrate
that the context of each studied case is important for consideration. This
chapter explores how these variables can be grouping related factors into
larger components for a more comprehensive understanding the decisions to
insulate, adopt photovoltaic panels (PV) or heat pump (HP). It is based on
the author’s article (Akhatova et al., 2024).

3.1. Overview

The urgency for energy-efficient retrofitting (EER) in buildings has intensi-
fied, driven by the need to reduce energy consumption, cut carbon emissions,
and mitigate climate change, especially in light of recent gas import shortages
in Europe. The residential sector, accounting for approximately 29% of final
energy consumption (Enerdata, 2021), plays a crucial role in energy efficiency
efforts. With owner-occupied housing making up 70.1% of the total housing
stock in 2021 (eurostat, 2021), (Eurostat, 2021), the EER in this sector has
become more vital than ever.

EER measures like insulation and the adoption of heat pumps or solar panels
are particularly vital in colder climates, where heating accounts for a signif-
icant portion of energy demand supplied by fossil fuels. In the Netherlands,
where residential buildings contribute around 14% of total greenhouse gas
emissions (Ruyssenaars et al., 2021), the need for EER is pressing due to the
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prevalence of older, inefficient buildings and a high reliance on gas boilers.
Various policies aim to encourage energy efficiency, including the Energy Per-
formance Certificate (EPC), fiscal measures such as tax adjustments, subsi-
dies for sustainable installations, and new initiatives like online advisory tools
and district-level sustainable energy planning (European Commission, 2023;
Government of the Netherlands (Rijksoverheid), 2020). Despite these efforts,
many homes still have poor energy ratings, which hampers the effectiveness
of heat pumps (Rijkdienst voor Ondernemend Nederland, 2021), and current
policies may fall short of achieving the Green Deal’s 2030 carbon reduction
targets (Dijksterhuis, 2021). Therefore, understanding the factors that influ-
ence homeowners’ decisions to invest in EER is crucial for aligning policies
with their needs and priorities.

This study delves deeper into the factors influencing homeowners’ invest-
ment decisions in EER, specifically examining four measures: window double-
glazing, roof, wall and floor insulation, solar panels adoption, and heat pump
installation (Akhatova et al., 2024). While existing literature in Europe un-
derscores the complexity of these decisions, showing their association with
a multitude of factors (Ameli and Brandt, 2015; Kastner and Stern, 2015;
Wilson et al., 2015; Trotta, 2018a; Boomsma et al., 2019; Ebrahimighare-
hbaghi et al., 2021; Liu et al., 2022), there is a need to distill these into more
coherent categories for better policy implications. The central contribution
of this study is in clarifying the key drivers of EER-related decisions in the
Netherlands, addressing the contradictory findings in existing research by
consolidating correlated factors into broader components for a more insight-
ful interpretation (Akhatova et al., 2024).

The remainder of the chapter is organised as follows. Section 3.2 presents
the data and the method used for investigating the relationship between the
predictors of EER adoptions. The results and discussions are addressed in
Section 3.3. Finally, the chapter concludes by summarising the key insights
of the study (Akhatova et al., 2024) and their policy implications in Section
3.4.
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Figure 3.1.: Main steps of the empirical approach

3.2. Method

The empirical analysis relies on principal component analysis (PCA) and re-
gression analysis. The combination of these methods is familiar as “principal
component regression” and it has been known since the late 1950s (Jolliffe,
1982). The idea is to use the principal components of the original predictors
in the regression instead of the original variables. As presented in Figure
3.1, first, in Section 3.2.1, actual variables from the Dutch household sur-
vey are selected based on the literature in Section 2.2.2. Second, principal
components that capture the most variation in the dataset are obtained, as
described in Section 3.2.2. Finally, based on the PCA scores matrix, logistic
regression models for four EER decisions are performed (Section 3.2.3).

3.2.1. Data and variables

The Dutch Housing Survey WoonOnderzoek Nederland (WoON) provides in-
formation on households’ characteristics, including current and desired living
situation, housing costs and incomes, and energy-related information (Min-
isterie van Binnenlandse Zaken en Koninkrijksrelaties (Rijk), 2022). It is a
nationwide survey conducted every three years and uses a stratified sample
taken from all Dutch residents of 18 years old and older registered with their
local municipality. Out of 46,658 total respondents, the characteristics of
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25,659 homeowners are examined with a focus on their socio-demographic,
dwelling, and other characteristics. Table 3.1 provides the description of the
input variables for the PCA including the type (numerical, ordinal, binary),
mean, standard deviation (SD), median, lowest and highest value of each
variable. For categorical and binary variables frequency, histograms illus-
trate the proportion of relevant (category) occurrences (Figures 3.2 and 3.3).
The variables used in the regression analysis as dependent variables are listed
in Table 3.2.
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Figure 3.2.: Frequency histograms for binary variables (N=25,659)

Table 3.2.: Dependent variables

Name

Description

Adopted double glazing

Adopted insulation

Adopted PV

Adopted heat pump

A homeowner has installed double-glazed windows in the last 5
years

A homeowner has insulated a wall, roof, or floor in the last 5 years
A homeowner has installed a PV panel in the last 5 years
A homeowner has installed a heat pump in the last 5 years

(All variables are binary/dichotomous variables with 1-Yes, 0-No)

The advantage of using the latest release is that the 2021 survey includes a

new variable “heat pump adoption” that is absent in earlier releases (Min-

isterie van Binnenlandse Zaken en Koninkrijksrelaties (BZK); and Centraal

Bureau voor de Statistiek (CBS), 2016). I argue that previously used vari-
able “renewed boiler” (Ebrahimigharehbaghi et al., 2019; Halleck Vega et al.,
2022) is not a sustainable measure, as it concerns the renewal of a gas boiler

(GB).
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Figure 3.3.: Frequency histograms of the ordinal variables
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3. Factors associated with retrofit adoption in the Netherlands
3.2.2. Principal component analysis

PCA is a dimension reduction method which determines a few uncorrelated
linear combinations of the original variables (i.e., components) that capture
most of the variation in the original variables (Dunteman, 1989). Mathemat-
ically, it derives from a change of variable in linear algebra (Eq. 3.1) where
original matrix of predictors X is transformed into Y, both of dimension
NzK (i.e. N observations, K variables), by multiplying with an unknown
matrix A (KzK):

Y=XA (3.1)

The principal components (PC) are the columns of the transformation matrix
A, while Y is the new matrix that represents the data in the new coordinate
system defined by the PCs. The linear form of the first principal component
can be described as a linear combination of K original variables 1, xa, .., )
(which are columns of the matrix X):

K

Y1 = a1 + a2+ ... + QigkTK = Z Q1% (3.2)
i=1

Here, a1, a19, .., a1 are the loadings or weights of the first PC and they show
how much each original variable x; contributes to the first PC. The higher the
loading is, the stronger the linear correlation is, while the sign indicates the
direction of correlation. The first PC y; is derived as such that it captures the
maximum variance among all linear combinations of the original variables,
subject to the constraint that their squared sum (SS) is a unit vector:

K
> al=1 (3.3)
=1

The columns of matrix A (or PCs), are derived via eigenvalue decomposition,
sorting eigenvectors and retaining the number of PCs. Eigenvalue decompo-
sition is a process of breaking down a matrix into its constituent parts —

eigenvalues and eigenvectors. An eigenvector v of a matrix A is a vector
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3. Factors associated with retrofit adoption in the Netherlands

that, when multiplied by that matrix, results in a vector that is a scaled
version of the original eigenvector. This scaling is an eigenvalue (A) (Eq.
3.4):

Av = Av (3.4)

Covariance or correlation matrix of X is used to compute them:

C =vAv™! (3.5)

As X contains continuous, ordinal, and dichotomous variables, the mixed cor-
relation matrix is computed by calculating Pearson correlations for the con-
tinuous variables, polychoric correlations for ordinal (or polytomous) items,
and tetrachoric correlations for the dichotomous items (see Figure 3.4) (Rev-
elle, 2022). Then, the eigenvalues' and eigenvectors? of that mixed correla-
tion matrix are computed and sorted in the decreasing order of the eigenvalues
(i.e., by the amount of total variance explained). This ordering is crucial as
it prioritises the components that explain the most variance in the data. Fi-
nally, only a subset of K variables (k, where k < K) are selected, such that
they are sufficient to capture most of the variance in the dataset.

In practice, R package “psych” is used to calculate the PCs (Revelle, 2022).
Eigenvalue decomposition and sorting are typically performed using the
“principal” function of the same package, where one must specify the number
of PCs and the type of rotation. The appropriate number of PCs to retain
is often determined using Catell’s scree plot test (Cattell, 1966), a graphical
technique that plots the eigenvalues in a way that helps identify a natural
cutoff point. Kaiser’s criterion (Kaiser, 1974) further guides this decision,
suggesting that only components with eigenvalues greater than one should
be retained. This criterion is based on the logic that a principal component
should explain more variance than a single standard variable (as the average
eigenvalue of a standard variable is one). Therefore, by retaining components
with eigenvalues above one ensures that each selected component contributes
meaningfully to explaining the variance in the dataset.

'Represent the amount of variance that each principal component explains
2Define the direction of these components in the multidimensional data space
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Figure 3.4.: The mixed correlation matrix
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3. Factors associated with retrofit adoption in the Netherlands

Finally, an orthogonal rotation, such as the varimax method, is applied.
This step maximises the variance of each component, making the output
components as distinct as possible from each other, which simplifies the in-
terpretation. The orthogonal nature of this rotation means that the resulting
components are uncorrelated with each other (Watkins, 2018).

3.2.3. Regression models

Logistic regression is used to estimate the relationship between a binary de-
pendent variable and a number of independent variables. PCA is a viable
method to address a multicollinearity problem in regression models (Dunte-
man, 1989; Jolliffe, 1982). This is because the components obtained by PCA
are uncorrelated with each other. Principal component regression begins by
using the principal component scores of the predictors as independent vari-
ables in the regression model. PCA scores represent the original data trans-
formed into the new space defined by these components (i.e. transformed
data). Mathematically, they are calculated by multiplying the zero-mean
data matrix (i.e. standardised data matrix) with the matrix of the loadings
or eigenvectors (Carr, 2001; Wood, 2009).

Logistic regression models are employed to ascertain the relative roles of
various factors associated with the decision of homeowners to adopt each
type of EER implemented in the last 5 years (2016-2021):

installing double-glazed windows;
insulation of roof, floor, and walls;
PV adoption, i.e., installing or replacing solar panels;

o=

heat pumps adoption, i.e., installing or replacing heat pumps.

The probability of implementing a respective measure (i.e. the dependent
variable Y being 1) is determined using the logistic function:

logit(p) =In 1 fp = Bo + Pix1 + Bz + ... + Brxp + € (3.6)
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Figure 3.5.: Number of EER adopters and non-adopters; total measures adopted

where x; denotes the scores of the principal components used as regressors.
To measure the goodness of fit of the logistic regression models, McFadden
pseudo R-squared is used (Domencich and McFadden, 1975). To demonstrate
the model’s predictive accuracy, hit rate (or correct classification rate) is
calculated as the number of correct predictions divided by the total number
of cases. The regression analysis was performed using the function “glm” and
the package “stargazer” in R software.

3.3. Results and Discussion

3.3.1. Descriptive statistics

As summarised in Figure 3.5, out of 25,659 homeowners in the analysed
sample, 38% (N=9,819) has adopted at least one EER measure. Most of
these adopters implemented one (69% of adopters) or two (25% of adopters)
EER types. Predominant EER types are PV or double-glazed windows, both
among one-measure adopters and those who have done two or more EER
measures (see “Total adoptions” in Figure 3.5).
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Share of Adopters by Renovation Reasons in 2018 and 2021

This was already necessary for maintenance
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Figure 3.6.: Reasons for implementing EER among adopters. The number of total obser-
vations for this question is N=14,776 for 2021 dataset (Nadopters = 9,819 and
Nion—adopters = 15,840) and N=23,485 for 2018 dataset (Ngdopters = 16,189
and Nypon—adopters = 21,709). The numbers show that some adopters have se-
lected more than one reasons.

Similar to previous findings by Ebrahimigharehbaghi et al. (2019) and
Ebrahimigharehbaghi et al. (2022), the majority of renovators has under-
taken these EER measures because they were necessary for maintenance, to
lower the energy bill and to make their home more pleasant (Figure 3.6).
It is important to note that the respondents were allowed to choose several
reasons for renovating (that is why the numbers do not add up to 100%).
Non-adopters are hindered from renovating their dwellings mainly due to
their beliefs that their homes are already energy-efficient (Figure 3.7). The
share of the respondents in 2021 who have not renovated because of this is
much higher than in 2018. Almost 20% of the respondents states that “they
haven’t gotten around to it yet”, meaning that either they find this topic
very complex or lack time and other resources to deal with this issue.
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Share of Non-Adopters by Non-Renovation Reasons in 2018 and 2021
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Figure 3.7.: Reasons for not implementing EER among non-adopters. The number of to-
tal observations for this question is N=13,189 for 2021 dataset (Nadopters =
9,819 and Npon—adopters = 15,840) and N=13,751 for 2018 dataset (Nadopters
= 16,189 and Npon—adopters = 21,709). These numbers show that some non-
adopters have not stated the reason for not renovating.

3.3.2. Characterising principal components

The PCA combines 25 variables in eight components shown in Table 3.3.
The components are interpreted based on the component loading values, with
higher loadings indicating a stronger (positive or negative) correlation with a
corresponding component. The loadings lower than 0.35 are removed, as they
are considered to be weaker determinants. The components are explained in
the subsections 3.3.2.1-3.3.2.8.

3.3.2.1. Single-family houses in rural areas (PC1)

The first component refers to single-family houses in rural areas, showing that
these types of homes are located in less urbanised areas and have a higher
consumption of electricity and gas. These homes, which include detached,
semi-detached, and terraced houses, typically have more square meters to
heat and cool, and often have more appliances and electronics that consume
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3. Factors associated with retrofit adoption in the Netherlands

Table 3.3.: Component loadings

Variables

PC1 PC2 PC3 PC4 PC5 PCé6 PC7

PC8

Length of residence
Building age
Income

House value
Wealth

Usable area

Electricity con-
sumption

Gas consumption
Age

Education
Household size

Contact with
neighbors

Want to move
Urbanisation level
Home satisfaction

Environment satis-
faction

Neighborhood en-
gagement

Neighborhood inse-
curity

Dwelling type

Past maintenance
(outdoor)

Past maintenance
(indoor)

Existing insulation

Existing double
glazing

Existing PV

Existing heat
pumps

0.81

-0.72
0.68
0.80
0.75
0.47 0.48
0.54 0.39

0.58 0.37 -0.37
0.85
-0.42 0.47
0.48 -0.60
0.85

-0.80
-0.74
0.80
0.60 0.41

0.83

-0.88
0.74

-0.38 0.64

0.74
0.60

-0.50
0.45 -0.63

-0.74

0.35
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Figure 3.8.: Dwelling types by urbanisation level

energy. The location correlates with the dwelling type, as single-family houses
are predominant in the suburbs and rural areas of the Netherlands (Figure
3.8). Moreover, such houses tend to be occupied by larger households with
more people, e.g., families with children, which typically have higher energy
consumption due to more occupants using appliances, electronics, heating,
cooling, and hot water. Homes in rural areas might also engage in activities
that consume more energy, such as gardening or maintaining larger outdoor
spaces, which could require additional tools and equipment. Overall, this
component illustrates that larger families living in larger single-family houses
in rural areas have higher energy demands.

3.3.2.2. Wealthier households with larger homes (PC2)

The second component shows a positive correlation between property value,
income, wealth, and home area size, indicating that financially prosperous
households living in large residences. This component indicates that high
income and wealthy households tend to reside in more expensive and larger
homes. Despite the similar loading for ’Usable Area’ as in PC1, here it is
combined with indicators of financial prosperity, suggesting that wealthier
households tend to occupy larger homes, which aligns with findings from
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Figure 3.9.: The relationship between dwelling type and disposable income

previous studies (Biichs and Schnepf, 2013; Trotta, 2018a). Though the
specific association with single-family homes may not be inferred directly
from this component, Figure 3.9 demonstrates that wealthier households tend
to live in single-family houses and that larger houses typically have greater
needs for electricity and gas (Druckman and Jackson, 2008; Brounen et al.,
2012), which justifies a weak correlation with electricity and gas consumption
in this component. The similarity in the loadings for "Usable Area’ in both
PC1 and PC2 (0.47 and 0.48 respectively) suggests that house size is a notable
factor in both components, though leads to different interpretations.

3.3.2.3. Older, smaller households with lower education in long-owned
homes (PC3)

The third component indicates positive relationship between the age of the
homeowner and the length of ownership, as well as the negative relation-
ship between these variables and the number of inhabitants and education
level of homeowners. In other words, this component describes older home-
owners who have owned their homes for an extended period of time. These
older households tend to be smaller in size consisting of one or two inhab-
itants. Furthermore, this component suggests that the educational level of
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3. Factors associated with retrofit adoption in the Netherlands

these homeowners is lower. The influence of education on EER decisions
in this group seems to operate through mechanisms other than income, as
the loading on income equals 0. One possible explanation could be related
to awareness or knowledge about energy efficiency. Higher education levels
often correlate with greater awareness of and access to information about
energy-saving measures, which might influence the likelihood of opting for
EERs (Prete et al., 2017). Another aspect could be values and attitudes that
correlate with education and are not related to income. Educational expe-
riences might shape one’s environmental attitudes, which in turn influence
decisions about home improvements and energy efficiency (Halleck Vega et
al., 2022).

3.3.2.4. Newer houses with some EER already in place (PC4)

The fourth component depicts the relationship between building age, gas con-
sumption, existence of insulation, energy-efficient windows, and heat pumps.
This component hints that homes in more recently constructed buildings
tend to already have insulation , energy-efficient windows, and heat pumps.
Figure 3.10 demonstrates the proportion of households with existing insula-
tion, which likely refers to the minimum U-value of 2.5 m2K/W set by the
Building Decree (in Dutch: Bouwbesluit) in 1992 (Kieft et al., 2020). This
component also shows that households living in these homes tend to have
lower gas consumption, which can be attributed to the energy efficiency of
the residences.

3.3.2.5. Homeowners satisfied with their homes (PC5)

The fifth component demonstrates the correlation between the owner-
occupiers’ satisfaction with their homes and neighborhoods and their un-
willingness to move. It is clear that households who are content with their
homes and surroundings have no plans for moving. When homeowners are
satisfied with their homes and neighborhoods, they develop a sense of con-
tentment and stability. The effort, cost, and emotional upheaval associated
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Figure 3.10.: Number of dwellings with previous insulation (adopted before 2017) vs. con-
struction year category

with moving can be deterrents, especially when weighed against the com-
fort of a familiar and satisfactory living environment (Nakazato et al., 2011).
Homeowners who are satisfied and not planning to move might be more in-
clined to invest in their properties. This includes adopting energy-efficient
improvements or sustainable practices, as the benefits of such investments are
realised over a longer period. In summary, the fifth component’s emphasis is
on the correlation between satisfaction with homes and neighborhoods and
the reluctance to move highlights important aspects of residential stability
and contentment.

3.3.2.6. Homes with past maintenance (PC6)

The sixth component pertains to owner-occupied residences that have under-
gone both past outdoor and indoor maintenance. This dimension emphasises
that households that have completed outdoor maintenance and indoor main-
tenance are less likely to have invested in heat pumps and solar panels. Such
households might have allocated their resources (budget, time, effort) pri-
marily toward these activities. As a result, they may have limited capacity
or willingness to invest further in relatively expensive energy technologies like
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3. Factors associated with retrofit adoption in the Netherlands

heat pumps and solar panels in the near term. Homeowners might prioritise
maintenance that addresses immediate needs or visible wear and tear, which
is often more apparent in indoor and outdoor areas. In contrast, investments
in HPs and PVs, while beneficial in the long run, might not be perceived as
immediate or necessary improvements.

3.3.2.7. Homeowners actively engaged in their neighborhoods (PC7)

The seventh component refers to positive association between neighborhood
cohesion which is characterised by contacts among neighbors, engagement in
neighborhood matters and satisfaction by the living environment. It shows
that homeowners actively engaged in their neighborhood by doing things
together (e.g., gardening) have regular interactions with neighbors and are
satisfied by the neighborhood where they live. Overall, the active engagement
of homeowners in their neighborhoods is a crucial factor in building resilient,
supportive, and thriving communities.

3.3.2.8. Safer neighborhoods with highly educated inhabitants (PC8)

The eighth component highlights the correlation between safer neighborhoods
and highly educated inhabitants. Moreover, households in safer neighbor-
hoods are more likely to adopt solar panels. Though higher education and
higher incomes are often correlated (Psacharopoulos and Patrinos, 2018) and
the sample shows more homeowners with higher education among higher in-
come homeowners (Figure 3.11), this principal component did not capture
income as a significant factor in relation to the adoption of solar panels and
the perception of neighborhood safety. The adoption of solar panels and
perceptions of safety might be influenced more directly by educational level
and related factors, such as environmental awareness or community engage-
ment, which can be associated with higher education but are independent
of income. It is possible that in safer, more educated neighborhoods, there
might be other dynamics at play, such as community initiatives, local policies,
or cultural values that promote solar panel adoption, irrespective of direct
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Figure 3.11.: The relationship between disposable income and education

income levels.

3.3.2.9. Summary of the PCA results

In summary, the eight extracted components® explain 65% of the total vari-
ance in the dataset. Variance here refers to the variability in the dataset
that is captured by each principal component. Each component contributes
a certain percentage to this total, with individual contribution of each com-
ponent ranging from 5 to 10% (see Proportion Variance in Table 3.4). It is
common practice in PCA to select the first few components that together
explain a substantial portion of the total variance, often around 70%. For
comparison, Michelsen and Madlener (2013) reported a cumulative variance
of 61% in their study.

Table 3.4 presents the detailed breakdown of the variance explained. Let j
denote the j-th principal component. The Sum of Squared Weights (SSW) for
each principal component j and the proportion of variance explained by each
component are as follows: for the first component (PC1), the SSW is 2.56, and

3The components with eigenvalues higher than one (see the scree plot in Figure 3.14)
are considered.
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Figure 3.12.: The scree plot

it explains 10% of the total variance (Proportion Variance; = 0.10). Similar
pattern continues for the subsequent components, leading to a Cumulative
Variance; of 0.65 by the eighth component.

3.3.3. Regression results

To uncover the factors associated with EER investment decisions, Table 3.5
presents results for double-glazing windows, roof, floor, and walls insulation,
PV adoption, and HP adoption of homeowners across the Netherlands be-
tween 2016 and 2021. The results are discussed in terms of the importance
of components for EER decisions (i.e., significant and high values indicate
stronger likelihood).
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3. Factors associated with retrofit adoption in the Netherlands

Table 3.4.: The sum of squared weights (SSW) and variances explained by the PCA (n=8)

PC1 PC2 PC3 PC4 PC5 PCe6 PC7 PC8

SSW 2.56 2.48 2.38 2.01 1.93 1.86 1.73 1.22
Proportion 0.10 0.10 0.10 0.08 0.08 0.07 0.07 0.05
Variance
Cumulative 0.10 0.20 0.30 0.38 0.45 0.53 0.60 0.65
Variance

3.3.3.1. The likelihood of EER adoption by homeowners in single-family
houses in rural areas

In our analysis, a strong association was observed between single-family
homes in rural areas and the adoption of all EER measures, with the strongest
likelihood of solar panels adoption. This finding aligns with numerous stud-
ies (Ameli and Brandt, 2015; Graziano and Gillingham, 2015; De Groote et
al., 2016; Curtis et al., 2018; Trotta, 2018b; Schleich, 2019; Ebrahimighare-
hbaghi et al., 2022; Halleck Vega et al., 2022). One reason for this trend
may be the autonomy that single-family homeowners have in making inde-
pendent decisions about installing PV systems, as opposed to multi-family
homes where consensus is needed due to shared infrastructure such as roofs
(Milieu centraal, 2022).

Moreover, the model results indicate that these rural single-family houses
are also more likely to adopt heat pumps, as well as building insulation and
double-glazed windows, which further underscores the commitment of these
households to energy efficiency. The preference for solar panels over heat
pumps could also be attributed to the versatility and cost-effectiveness of PV
systems. While the initial installation costs of PVs and HPs may be similar,
PVs generate electricity, which can be used for a variety of purposes or even
sold back to the grid, thereby offering potential income or cost savings.

4McFadden R-squared values range between 0 and 1 but are usually considerably lower
than those of the R-squared. The values between 0.2-0.4 indicate excellent model fit, while
values lower than 0.2 explain less variation (Domencich and McFadden, 1975).
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3. Factors associated with retrofit adoption in the Netherlands

Table 3.5.: Logistic regression results of having invested in EER over the past five years

(N=25,659)
Double- Roof, Solar pan- Heat
glazed floor, els pumps
windows walls
insulation
1. Single-family houses in rural ar-  0.123*** 0.372%** 0.514%** 0.439%**
cas (0.022) (0.027) (0.023) (0.075)
2. Wealthier households with — -0.432%** -0.448%** 0.060*** 0.313%**
larger homes (0.023) (0.026) (0.016) (0.034)
3. Older smaller households in  0.078*** 0.019 -0.022 -0.317%%*
long-owned homes (0.021) (0.023) (0.017) (0.061)
4. Newer houses with some EER ~ -1.732%** -2.430%** 0.055%** -0.114%*
already in place (0.03) (0.038) (0.02) (0.057)
5. Households satisfied with their  -0.043* -0.117%%* 0.271%%* 0.726%**
homes (0.022) (0.025) (0.02) (0.085)
6. Homes with past maintenance 1.725%%* 1.826*** 0.428%** 0.306%**
(0.04) (0.045) (0.022) (0.063)
7. Households actively engaged in  0.003 0.067*** 0.053%** 0.06 (0.057)
their neighborhoods (0.019) (0.022) (0.017)
8. Safer neighborhoods with highly = -0.038* 0.095%*** 0.166*** 0.197***
educated inhabitants (0.02) (0.024) (0.018) (0.063)
Constant -2.276%%* -2.878%** -1.615%** -4, 741%¥*
(0.027) (0.036) (0.018) (0.077)
Hit rate (Correct classification 0.85 0.85 0.82 0.82
rate)
McFadden’s pseudo R-squared 4 0.242 0.366 0.053 0.072

3.3.3.2. The likelihood of EER adoption by wealthier homeowners with

larger homes

The regression results suggest that wealthier households with larger homes

have a lower probability of investing in double-glazed windows and insulation
roof, floor, and walls, but are more likely to adopt HPs and PV systems. This
could be attributed to wealthier households already living in an insulated

residence with the share of existing insulation (installed prior to 2016) being

higher among homeowners with higher income (Figure 3.13). Moreover, living

in larger houses require higher energy demands (as seen in Section 3.3.2),

where energy efficiency might be essential.

56


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hu

3. Factors associated with retrofit adoption in the Netherlands

100004 Existing insulation
. No
. Yes

8000 1

6000 1

4000

Number of dwellings

2000 1

<21000 21000-30200 30200-42600 42600-59500 >59500
Disposable income [dwellings/sq.km]

Figure 3.13.: The relationship between existing insulation and household’s disposable in-
come

3.3.3.3. The likelihood of EER adoption by older, smaller households
with lower education in long-owned homes

The regression results suggest that older, smaller homeowners who have lived
in their homes for a long time have a relatively high likelihood of investing
in double glazing. This is in line with the findings of Nair et al. (2012) that
homeowners living long in their houses with old windows are more likely to
install the new ones. On the other hand, the likelihood of these households
investing in HPs is negative. The negative likelihood of investing in heat
pumps among this demographic group might indicate a potential income
effect. HPs are often a more significant investment than window insulation
and might not be deemed essential, especially if the existing heating system
is adequate. Finally, the model does not indicate any correlation between
these households and the adoption or non-adoption of solar panels and the
insulation for roof, floor and walls.
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3. Factors associated with retrofit adoption in the Netherlands

3.3.3.4. The likelihood of EER adoption by owners of newer houses with
some EER already in place

The model results indicate that there is a significant negative correlation
between households living in newer houses with some EER already in place
(i.e. insulation, double-glazing, and HPs) and the adoption of any type of
insulation and heat pumps. This is also supported by tendency of many
homeowners to consider their homes already energy-efficient (Figure 3.7).
However, such houses have a slight likelihood for adopting solar panels.

3.3.3.5. The likelihood of EER adoption by homeowners satisfied with
their homes

Homeowners’ satisfaction with their homes is a strong predictor for investing
in HPs. As they are satisfied with their homes and are not planning to move,
they are more likely to invest in energy-efficiency and amelioration of their
homes. The correlation between these homeowners and the adoption of PV
is also significant and positive. The probability of these households adopting
solar panels is high, likely for the same reasons as in the case of HPs. On
the contrary, households that are satisfied with their homes are less likely
to adopt the insulation of roof, floor, and walls, and to a smaller degree the
window double glazing, as they have already implemented these measures in
the past according to the survey responses (Figure 3.14).

3.3.3.6. The likelihood of EER adoption by owners of homes with past
maintenance

The regression model shows that homeowners that have previously main-
tained their homes have a higher likelihood of double-glazing their windows
as well as insulating their roof, floor, and walls. Since both questions were
asked in retrospective manner, it is not clear whether EER and maintenance
occurred in sequence or at the same time. It could be that insulation was
added during maintenance projects. However, it may also be the case that
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Figure 3.14.: The relationship between existing insulation and homeowner’s satisfaction
with home

people who put more effort maintaining their dwellings are also more aware
of the energy aspects and have thus more likelihood of renovation. Homes
that have undergone past maintenance also show a strong positive relation-
ship with the adoption of HPs and solar panels, though relatively less strong
than insulation and double glazing. Maintenance work and basic insulation
upgrades are often seen as immediate necessities for the comfort and upkeep
of a home. In contrast, the installation of solar panels and heat pumps might
be viewed as optional or long-term investments.

3.3.3.7. The likelihood of EER adoption by homeowners actively
engaged in their neighborhood

Interestingly, homeowners that actively participate in neighborhood cohesion
show a positive correlation to the adoption of solar panels and insulation of
roof, floor, and walls, although the impact size is modest compared to the
other dimensions. Their active engagement with neighbors can be essen-
tial for making decisions on such investments, as they may be more likely
to receive information and support for the adoption of PV systems and the

59


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

3. Factors associated with retrofit adoption in the Netherlands

extensive insulation from their community. However, the model findings in-
dicate that households actively participating in neighborhood cohesion do
not show any correlation with the adoption or non-adoption of double-glazed
windows and of HPs. The contrast between the adoption of solar panels and
heat pumps can be due to solar panels being often more visible and becoming
symbol of environmental consciousness (Barnes et al., 2022; Bollinger et al.,
2022). They can be a topic of conversation or emulation within a commu-
nity, leading to a kind of “neighborhood effect”, where the adoption by one
household encourages others. Conversely, the adoption of heat pumps may
not have the same level of communal visibility or discussion.

3.3.3.8. The likelihood of EER adoption by homeowners in safer
neighborhoods with highly educated inhabitants

The results suggest that the characteristics associated with safer neighbor-
hoods and higher education levels, such as increased awareness of environ-
mental issues and access to resources, might drive the adoption of solar panels,
heat pumps, and insulation of roof, floor, and walls. However, in contrast
to these three measures, households that are living in safer neighborhoods
with highly educated residents are less likely to adopt the double-paned win-
dows. The preference for other types of energy-efficient investments (like PV
and HP) might be influenced by factors such as environmental consciousness
(Halleck Vega et al., 2022), desire for modern renewable energy technologies,
or visibility and status associated with these technologies (Baranzini et al.,
2017).

3.3.4. Discussion, limitations and future research

This chapter offers valuable insights on factors associated with EER invest-
ment decisions among homeowners in the Netherlands. First, older, and
smaller households that have lived in their homes for a long time are less
likely to adopt heat pumps and show no inclination to installing solar panels
or insulating their roof, floor, or walls. This trend can be partly explained by
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3. Factors associated with retrofit adoption in the Netherlands

the pattern of homeowners often renovating in the early years of living in a
new home as part of adapting homes to households’ evolving needs (Wilson
et al., 2015; Friege et al., 2016). For Dutch homeowners, necessity and the
potential for energy cost savings are primary motivators for adopting EER
measures. However, older homeowners in long-owned dwellings may display
less propensity for such investments. This reluctance could stem from sev-
eral reasons, for example, older homeowners might not anticipate significant
long-term financial benefits from EER investments due to the time required
to realise these returns. They may believe that the investment is not worth-
while if they do not expect to enjoy the benefits for an extended period.
Moreover, there could be a reluctance to switch to new systems or technolo-
gies, especially if the existing systems are familiar and functional, even if
less energy-efficient (Willis et al., 2011). It is also plausible that age-related
factors, such as a desire to avoid the disruption and effort associated with
significant home renovations, play a role in their decision-making process.

For older and smaller households, which often face financial constraints and
may hesitate to invest in retrofitting due to concerns about upfront costs and
long-term returns, a program similar to “MaPrimeRénov” in France (Agence
nationale de I’habitat, 2024) would be beneficial. “MaPrimeRénov” offers
substantial financial aid and comprehensive support throughout the renova-
tion process, including initial energy audits to assess needs, assistance with
applying for grants, and guidance on selecting the most effective retrofitting
measures. Similarly, in the Czech Republic, the “Fix Up Grandma’s House”
program supports the renovation of older family homes by providing an ad-
vance subsidy and offering favorable loans to cover the remaining costs. This
program aims to make renovations accessible and affordable for families, help-
ing to modernise aging homes while also promoting energy efficiency and
sustainability (IEA, 2024; Nové zelens Usporam, 2024).

Second, households with high levels of neighborhood involvement have a pos-
itive correlation with the adoption of solar panels and insulation of roof, floor,
and walls. This could be attributed to the effect of social influence on EER
decisions (e.g., heat pump (Decker and Menrad, 2015) or PV (Engelken et al.,
2018)) and higher trust in the community (Scheller et al., 2022). In such en-
vironments, homeowners are more likely to receive credible information and
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3. Factors associated with retrofit adoption in the Netherlands

support from their neighbors, emphasising the potential for bottom-up imple-
mentation of energy transition initiatives. This observation underscores the
importance of increasing awareness and making detailed information about
retrofitting accessible at the community level, in addition to already exist-
ing web-tools (Milieu centraal, 2023). Furthermore, homeowners residing in
safer neighborhoods with well-educated residents have a greater chance of
installing solar panels and heat pumps, as well as insulating roof, floor, and
walls. Satisfaction with one’s home and living conditions also appears to
be positively linked to the adoption of HPs and PV. Homeowners who take
pride in their homes are more likely to see the value in enhancements that not
only increase comfort and functionality, but also contribute to long-term en-
ergy savings and environmental sustainability. Consequently, awareness and
information campaigns targeting EER should consider this aspect and com-
municating how EER can enhance home comfort, increase property value,
and contribute to a sustainable living environment.

This suggests that policies aimed at fostering community-based retrofitting
initiatives could be highly effective. For example, the Dutch government
could focus on supporting and empowering a small group of individuals who
can effectively lead these projects by providing centralised, organised re-
sources and assistance (Ghorbani et al., 2020). This would help overcome
leadership challenges and facilitate the successful development of Local En-
ergy Initiatives (Ghorbani et al., 2020).

Third, single-family houses in rural areas are more likely to implement EER
and especially PV adoption, which may be because they generally face fewer
technical or organisational obstacles to do so. Unlike multi-family buildings,
they do not share walls or roofs with neighbors, and can renovate with less
hurdles (Nair et al., 2017; Palm and Reindl, 2018). In addition, it is more
challenging to install PV in older city centers, due to the irregular shapes of
roofs (Psacharopoulos and Patrinos, 2018). The model results also show a
strong link between rural single-family homes and HPs adoption as well as
building envelope insulation and windows double glazing. These homes tend
to be bigger and have higher heating needs, making them more likely to adopt
insulation and HPs to decrease gas usage and energy expenses. As revealed
in Section 3.3.1, the majority of HP installations were done in addition to
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3. Factors associated with retrofit adoption in the Netherlands

other measures. This is likely due to HPs being more effective in insulated
spaces, where they don’t have to work as hard to maintain a comfortable
temperature (Kieft et al., 2021).

Finally, previous maintenance increases the likelihood of investing in EER.
This is because homeowners who regularly maintain their homes are more
likely to be informed about the potential issues and benefits of energy effi-
ciency. However, homeowners in newer dwellings with existing insulation are
less inclined to adopt insulation and HP. This suggests that these homeown-
ers may not be receptive to those measures, possibly because they already
find their homes energy-efficient and comfortable. To ensure those beliefs
are objective, governments should make it compulsory to inspect the energy
efficiency of each house and make this audit service available for all. On
the other hand, such homeowners are more likely to adopt PV, as this can
reduce the need for grid-supplied electricity, thus contributing to reduced
energy bills.

There are several limitations related to this work. Not all variables identified
from the literature review could be found in the studied survey. There-
fore, such important predictors as awareness (e.g., about energy efficiency,
available subsidies, environmental consequences) should be included in fur-
ther research. Furthermore, more qualitative research unveiling the barriers
of specific groups of homeowners, such as the elderly or homeowners with
past maintenance, could help understand how to support or encourage these
groups. In addition, conducting panel surveys instead of cross-sectional stud-
ies would be more valuable for such research, as it would allow examining the
effect of new measures or a change of attitude toward EER over time. Also,
energy poverty can be a significant barrier for adopting EERs and should
be addressed when exploring EER-related decision-making (Mulder et al.,
2023). However, as energy poverty is an important and extensive topic with
no commonly agreed definition in the literature, it deserves a separate inves-
tigation that should start with defining the term, also taking into account an
area context.

As the survey used in this work was conducted during the COVID-19 time,
it is important to note that there are fewer observations than in previous
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3. Factors associated with retrofit adoption in the Netherlands

releases. In addition, some deviations of the households’ decisions are possi-
ble due to the system disruption caused by the pandemic. However, as the
respondents do not specify when exactly the decisions to adopt are made,
it was not possible to remove the data for these years. Therefore, it is de-
sirable to conduct another analysis observing future changes in households’
decisions caused by the energy crisis in 2022. The increasing use of EER to
lower energy costs may benefit many, but unaffordability of EER may also
make the situation of vulnerable populations even worse. In addition, for
renewable technologies like PV there is growing issue of grid limits which
hinders new connections and, thus, serve as an additional barrier for their
adoptions (Brockway et al., 2021). Hence, it is imperative to study how the
decisions of households changed in 2022 and what we can learn from it.

3.4. Conclusion and Policy Implications

As climate change and energy crises become more serious, the need to en-
hance the energy efficiency and self-sufficiency of homes becomes pressing.
Our empirical analysis employing principal component analysis (PCA) and
regression models not only elucidates the factors influencing homeowners’
decisions on energy efficiency retrofit (EER) adoption but also provides ro-
bust data-backed insights for policymakers. Specifically, the methodologi-
cal body of our work—identifying key predictors like household character-
istics, neighborhood engagement, and prior maintenance activities—directly
informs targeted policy interventions. To effectively catalyse EER adop-
tion, policies that are nuanced and responsive to these predictors are recom-
mended. For instance, the significant role of neighborhood engagement sug-
gests that community-based information campaigns and support programs
could be instrumental in enhancing EER uptake. Similarly, our findings
on the influence of prior maintenance on EER. decisions underscore the po-
tential of integrating energy efficiency measures into routine maintenance
frameworks. Importantly, our regression analysis highlights the nuanced dy-
namics among different homeowner groups, offering a data-driven basis for
segment-specific policies. Therefore, I advocate for policy formulations that
not only address the general barriers to EER adoption but are also cus-
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tomised to resonate with the unique needs and behaviors identified through
our methodological analysis. By directly tying these policy implications back
to our empirical findings, I aim to contribute to the development of more
effective and evidence-based energy policies that can facilitate a more sus-
tainable energy transition. A more comprehensive list of recommendations
that could be of use to the Dutch government and beyond is offered below:

1. Providing financial and technical know-how support for elderly to imple-
ment EER

As older homeowners in long-owned homes are lagging behind in the EER
adoption, government should pay more attention to these homeowners and
offer them the financial and technical know-how support to implement EER
in order to increase the energy efficiency in their homes. Another effective ap-
proach for local governments is to raise awareness about EER in homeowner
associations and, in addition to financial aid, offer educational opportuni-
ties, free or low-cost audits, and consultations from credible experts. Online
advisory tools that exist currently may not effectively reach this group of
homeowners.

2. Supporting neighborhoods with technical, financial, and requlatory assis-
tance

Safer and more cohesive neighborhood residents being more likely to adopt
the EER indicates a promising potential for bottom-up energy transition.
Therefore, the course for a neighborhood-oriented energy transition set by
the Dutch government should be maintained and grassroots initiatives should
be supported further not only financially, but also in terms of technical and
regulatory know-how. Targeting households involved in neighborhood cohe-
sion as early adopters can lead the way for other disadvantaged communities
and enhance the government’s trust with local communities. If they live in
safe neighborhoods with energy-efficient and sustainable homes, people are
more likely to feel secure and invest in their homes for a longer stay.

3. Revising requlations to facilitate EER adoption in multi-family dwellings

While single-family houses in rural areas are more likely to implement EER,
the group in the opposite spectrum — apartment owners in multi-family houses
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in urban areas — are still hard-to-reach. Earlier studies have already shown
the complexity of renovating multi-family buildings owned by several entities
(i.e., condominiums). However, little has been changed or even brought to
the spotlight with regards to the housing regulatory framework. It is crucial
to revise housing regulations to facilitate the financing and implementation
of EER measures in multi-family houses. In this regard, measures agreed in
the recent EPBD recast, such as obligations to renovate the least performing
buildings and providing technical and financial assistance facilities, such as

one-stop-shops, would be very essential.

4. Accessibility of targeted information in communities

Engagement with neighbors and, subsequently community support and the
exchange of information at the neighborhood level can greatly influence the
adoption of EER. This understanding highlights the importance of develop-
ing localised and tailored information campaigns and engagement strategies.
Such initiatives should aim to not only raise awareness, but also cater to the
unique characteristics and needs of different communities, facilitating broader
and more effective implementation of EER measures. These efforts are par-
ticularly relevant for homeowners contemplating renovations. Research in-
dicates that homeowners who have previously undertaken renovations tend
to be better informed about the cost-benefit aspects of retrofits, leading to
a heightened motivation to improve their homes’ energy efficiency, comfort,
and resale value (Pardalis et al., 2021). Despite this increased interest, a sig-
nificant barrier remains: many homeowners lack knowledge about reputable
companies and often do not trust them to execute renovations effectively
(Pardalis et al., 2021). Therefore, enhancing the accessibility of reliable in-
formation about EER measures, providing clear, trustworthy resources on
EER options, reputable service providers, and tangible benefits of retrofits
will significantly aid in overcoming these barriers, leading to increased energy

efficiency across communities.

5. Requiring all homeowners to obtain an energy efficiency label

Our research confirms that homeowners living in newer houses do not tend
to implement EER measures (except PV), as they believe that their homes
are already energy-efficient. This is particularly representative in the Nether-
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lands, where post-1992 construction standards have led to a baseline level of
insulation and energy efficiency. However, evolving energy efficiency stan-
dards suggest a need for ongoing assessment. In this context, government
interventions, such as mandatory energy efficiency surveys for all dwellings,
become pertinent. These surveys, potentially subsidised by the government
to ensure free access for homeowners, would assign an energy efficiency rat-
ing to each dwelling, similar to how smart meters provided by utilities help
households monitor real-time energy consumption in monetary terms. Such
measures could make energy costs and efficiency more tangible for home-
owners. Additionally, implementing a minimum retrofitting standard, akin
to those for office buildings in the Netherlands, along with punitive mea-
sures for non-compliance, could further incentivise adoption of EER mea-
sures. This comprehensive approach would ensure all homeowners, including
those of older properties and inheritors of houses, are included in the energy
efficiency labeling initiative, thereby addressing the gap in awareness and

compliance.

In conclusion, this study identifies population groups that are still lagging
behind in energy transition in the Netherlands. The policy implications de-
rived from this research can be a valuable addition to the existing policy
frameworks of the Dutch government, promoting an inclusive and equitable
approach to energy transition. Moreover, the broader relevance and adapt-
ability of these policy suggestions make them potentially applicable to other
countries as well. These recommendations, emphasising the need for support-
ing elderly populations and local initiatives in EER implementation, revising
EER regulations in multi-apartment dwellings, and enhancing awareness and
requirements for energy efficiency certificates, address challenges that are
common across various regions. Recognising these challenges presents a sig-
nificant opportunity for policymakers worldwide to refine and adapt their
strategies. By learning from the findings of this study, other areas can de-
velop more effective and inclusive policies, thereby advancing their own en-
ergy transition goals in a way that is equitable and beneficial for all segments
of their populations.
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4. Review of agent-based modelling
of urban district systems

This chapter aims to obtain an overview of how ABM has been used to
model policy interventions that facilitate the decarbonisation (i.e., energy
transition) of building-related urban district energy systems and consider
stakeholders’ social characteristics and interactions. It provides a compre-
hensive understanding of how agent-based modeling (ABM) has been applied
to simulate energy transitions at the urban district level, particularly focus-
ing on building-related energy systems. It offers a thorough exploration of
how these models incorporate stakeholders and policies, delves into various
modeling choices and methodologies, and identifies existing research gaps as
well as potential areas for future application.

4.1. Overview

Deep decarbonisation of the building sector in the European Union (EU) is
one of the key prerequisites for becoming climate neutral by 2050, as buildings
account for around 40% of final energy consumption (UNEP - UN Environ-
ment Programme, 2019). In this regard, “zero energy” building concepts,
which largely rely on reduced energy demand and on-site renewable gener-
ation, have recently gained considerable interest in both scientific literature
(Nematchoua et al., 2021; Mittal et al., 2019a; Marique and Reiter, 2014;
Marszal et al., 2011; Paiho et al., 2019; Rose et al., 2021) and in practice
(Saheb et al., 2019). However, some researchers argue that dense and com-
pact buildings on small plots have a small potential for an on-site renewable
generation (Schneider et al., 2019; Nematchoua et al., 2021) and can hardly
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4. Review of agent-based modelling of urban district systems

achieve zero energy balance. Thus, the expansion of building-level “zero
energy” concept to the scale of neighbourhoods, districts and communities
is a potential alternative solution. With this motivation, several concepts
that aim to achieve zero or positive energy balance, such as Net-Zero En-
ergy Neighbourhoods (or Districts) (Marique and Reiter, 2014; Nematchoua
et al., 2021; Brozovsky et al., 2021), Plus-Energy Quarters (Schéfmann et al.,
2020; Geschaftsstelle Schweiz Hauptstadtregion, 2020), and Positive Energy
Districts (JPI Urban Europe, n.d.; Derkenbaeva et al., 2022; Bruck et al.,
2021) are being implemented currently.

Increased interest in such neighbourhood or district-level concepts as a so-
lution for energy and climate issues, raise a multitude of new questions, the
most generic of them being: “what socio-techno-economic conditions support
the transition of urban districts towards zero and positive energy districts?”.
More concretely, what policies, technologies and processes can foster this
transition? In this context, it is becoming even more critical to understand
the perspectives and roles of various stakeholders, including households, firms
and public institutions, as their participation (e.g., via energy conservation,
prosumption and energy trading, infrastructure development) in transition-
ing to a decarbonised society can be supported by well-designed and inclusive
policies and programs (Klein et al., 2019; Rai and Henry, 2016).

Within a broad selection of models used in energy system analysis (Chang
et al., 2021), agent-based modelling (ABM) approach is distinguished by
its ability to represent individual decision-making of heterogeneous actors, as
well as interactions between them (Després et al., 2015; Ringkjgb et al., 2018).
Moreover, it is a simulation-type model that allows defining micro-level action
and interaction rules, leading to macro-level emergent insights (Bonabeau,
2002). Hence, it is deemed suitable for exploring policy-related “what-if”
questions and incorporating actors’ perspectives in the energy system (Klein
et al., 2019; Moglia et al., 2017; Rai and Henry, 2016).

In the following subsections, the foundations for the topic of our focus are laid
down. Namely, the existing literature is studied and the urban district energy
system is defined (Section 4.1.1). Secondly, the state-of-the-art of ABM’s
application in the energy systems research is discussed (Section 4.1.2).
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4. Review of agent-based modelling of urban district systems

4.1.1. Urban District Energy Systems and Models

The energy system is defined by the Intergovernmental Panel on Climate
Change (IPCC) (Allwood et al., 2014) as: “all components related to the
production, conversion, delivery, and use of energy”. The energy system is
also seen as a socio-technical system, comprised of more than just technical
components, but also markets, institutions, consumer behaviours and other
factors that affect the construction and operation of technical infrastructures
(Keirstead et al., 2012).

The differentiation of energy systems into “urban” and “district” is gener-
ally about defining the system’s scope. In Europe, “urban areas” refer to
cities (i.e., densely populated areas), towns and suburbs (i.e., intermediate
density areas), as opposed to rural (i.e., sparsely populated) areas (Eurostat,
2023a). According to the motivation and purpose of this work, the studies
that address the energy system challenges of densely populated urban areas
are reviewed.

Depending on various national contexts, “districts” and “neighbourhoods”
can denote different administrative and non-administrative areas of cities or
countries. Like Paiho et al. (2019), Rose et al. (2021), and Bottecchia et
al. (2021), I do not refer to certain juridical or administrative areas, but as
part of an urban area. Hence, everything from a small to a large group of
buildings is considered a “district” within this work. Due to the inconsistent
use of the similar terms in the literature, the synonyms of “district” such as
“neighbourhood”, “quarter”, “block” and “community” are included in the
analysis.

It is important to note though, that the search for “district energy systems”
brings to district-scale energy systems, be that traditional district-level ther-
mal and hybrid energy systems (e.g., cogeneration) (Dincer and Rosen, 2013;
Dragoon, 2017; Lake et al., 2017; Nageler et al., 2019) or distributed energy
systems such as PV, solar thermal, battery storage (Allegrini et al., 2015;
Huang et al., 2020; Mahmoud et al., 2020; Schweiger et al., 2018). However,
consistent with the above-mentioned definitions of Keirstead et al. (2012) and
Allwood et al. (2014), I keep the scope of “district energy system” broader
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4. Review of agent-based modelling of urban district systems

and do not limit it to the technical components only.

There are various energy system modelling approaches and tools that can be
or are used at the district-scale for different purposes (Allegrini et al., 2015;
Keirstead et al., 2012; Schweiger et al., 2018). As Allegrini et al. (2015)
conclude about the numerous urban district-level energy models and tools:
“some tools aim to provide a single simulation that addresses many issues,
while others give detailed results regarding specific parts of the system”. Al-
though the advantages of ABM in studying complex systems and enabling
the analysis of policies are acknowledged (Keirstead et al., 2012; Hansen et
al., 2019; Hesselink and Chappin, 2019; Rai and Henry, 2016; Castro et al.,
2020), its role in studying district energy systems, to the authors’ knowledge,
has not yet been explored in detail.

4.1.2. Agent-Based Modelling in Energy Systems Research

ABM is a modelling approach that can be seen as one of the applications
of a software engineering paradigm named “Multi-agent systems” (MAS)
(Wooldridge, 1992). (Some application fields of MAS are represented in Fig-
ure 4.1). There is an ambiguity between MAS and ABM. However, the gen-
eral understanding is that MAS is an overarching architecture or paradigm,
which, when applied for simulating various phenomena by abstracting real-
life systems (e.g., human, animals, organisations) is usually called ABM or
agent-based simulation (ABS). Whereas MAS-based engineering deals with
applying the MAS architecture to create a software or control system, ABM
applies MAS paradigm to draw implications about other systems (e.g., hu-
man settlements, stock markets, etc.). The common point between MAS-
based engineering and ABM is in the desire to understand a complex system
by assuming a distributed or autonomous behaviour instead of centralised or
equation-governed behaviour of system elements (e.g., like in System Dynam-
ics approach). Hence, the terms “multi-agent-system”, “multi-agent-based-
modelling” and “agent-based modelling” are sometimes used interchangeably
in the literature (Lez-Briones et al., 2018; Mahmood et al., 2017; Tomicic and
Schatten, 2016; Yasir et al., 2018). However, the difference of these two ap-
proaches, namely that ABM sets up agents with characteristics of real-world
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Figure 4.1.: Multi-Agent Systems

analogy to see what happens when they act, while in a multi-agent system,
agents are defined with certain characteristics, connections and choices, such
that they achieve specified emergent states (Dam et al., 2013).

ABM can, thus, be more specifically understood as a computer simulation
of an artificial world populated by agents — discrete decision-making entities
(individual, household, firm, etc.) — whose behaviours and rules of different
complexity can govern interactions. One of the main reasons for choosing
ABM over traditional equation-based modelling approaches in energy sys-
tems analysis (i.e., system dynamics, optimisation models, computable gen-
eral equilibrium models) is its ability to incorporate heterogeneity and adap-
tivity of energy consumers (Weidlich and Veit, 2008). In the energy system
research, this strength has been exploited for:

1. analysing the demand side of energy system (Rai and Henry, 2016),
e.g., incorporating occupant behaviour in buildings (Azar et al., 2016;
Azar and Al Ansari, 2017);

2. better-informing policy-making and infrastructure planning (Hesselink
and Chappin, 2019; Moglia et al., 2017), e.g., determining target groups
for interventions (Zarei and Maghrebi, 2020b; Zarei and Maghrebi,
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4. Review of agent-based modelling of urban district systems

2020a) or recommendations specific to the adoption of particular re-
newable energy or energy-efficient technologies (Mittal et al., 2019a;
Boumaiza et al., 2018; Rai and Robinson, 2015).

As the number and publication date of review papers indicate (see Table
4.1, the first applications of ABM in energy research were for represent-
ing wholesale electricity markets to analyse market structures (Weidlich and
Veit, 2008). The possibility of using ABM for questions related to smart
electricity grids and markets, such as the integration of demand response
and distributed generation in local or centralised markets, is explored by
(Ringler et al., 2016). The potential of ABM to improve our understanding
of consumer energy demand, by allowing to account for social, behavioural,
economic, technological, and market and policy factors that influence energy
demand is presented by (Rai and Henry, 2016). Questions that interest en-
ergy economists and policymakers are how consumers adopt energy-efficient
technology and how to encourage them. The benefit that ABM can bring to
this stream of research, as well as barriers and incentives for the adoption of
energy-efficient measures in the residential sector are addressed by Hesselink
and Chappin (2019) and Moglia et al. (2017). Though our review topic over-
laps with theirs, I do not focus on the ABMs of “innovation diffusion” only
and explore a wider range of approaches.
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4. Review of agent-based modelling of urban district systems

The remainder of this chapter is structured as follows. Section 4.2 provides
the description of our approach for the systematic selection and review of
the articles. The main results of the review are presented in Section 4.3
and organised in different thematic subsections related to essential aspects
of ABMs of urban district energy systems, namely: model purpose and out-
puts, agents, their decision-making and interaction rules, technologies and
policies covered, spatial and temporal aspects, as well as experimental setup
of simulations, use of empirical data, and implementation platform used. The
chapter is finalised with synthesised observations and future research sugges-
tions in Section 4.4.

4.2. Method

This work is based on the literature review type originating in biomedical and
healthcare research and becoming prominent in energy system research too
(Hansen et al., 2019; Hesselink and Chappin, 2019) — systematic literature
review (SLR).

The current SLR is carried out on the 13th of September, 2021 in the Sco-
pus database only. The main research question is: “how ABM has been
applied in studying the urban district (building-related) energy systems?”.
Accordingly, the search string provided in the PRISMA Flow diagram in
Figure 4.2 reflects this question. First, the literature suggests many varia-
tions of agent-based concepts — simulations, models, approaches, as well as
“multi-agent” and “multi-agent-based” simulations, models, and approaches.
Although there are differences between MAS and ABM (see Section 4.1.2),
they are sometimes used interchangeably in the literature. Therefore, the
studies referring to “multi-agent-based” simulations were not excluded auto-
matically but carefully checked. Second, the search term “energy OR heat™*”
ensures that all studies mentioning energy or heat are captured. Urban dis-
trict energy systems are defined here as a group of buildings, heating and
cooling infrastructure, distributed energy resources (PV, battery, solar ther-
mal, heat pump, CHP), electricity distribution network, and energy produc-
ers, consumers, prosumers and other relevant stakeholders in a given district
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4. Review of agent-based modelling of urban district systems

Records identified through Additional records identified Search string for advanced search in Scopus
database search (Scopus) through other sources TITLE-ABS-KEY ( {Agent-based} AND (model* OR
simulation OR approach) AND (energy OR heat* ) AND
(district OR city OR town OR urban OR community OR
neighbourhood OR quarter) AND NOT mobility AND
NOT transport* AND NOT vehicle)

Identification

Records after duplicates removed Symbol * here is a “wildcard” that allows us to insert 0 and
more letter into a search term, e.g. model* will find model,
models, modelling, etc.

Screening criteria

Screening

Records screened Records excluded + Language: English only (2 excluded)

* Publication type: Journal and conference articles (52)
* Access: open access, via research institution (2)

« Discipline: only relevant to energy (57)

Full-text articles Full-text articles
assessed for eligibility excluded, with reasons

Eligibility

Reasons for non-eligibility

« Insufficient information/detail: 11
* One model published in different articles: 5
* Beyond the review’s scope: 34

Studies included in qualitative synthesis * Focus on methodology of ABM only: 9
* Focus on technical aspects only: 48
* Focus on market and trading aspects only: 22

Figure 4.2.: Systematic Literature Review Process

e
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or city. Hence, for example, transport-related studies, which returned 92 ad-
ditional records in Scopus, are excluded. Third, as explained in Section 4.1.1,
“district” is used interchangeably with “neighbourhood”, “quarter”, “block”,
“community”. Moreover, sometimes city or town-level models are applicable
to a smaller scale too. Hence, the article with at least one of the terms are
considered.

After a rigorous identification in the Scopus database and removing dupli-
cated records, further screening was performed using Scopus automatic fil-
tering, reading titles and abstracts. Journal and conference articles, written
in English, accessible either openly or the research institution’s library, and
relevant to the energy research were filtered out. Finally, full-text analysis
has been applied to ensure the selected studies match the aim of this review
(Akhatova et al., 2022). The exact reasons for exclusion together with the
full SLR process are presented in Figure 4.2.

After the papers have been selected, they are qualitatively analysed based on
the following key aspects of ABMs:

1. model purpose and outputs (Section 4.3.1)
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4. Review of agent-based modelling of urban district systems

agents (Section 4.3.2)

agent decision rules (Section 4.3.3)

agent interaction (Section 4.3.4)

technologies and policies modelled (Section 4.3.5)
spatial and temporal aspects (Section 4.3.6)

NSOt

empirical grounding (Section 4.3.7)

As already mentioned in one of the previous review articles (Castro et al.,
2020), ABMs differ strongly in how they are designed and implemented, so
a quantitative comparison of models is impractical. Therefore, I focused on
the qualitative description of modelling choices and methodological aspects
within the selected ABMs. The defined thematic clusters of analysis were
inspired by the review approaches of Ringkjgb et al. (2018) and Hesselink and
Chappin (2019), as well as by the Overview, Design Concepts, and Details
(ODD) protocol (Grimm et al., 2006; Grimm et al., 2010; Grimm et al., 2020)
— the attempt to formalise the documentation of the ABM’s modelling process
and results. Whenever included or implemented, the ODD protocol improves
the readability and ensures that the information needed to understand and
further analyse the models is present.

Within this work, I focus on the components of the energy system related to
the built environment of a district (i.e., buildings, heating, cooling, electricity
supply systems) and human individuals or groups. Thus, studies focusing
on other sectors (i.e., transport, industry, or agriculture and forestry) and
elements (e.g., energy markets, information systems, power network) of the
energy system, though recognised as part of the energy system, are outside
the scope of this review (Akhatova et al., 2022).

4.3. Results

This section presents the findings from the thorough analysis of 25 studies
based on model purposes and outputs, agents, their decision-making frame-
works and interactions, technologies and policies covered, spatial and tempo-
ral aspects, and empirical grounding.
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4. Review of agent-based modelling of urban district systems

Diffusion ABMs Exploratory ABMs

“Diffusion”: dissemination of technology, Aim: to explore various novel

practices; social learning. phenomena (e.g. establishment of
Thermal Energy Communities, energy-
saving behaviour) and the sociotechnical
conditions or policies that
facilitate/hinder those.

Aim: to analyse adoptions of energy-
efficient or renewable energy technology
by households, firms and other entities,
often due to certain policy interventions.
Outcomes: specific to the purpose (e.g.
number of households joining/leaving a
TEC)

Outcomes: number of adopters or
adopted units, energy or emissions saved
over time.

Figure 4.3.: Purpose of the models

4.3.1. Model Purposes and Outputs

The review by Rai and Henry (2016) highlights that ABM is well-suited to
answer two kinds of energy-demand questions: those related to policy design
and evaluation and those related to system design and infrastructure plan-
ning. The review process reflects the existence of these two motivations for
modelling, of which I only focus on those that are relevant for policy design.
These studies evaluate the agents’ behavioural response to external stimuli
in the form of a policy, regulation, observation or feedback, and peer influ-
ence. Rai and Robinson (2015) present a well-validated example of an ABM
used to test the influence of the regulatory framework on adopting renewable
technology. They examine how additional rebates (i.e., partial refund of an
item’s cost) for low-income households and changes in the amount of rebate,
affect the adoption of rooftop PV in Austin, Texas.

A model’s purpose or objective must be “clear, concise and specific” (Grimm
et al., 2006), which is essential for others to understand why some aspects of
reality are included in a model while others are omitted. It is because each a
model should be a “purposeful” abstraction of reality (Starfield et al., 1990).
The purposes of the 25 selected models are diverse. However, I identified two
main thematic clusters: diffusion and exploratory ABMs (see Figure 4.3).

One large thematic cluster is the exploration of technology adoption that
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4. Review of agent-based modelling of urban district systems

has its foundations in innovation diffusion theories (Kiesling et al., 2012).
This type of ABM is often named “agent-based diffusion model” (Hesselink
and Chappin, 2019; Moglia et al., 2017; Kiesling et al., 2012; Zhang and
Vorobeychik, 2019). They aim to analyse adoptions of energy-efficient or re-
newable energy technology by households, firms and other entities, often due
to certain policy interventions (Caprioli et al., 2020; Lee and Hong, 2019;
Mehta et al., 2019; Mittal et al., 2019b; Mittal et al., 2019a; Muaafa et al.,
2017; Rai and Robinson, 2015; Ramshani et al., 2020; Schiera et al., 2019).
Usually, such models’ outputs are the number of adopters or adopted units,
energy or emissions saved over time (see Table 4.2). This approach allows us
to observe what factors affect the adoptions of technologies in which ways.
The term “diffusion” encompasses concepts like social learning and dissemi-
nation (Strang and Soule, 1998). Thus, this approach is also well-suited to
represent the dissemination of energy-related practices and behaviours, such
as energy-saving (Azar and Al Ansari, 2017; Zarei and Maghrebi, 2020a),
energy-efficient ventilation behaviour (Jensen et al., 2016; Jensen and Chap-
pin, 2017), user learning (i.e., energy saving) after authoritative smart meter
adoption (Zhang et al., 2016), building renovation behaviour (Preisler et al.,
2017), weatherisation (i.e., making apartments weather-proof) (Huang et al.,
2019), buying energy-efficient appliances and switching an energy provider
(Niamir et al., 2020). Similar to technology adoption, these studies investi-
gate how energy-related behaviours are adopted and how much energy can be
saved. Three models (Jensen et al., 2016; Jensen and Chappin, 2017; Zhang
et al., 2016) focus on both technology adoption and the resulting behaviour
dissemination.

Table 4.2.: Model purposes and model outputs of the selected studies — Diffusion ABMs.

Study Model Purpose Model Output

Azar and Explore the effect of social-network % energy savings from different feed-
Al Ansari characteristics on the diffusion process back methods with various social net-

(2017) of energy conservation work characteristics

Boumaiza Examine the impact of information dif- Number of new and total adopters over
et al.  fusion algorithm on residential PV adop-  time

(2018) tion in city neighbourhoods

Continued on next page
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4. Review of agent-based modelling of urban district systems

Table 4.2.: Continued from previous page

Study

Model Purpose

Model Output

Caprioli et
al. (2020)

Test alternative policy scenarios for PV
adoption in a neighbourhood

Number of PV adoptions per year (sim-
ulated vs real data), spatial visualisation
of total adoptions

Jensen and
Chappin
(2017)

Design and test marketing strategies for
feedback devices (CO2-meter) to iden-
tify which would be most effective

Technology and shock ventilation be-
haviour adoption for different lifestyles

Jensen et
al. (2016)

Identify the effect of the ‘CO2 me-
ter’ (feedback device) on energy-efficient
heating behaviour

Adoption numbers with various market-
ing strategies (awareness, give-away de-
vice, training) and their locations

Lee and
Hong
(2019)

Analyse diffusion patterns of rooftop PV
under the influence of five factors on the
adoption

Number of adopters over time; spatial
representation of adoption

Mehta et
al. (2019)

Explore individual and community solar
PV adoption under the Energy Act in
Switzerland

Installed capacity of individual and com-
munity PV systems over time

Mittal et
al. (2019a)

Test consumer adoption behaviours over
time in the presence of different renew-
able energy options

Number of adopters by renewable op-
tions, restricted households, % of neigh-
bourhood RE

Mittal et
al. (2019b)

Predict the consumer adoption of differ-
ent renewable energy models and to de-
termine the resulting impacts on energy
system performance

Utility and solar installer revenues, total
power added to the grid, total number
of adopters, number of rooftop PV and
community solar adopters over time

Muaafa et
al. (2017)

Determine the effect of PV diffusion on
the profitability of utilities

% of buildings with installed PV, %
of new installations per year, % of de-
mand met by PV, spatial representation
of building adoption.

Niamir et
al. (2020)

Observe the impact of socioeconomic
heterogeneity, social dynamics, and car-
bon pricing on individual energy-related
decisions

CO2-emissions over time; avoided CO2-
emissions by each type of behaviour (in-
vestment, conservation, switching sup-
plier)

Rai and
Robinson
(2015)

Test the effect of solar rebates on PV
adoption

Cumulative number of PV systems over
time; thematic maps with spatial dis-
tribution and density of PV systems
adopted

Ramshani
et al.
(2020)

Determine the diffusion rate of the green
technologies under uncertainties caused
by climate change, characteristics of
adopters, and their interactions

Number of installed technologies over
time, under six different policies
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4. Review of agent-based modelling of urban district systems

Table 4.2.: Continued from previous page

Study

Model Purpose

Model Output

Schiera et
al. (2019)

Assess the impact of switching from the
self-consumer paradigm to a jointly act-
ing renewable community on adoption
rate of rooftop PV in a city district

kW installed over time, number of new
adopters per year, spatial distribution,
typical daily production-consumption
profile

Zhang et

Study wuser learning in authoritative

Average daily electricity load curve

al. (2016) technology adoption based on the case (kW), number of experienced users,
of smart meter deployment in Leeds agents’ attitude and energy-saving
awareness over time

The remaining works have more exploratory purposes and are less established
than diffusion ABMs. Fouladvand et al. (2020) investigate how Thermal En-
ergy Communities (TEC) can be formed and sustained, where agents can
either join a new or existing community or decide to drop-out based on fi-
nancial, technological and energy plan (e.g., self-consumption) evaluations.
Busch et al. (2017) model is distinguished from other models by representing
the continuous process of engagement and district-heating development in-
stead of instantaneous decisions (e.g., to adopt, to invest). In these studies,
the output metrics are very specific to the purpose and subject studies (see
Table 4.3).

Table 4.3.: Model purposes and model outputs of the selected studies — Exploratory ABMs.

Study Model Purpose Model Output
Busch et al.  Explore the development of heat net- Number of realised project by various
(2017) work business models by focusing on the instigators (i.e., municipal, commercial
decisions and actions of local actors in  and community) over time
developing projects
Fouladvand  Provide insights into factors influencing % of joined households (at initiation),
et al.  the formation and continuation of TEC % of households who joined afterwards,
(2020) initiatives satisfaction of the households who joined
the community
Gotts and  Explore policy scenarios and campaigns Total energy demand (in 2049), factors
Polhill aimed at reducing domestic energy de-  that affect the demand (income & fuel
(2017) mand (i.e., economic scenarios affecting  price growth, external influences)

energy prices and household income)
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4. Review of agent-based modelling of urban district systems

Table 4.3.: Continued from previous page

Study

Model Purpose

Model Output

Huang et
al. (2019)

Explore the impacts of social in-
teractions on weatherization decisions
for households under pre- and post-
weatherisation conditions

Number of weatherized households
(with and without Assistance Program,
with and without community leader, for
different memory lengths of agents, and
network characteristics)

Nava Guer-
rero et al.
(2019)

Explore socioeconomic conditions that
could support the neighborhoods’ heat
transition over time while meeting the
neighbourhood’s heat demand

Number of heating systems adopted at
certain combination of time horizon for
all, changes in natural gas price and elec-
tricity price, fraction of households that
is able to compare combined investments

Nava-
Guerrero et
al. (2021)

Explore how group decision-making in
strata buildings could affect the heat
transition in the owner-occupied share
of the housing sector in the Netherlands

Individual preferences for thermal sys-
tems at the beginning of the simulation,
group lock out (when the Homeowner
Association can’t agree on the decision),
cumulative heating costs over time

Preisler et
al. (2017)

Explore the development of the renova-
tion state of the building stock based on
renovation behaviour of different types
of homeowners

Development of overall heat demand
(GWh/a) and number of buildings ren-
ovated in the city over time

Yue et al.
(2020)

Analyse the effect of behavioural out-
comes in different policy situation due to
the influence of energy-saving behaviour
and intentions

Descriptive statistical mean values of
different situational factors

Zarei and
Maghrebi
(2020a)

Investigate participants’ related factors
that can affect short-term and long-term
effects of these programs

Short-term (right after the eco-feedback
program) and long-term (after interac-
tions with other agents) efficiencies of
the program

Zarei and
Maghrebi
(2020b)

Find the near-optimum targets among
a social network of households in order
to participate in a typical Energy Effi-
ciency Program (EEP)

Energy Index that changes due to the
EEP or the social interactions

4.3.2. Agents

Agent is a key element in this modelling approach. Many previous studies

highlight that there is no common definition of an agent (MacAl and North,
2010; Ringler et al., 2016), as its properties depend on the model’s purpose
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4. Review of agent-based modelling of urban district systems

and application area. Nevertheless, many authors refer to the following basic
definition presented by Jennings (2000): “Agent is an encapsulated computer
system that is situated in some environment, and that is capable of flexible,
autonomous action in that environment in order to meet its design objectives”.
In the ODD protocol, agents are one of the model’s “entities”, along with spa-
tial units and the overall environment (Grimm et al., 2020). It is due to the
parallels between the agent-based modelling approach and Object-Oriented
Programming (OOP) (i.e., the “classes” or its instances in OOP could be
equivalent to “entities” in ABM). It might lead to confusion among readers
who are new to Agent-based modelling or use different implementation tools.
In the current work, I differentiate between agents and other entities, where
I refer to “agents” as autonomous entities that can make decisions (i.e., im-
plement certain algorithms) and interact (i.e., obtain information from its
environment or other agents) in order to reach its objectives.

Most of the agents in the selected studies are “households” (15 out of 25) and
three studies also denote them as “energy consumers” (Mittal et al., 2019b;
Niamir et al., 2020; Zhang et al., 2016) (see Table 4.3). Since most of these
studies model the adoption of PV or other technologies, “households” are
most common decision-makers in this regard. Majority of these models limit
their agent population to the households that live in a single-family building,
because installation of renewable energy in other types of housing (rented
apartments, multi-family housing) is subject to additional legal or physical
constraints. However, few models are exceptions: Mittal et al. (2019b) and
Mittal et al. (2019a) differentiate agents into tenants and house owners, where
only house owners can buy and install PV and tenants can choose from green
electricity or community solar program; Nava-Guerrero et al. (2021) attempts
to represent group decision-making regarding heating system, insulation or
RE system installation in multi-family houses. In other models, building (or
building block) owner (Mehta et al., 2019; Preisler et al., 2017) and building
agents (Lee and Hong, 2019) can make building-level decisions, i.e., adopting
PV or renovation. The rationale of these models is that there is only one
building owner that can make such a decision.

While the above-mentioned studies focus predominantly on one type of stake-
holder, there are few models that involve different types of stakeholders as
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Figure 4.4.: Agent types

agents (Busch et al., 2017). For example, in Busch et al. (2017), instigator
agents (i.e., local authorities, commercial, and community-based developers)
are driving the development of projects, whereas “projects” are management
agents responsible for carrying out actions on behalf of their parent instiga-
tors (Busch et al., 2017). In models with multiple types of stakeholders, it is
becoming more challenging to draw a line between agents and other entities,
e.g., as in Azar and Al Ansari (2017), as all of them are essentially realised
as classes. However, one can observe the tendency to call human-like enti-
ties “agents”, e.g., instigator agents, and passive entities like grid cells and
projects as “entities” (Busch et al., 2017). Figure 4.4 summarises the types
of agents I identified in the reviewed models.

The essential part of ABMs is decision rules that govern the actions of agents.
Decision rules are realised with the help of attributes that describe agents
(Dam et al., 2013). Moreover, interaction and social influence play a signif-
icant role in agent’s decision-making. Hence, the following subsections give
an overview of the decision-making rules and agent interaction strategies im-
plemented in the reviewed models.
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4. Review of agent-based modelling of urban district systems

4.3.3. Agent Decision Rules

Decision-making rules (also called behavioural rules, decision rules or models,
or just “rules”) are methods by which agents’ dynamic states can change their
value and translate into agent action (Dam et al., 2013). Behaviour is the
overall sum of agent actions and state changes (Dam et al., 2013). However,
authors often use the terms “actions”, “behaviours” and “decisions” inter-
changeably (An, 2012). The ODD protocol suggests to include a detailed
description of individual decision-making (Miiller et al., 2013). The informa-
tion such as identifying subjects and objects, the method, the uncertainty,
and other aspects must be part of this documentation (Miiller et al., 2013).
However, in practice, such protocols are rarely adhered to by the authors.

The articles describing the diffusion ABMs are more explicit about the
decision-making algorithms. In such models, agents decide to adopt or not
adopt (i.e., to invest or not invest in a certain technology or to perform a
certain energy-related action) based on specific rules or algorithms. Deci-
sion rules range from simple ad-hoc rules to most elaborate models, such
as psychosocial or cognitive models (Dam et al., 2013). The classification
of existing decision models has been previously done by An (2012) for hu-
man agents in ecological ABMs, by Kiesling et al. (2012) and Zhang and
Vorobeychik (2019) for agents in ABMs innovation diffusion and by Dam
et al. (2013) for ABMs of socio-technical systems. The ODD+D by Miiller
et al. (2013) clusters agent decision algorithms based on the nature of the
underlying assumptions:

o theory-based (e.g., microeconomic and psychosocial models)

 empirical-based (e.g., statistical regression models, heuristic rules),

o ad-hoc rules (i.e., dummy rules and pure assumptions that are not based
on theories or observations),

« combinations of the above methods (see Figure 4.5).

Most of the diffusion ABMs cited in this chapter apply theory-based deci-
sion models, namely, psychosocial (also called “socio-psychological” or “cog-
nitive”) and microeconomic models. Psychosocial models are based on social
psychology theories that assume that human decisions are based on psycho-
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Figure 4.5.: Agent decision-making

logical rules, rather than on rational economic rules. The most frequently
used psychosocial theory in the selected models is the Theory of Planned
Behaviour (TPB) by Ajzen (1991). It states that human behaviour results
from the intention to perform the behaviour; individual attitudes, subjective
norms, and perceived expectations can influence the agent to perform such
behaviour (Ajzen, 2002). Usually, the more favourable these three aspects
of human psychology are, the stronger is the person’s intention to perform a
certain behaviour (Ajzen, 2002). The standard form of TPB is static, i.e., it
describes how these three components are translated into intention and ac-
tion at a given time. The models by Jensen et al. (2016), Jensen and Chappin
(2017), and Rai and Robinson (2015) are examples of implementing this the-
oretical model. Other psychosocial models including “consumat” model by
Jager (2000) in Zhang et al. (2016), Norm Activation theory by Onwezen
et al. (2013) in Niamir et al. (2020), the goal-framing theory by Lindenberg
and Steg (2007) in Gotts and Polhill (2017), and Influence, Susceptibility,
and Conformity Model by Duggins (2017) in Zarei and Maghrebi (2020a),
are also used. Several models rely on models from microeconomic or network
theories, namely on innovation diffusion models. Azar and Al Ansari (2017)
draw on the opinion dynamics models by Deffuant et al. (2000), Hegselmann
and Krause (2002), and Mobilia et al. (2007) to represent the effect of energy
feedback interventions among building residents.

Another class of frequently used agent decision-making model is the
empirical-based heuristic models. They are described as models “not built on
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4. Review of agent-based modelling of urban district systems

any grounded theories” and “having the impression of being ad-hoc” (Zhang
and Vorobeychik, 2019). Agents are often assigned rules derived from em-
pirical data, and also model parameters are selected such that results match
simulated output against a real-life observation (An, 2012; Zhang and Vorob-
eychik, 2019). They might not represent the process of agent decision-making
very accurately or realistically, but have the advantage of being easy to im-
plement and to interpret (Zhang and Vorobeychik, 2019). Heuristic decision
rules can be implemented in various ways. Several modellers favour data-
driven approaches, thus, implementing machine learning algorithms, such as
logistic regression models (Lee and Hong, 2019) and artificial neural networks
(Yue et al., 2020). In this approach, several sets of factors that can affect
the adoption of PV or energy-saving behaviour, given that data about those
factors are available, are tested. The more qualitative approach is followed
by Fouladvand et al. (2020) and Busch et al. (2017), who created the decision
rules relying on the stakeholder’s expertise.

Some models rely on ad-hoc rules without any validated theory or empiri-
cal grounding. Huang et al. (2019) derives the agents’ decision logic from
relevant secondary literature and assumes that social influence plays a great
role in deciding to adopt weatherisation of a dwelling. In this model, agents
decide between adopting weatherisation with the Weatherization Assistance
Program or without and it depends on several attributes, memory length
about the energy costs, current satisfaction level and information level about
the assistance program. Mittal et al. (2019a) developed a decision model
similar to Rai and Robinson (2015), but do not apply the TPB. The agents
assess the affordability of PV options (i.e., buy, loan, community PV) and
the attitudinal factors in the corresponding submodels and make the adop-
tion decision based on certain if-else type rules. The remaining studies are
summarised in Table 4.4.

4.3.4. Agent Interaction

Emergent phenomena to be observed via ABM is the result of not only indi-
vidual decision-making but also agent interactions (Bonabeau, 2002; MacAl
and North, 2010). The behaviour of agents is often influenced by the infor-
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Figure 4.6.: Agent interactions

mation fed from its environment, including other agents. In the ODD the
authors differentiate conceptually between “sensing” and “interaction”: the
first concept defines what state variables of which other individuals and en-
tities can an agent perceive; the latter is the direct (via communication) or
indirect (e.g., via a common resource) interaction between agents or between
agents and other entities. However, in practice it is challenging to differenti-
ate between those. For example, human agents’ social influence (also known
as “peer effect” or “neighbourhood effect”) can be represented using either (or
even both) of those concepts, as it seen from the pool of the reviewed papers.
Hence, in this work, I consider “sensing” as one of the ways of representing
interaction (as depicted in Figure 4.6).

In the selected studies, one must, first of all, differentiate between studies
where agents can interact and influence each other and those where agents
do not interact. Only two studies have not considered agent interactions in
any way (Muaafa et al., 2017; Preisler et al., 2017). In Busch et al. (2017)
and Yue et al. (2020), interactions are considered as important, however,
treated in an abstract and implicit way. Table 4.4 shows how interactions
are represented in each reviewed study.

The majority of studies which include agent interaction agents are often
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4. Review of agent-based modelling of urban district systems

placed in a network structure, often called “social network”, that imitates
the relationship between agents, through which they can exert an influence
upon each other based on certain rules (i.e., “peer influence” or “social in-
fluence”). The resulting structure allows modelling the social interactions
of agents, resulting in the spread of desirable, or non-desirable, ideas, prod-
ucts, or behaviours (Mason et al., 2007; Newman, 2003) (also called “opinion
dynamics”). One common way of doing so is through making an agent’s
decision dependent on other agents’ (either selected group of agents or all

agents) choice or decisions.

A social network typically consists of two components: individuals or agents
(represented by nodes) and social connections (represented by edges or links).
It can also have various topologies, e.g., small-world network, and created by
various algorithms, e.g., Watts-Strogatz algorithm. Some modellers test the
effect of varying the topology and other characteristics (e.g., number of links
per node) of social networks (Azar and Al Ansari, 2017; Zarei and Maghrebi,
2020b; Zarei and Maghrebi, 2020a). A modeller should also specify between
which agents interaction (or “sensing”) occurs, between all agents or certain
group of agents or between agents and other entities (e.g., grid cells). In a
social network, usually, agents that have a link can interact or the influence of
connected agents is more significant compared to those with whom the agent
doesn’t have one. This assumption is based on the empirical findings: friends
and family have a larger impact on each other’s behaviour than strangers
(Jensen et al., 2016; Jensen and Chappin, 2017). In some cases, agents
interact based on similarity (also called “homophily”) (Mittal et al., 2019a)
or geographical proximity (“neighbour effect”) (Rai and Robinson, 2015).

Another choice that a modeller should take is regarding the frequency of
interactions. Huang et al. (2019), for example, let agents that are linked
with each other interact every time step, whereas “strangers” (without direct
links) interact with a probability of 0.10. The “strength” of the influence can
also be characterised in various ways. The most used is the opinion dynamics
model by relative agreement algorithm, where agents with similar opinions
have a stronger influence on each other than those whose opinions are more
polarised (Deffuant et al., 2000). To sum up, there are usually four key things
a modeller should consider when characterising an interaction of agents, as I
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summarise in Figure 4.6.

Table 4.4.: Agents, decision frameworks and representation of agent interaction.

Study

Agents

Decision
Framework

Interaction

Azar and

occupants and

Theory-based: several

Opinion dynamic models (information

Al Ansari buildings opinion dynamics  exchange within own social networks

(2017) models with following topologies: small world,
scale free, and random)

Boumaiza households Theory-based: linear  Opinion dynamics; Barabdsi Albert

et al. threshold theory model (scale free network)

(2018)

Caprioli et  households Psychosocial: TPB Opinion dynamics; Watts-Strogatz

al. (2020) small-world network

Jensen and  households Psychosocial: TPB Social influence changes the Subjective

Chappin Norms (TPB); Watts-Strogatz small-

(2017) world network

Jensen et  households Psychosocial: TPB Social influence changes the Subjective

al. (2016) norms (TPB); Watts-Strogatz small-
world network

Lee and  buildings Empirical-based: Lo-  ‘Sensing’ in a geographic proximity

Hong gistic regression (i-e., for every additional neighboring

(2019) adopter in <100 m, buildings would be
more likely to adopt PV)

Mehta et  building block  Psychosocial: TPB Social influence changes the Subjective

al. (2019) owners norms (TPB)

Mittal et  households Ad-hoc rules ‘Visual interactions’ (i.e., sensing) and

al. (2019a) information exchange based on similar-
ity within own social networks (Watts-
Strogatz small-world network)

Mittal et  households Ad-hoc rules Interaction within and outside of fixed

al. (2019b) social networks with a probability

Muaafa et building own-  Ad-hoc rules None

al. (2017) ers/buildings

Niamir et energy con-  Psychosocial: ~Norm  Simple opinion dynamics model in a

al. (2020) sumers Activation Theory fixed social network

Rai and  households Psychosocial: TPB Opinion dynamics via Relative Agree-

Robinson ment (RA) algorithm; Small World

(2015) network; interaction based on geo-

graphic proximity
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4. Review of agent-based modelling of urban district systems

Table 4.4.: Continued from previous page

Study Agents Decision Interaction
Framework
Ramshani households Psychosocial: TPB Opinion dynamics via RA algorithm;
et al. Small World network; interaction in
(2020) local (based on the physical distance)

and global networks

Schiera et  households Psychosocial: TPB Opinion dynamics via RA; Small
al. (2019) World network; interaction based on
similarity

Zhang et energy con-  Psychosocial: Con-  Opinion dynamics; Small world net-
al. (2016) sumers sumat work
Busch et al.  instigators, Empirical-based: Abstract interpretation of ‘interaction’
(2017) projects and  stakeholder expertise

grid cells
Fouladvand  households Empirical-based: Opinion dynamics in a small-world so-
et al. stakeholder expertise cial network
(2020)
Gotts and  households Psychosocial: ~ Goal-  Interaction based on similarity in a so-
Polhill framing theory cial network (no further details).
(2017)
Huang et  households Ad-hoc rules Barabdsi Albert model (scale free net-
al. (2019) work)
Nava Guer-  households Ad-hoc rules ‘Sensing’ of group-decisions in the
rero et al. neighbourhood
(2019)
Nava- households Ad-hoc rules ‘Sensing’ of group-decisions in the
Guerrero et neighbourhood
al. (2021)
Preisler et building own-  Ad-hoc rules None
al. (2017) ers
Yue et al. urban resi-  Empirical-based: arti-  Abstract interpretation of ‘interaction’
(2020) dents, policy- ficial neural networks

makers, man-
agement agents

Zarei and

households

Theory-based: Influ-

Opinion dynamics, social network:

Maghrebi ence, Susceptibility, Random, Small-world, Scale-free
(2020a) and Conformity
Model
Continued on next page
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4. Review of agent-based modelling of urban district systems

Table 4.4.: Continued from previous page

Study Agents Decision Interaction
Framework
Zarei and  households Theory-based: Influ- Opinion dynamics, social network:
Maghrebi ence, Susceptibility, Random, Small-world, Scale-free
(2020Db) and Conformity
Model

4.3.5. Technologies and Policies Modelled

This subsection discusses the technologies and policies that are in the scope
of the reviewed ABMs. Similar to Hesselink and Chappin (2019), I identify
which technologies and policies are explored using ABM. However, since the
selected studies are not narrowed down to studies of technology diffusion only,

it gives a broader overview of the discussion subject.

4.3.5.1. Technologies

From the 25 reviewed models, technologies are relevant to 20, while the rest
have not modelled technology explicitly. Within these 20 studies, PV system,
and specifically, diffusion of PV is the most frequently explored topic, as there
are ten studies which focus on that (see Table 4.5). Majority of these studies
consider the diffusion of a single technology: rooftop PV (Boumaiza et al.,
2018; Lee and Hong, 2019; Mehta et al., 2019; Muaafa et al., 2017; Schiera
et al., 2019), feedback device (CO2 meter) (Jensen et al., 2016; Jensen and
Chappin, 2017). In some cases, there could be several options are available
for agents: Mittal et al. (2019a) and Mittal et al. (2019b) let agents choose
between buying PV via cash payment of a loan, adopting community solar
(i.e., renewable energy community) or opting for green electricity; Ramshani
et al. (2020) make agents choose the optimal solution for their rooftops —
either rooftop PV or green roof; Nava-Guerrero et al. (2021) introduces the
combinations of technologies as “technology state” of a household (i.e., com-
bination of heating system, insulation level, and appliances). Building insu-
lation or renovation is addressed in these three studies: Huang et al. (2019),
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4. Review of agent-based modelling of urban district systems

Nava Guerrero et al. (2019), and Preisler et al. (2017). Most studies are
interested in the adoption of technologies by households: under what condi-
tions are households willing to adopt these technologies, how does it affect
their subsequent energy consumption, etc. Zhang et al. (2016) call the latter
“learning” and observes how the installation and the subsequent interaction
with this technology make them decrease their energy consumption.

Finally, the five studies focus on the energy-related behaviour that is not di-
rectly linked to a single technology. For example, the works by Azar and Al
Ansari (2017), Zarei and Maghrebi (2020b), Zarei and Maghrebi (2020a), and
Yue et al. (2020) investigate how feedback interventions could be improved, so
that building occupants consume even less energy. Although the consumption
of energy practically occurs as a result of interaction with certain technology
(e.g., heater, shower, computer), such details are ignored in these models in
order to focus on the macro-level phenomena, such as the interaction of oc-
cupants in their network (Azar and Al Ansari, 2017). Similarly, Niamir et al.
(2020) examined the effect of several actions (i.e., investment, conservation,
switching) in different socio-political framework conditions without empha-
sising the technological aspects. For a more detailed description of the review
articles regarding ABMs refer to Table 4.1.

4.3.5.2. Policies

The selected 25 works can be the first split into those that explicitly model
policy interventions (11) and those that do not (14). The policies covered
in the 11 models are of two major types: ones that promote investment for
energy-efficient technology (PV, DH, feedback device, etc.) and those that
encourage energy-saving behaviour. The examples of the first type of policies
are those that stimulate PV system investments (Mehta et al., 2019; Rai and
Robinson, 2015; Ramshani et al., 2020; Schiera et al., 2019), assistance pro-
grams for weather-proofing (Huang et al., 2019), and promotional campaigns
for feedback devices (Jensen and Chappin, 2017). The examples of the inter-
ventions for stimulating energy-saving are energy feedback mechanisms (Azar
and Al Ansari, 2017). Beyond these clusters, Niamir et al. (2020) introduces
several carbon emission price scenarios to see how it affects the emissions

97


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4. Review of agent-based modelling of urban district systems

caused by household energy consumption. Busch et al. (2017) explore vari-
ous ways of encouraging different district heating (DH) system developers and
found out that creating policy specific to the motivations and capabilities of
different actors, enabling networking and learning, and supporting all stages
of the decision process is crucial for developing DH network successfully.

The prevailing share of the papers do no implement policies explicitly. They
rather explore various socio-economic or other aspects that can affect the pol-
icy design or help policymakers make decisions or interpret the results of their
model for policy-making (Zhang et al., 2016). For example, Nava Guerrero
et al. (2019) investigates the socioeconomic conditions, such as value orien-
tation of the population, gas price changes, the time horizon for investment
evaluation, that support the transition to the natural gas-free economy.

The detailed description of how policies are implemented in the models are
provided in Table 4.5.

Table 4.5.: Technologies and policy scenarios modelled using ABM.

Study Technologies Decision Re- (Policy) Scenarios

garding Tech-

nology
Azar and No technology Energy-saving in ~ No policy; insights for energy feedback
Al Ansari buildings methods, for any building stock
(2017)
Boumaiza PV Adoption No policy
et al.
(2018)
Caprioli PV Adoption Subsidies for low-income and high-income
et al. classes; a discount voucher proposed by
(2020) PV sellers; an information campaigns on

environmental issues & on adopting PV

Jensen Feedback device  Adoption and  Promotion-type policies (i.e., marketing
and (i-e., CO2- resulting energy-  strategies) to support product diffusion:
Chappin meter) efficient heating giving away, lending out and raising aware-
(2017) behavior ness about CO2-meter/feedback device
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Table 4.5.: Continued from previous page
Study Technologies Decision Re- (Policy) Scenarios
garding Tech-
nology
Jensen et  Feedback device Adoption and No policy; incentives and financial sup-
al. (2016)  (i.e., CO2- resulting energy- ports for PV systems are included in eco-
meter) efficient heating nomic factors
behavior
Lee and PV Adoption No policy
Hong
(2019)
Mehta et PV Adoption “Self-consumption Communities”: build-
al. (2019) ing owners can install PV and sell the elec-
tricity to their tenants at prices lower than
the retail price of electricity
Mittal PV Adoption No policy; different renewable energy mod-
et al. els (e.g., solar community, buy/lease PV,
(2019a) etc) with different conditions (price, time,
etc) for agents to adopt
Mittal PV Adoption No policy; different renewable energy mod-
et al. els (e.g., solar community, buy/lease PV,
(2019b) etc) with different conditions (price, time,
etc) for agents to adopt
Muaafaet PV Adoption No policy
al. (2017)
Niamir et PV Adoption Carbon price as a climate policy scenario
al. (2020)
Rai and PV Adoption Rebates for low-income households (i.e.,
Robinson households in the bottom quartile of
(2015) wealth, proxied by home value)
Ramshani PV, green roof Adoption Investment Tax Credit, promotional cam-
et al. paigns
(2020)
Schiera et PV Adoption Self-consumption scheme (PV  elec-
al. (2019) tricity is sold at market price) and

Citizen/Renewable Energy Community
scheme (share the electricity produced by
a single PV unit with many citizens, e.g.,
in a condominium)
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4. Review of agent-based modelling of urban district systems
Table 4.5.: Continued from previous page
Study Technologies Decision Re- (Policy) Scenarios
garding Tech-
nology
Zhang et  Smart meter Learning after  No policy; insights for facilitation of learn-
al. (2016) SM adoption, ing following the smart meter roll-out
energy-saving
behaviour
Busch et DH network Project develop- Forcing the Local Authorities to have a
al. (2017) ment heat strategy; increasing the availability of
capital finance for all DH project instiga-
tors; support community instigators, i.e.,
include proactive LA (Energy Leader) and
support at every stage of the DH develop-
ment
Fouladvand Renewable heat- Joining or exit- No policy
et al.  ing technology ing a TEC
(2020)
Gotts and  Electric  appli- Purchase No policy described, but the model is ca-
Polhill ances, insulation pable
(2017)
Huang et Weather- Adoption Publicly funded Weatherization Assistance
al. (2019)  proofing Programs that are intended to help low-
(“weatheriza- resource residents improve the energy effi-
tion” for winter) ciency of their homes
technology
Nava Insulation, re- Investments in No policy; changes in natural gas price and
Guerrero newable heating new technology electricity price are taken as proxies for
et al. market forces and policies
(2019)
Nava- Insulation, re- Investments in  Fiscal policy (i.e., linear growth of natural
Guerrero newable heating new technology gas taxes, taxes on electricity, and regu-
et al. lated price of heat from networks) and dis-
(2021) connection from gas network
Preisler Renovation tech-  Renovation deci- No policy
et al.  nology sion
(2017)
Yue et al.  No technology Energy-saving Range of external situational factors are
(2020) behaviour tested: social norms related to energy sav-

ing, popularization of economic energy-
saving policies, etc
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4. Review of agent-based modelling of urban district systems

Table 4.5.: Continued from previous page

Study Technologies Decision Re- (Policy) Scenarios
garding Tech-
nology
Zarei and  No technology Energy-saving No policy; insights for normative interven-
Maghrebi behaviour tions (ecofeedback programs)
(2020a)
Zarei and  No technology Energy-saving No policy; insights for EEP
Maghrebi behaviour
(2020b)

4.3.6. Spatial and Temporal Aspects

Identifying the spatial and temporal scale of the models is important in or-
der to understand the system modelled. Moreover, certain patterns and
processes can be dependent on the scale (Dabiri and Blaschke, 2019) and,
thus, they need to be clearly stated. By spatial scale, “geographic scale”
is meant, defined as a research area’s spatial extent in a study (Dabiri and
Blaschke, 2019). The geographic scale of the models considered range from
“group of buildings” (Azar and Al Ansari, 2017) to an entire city, such as
Hamburg (Preisler et al., 2017). 16 studies describe community, or district,
or neighbourhood-scale models, while nine studies are in city-scale (Busch et
al., 2017; Jensen and Chappin, 2017; Preisler et al., 2017; Rai and Robinson,
2015; Yue et al., 2020; Zhang et al., 2016). Although these articles present
the models as having been applied to specific geographic scales (i.e., via case
studies), it is difficult to say if they can be scaled up or down, as it might
depend on many factors.

The chosen scale in ABM usually determines the number of entities (i.e.,
agents) covered (Mahmoud et al., 2020). This can be limited by computers’
processing capacity, especially if decision algorithms are sophisticated, much
data is used, or a considered city is very large, e.g., like in (Lee and Hong,
2019). Therefore, the majority of selected models opt for district or neigh-
bourhood scale. Those whose models are in city-scale focus on smaller cities
of about 100,000 -150,000 (Jensen et al., 2016; Jensen and Chappin, 2017;
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4. Review of agent-based modelling of urban district systems

Muaafa et al., 2017). Only one model has modelled a city of approx. 174,000
households and the simulation had to be carried out on a supercomputer (Rai
and Robinson, 2015). There are also such models whose scale depend on the
topic of research. For example, DH network development is usually city-scale
phenomena (Busch et al., 2017), the development or properties of energy
communities are explored on a neighbourhood or district level (Fouladvand
et al., 2020; Mittal et al., 2019a).

Although traditionally ABMs have not focused on the geographic environ-
ment and spatial representation, more and more models are striving to rep-
resent space explicitly and realistically (e.g., using GIS techniques) (Manson
et al., 2020). According to Manson et al. (2020), models can have three levels
of spatial explicitness:

1. implicit and non-geographic representation of space (e.g., social net-
works that are only partially tied to space);

2. explicitly represented but abstract in how it maps onto reality (e.g.,
Schelling’s segregation model);

3. explicit and realistic spatial representation. Among the reviewed mod-
els, only a few are spatially explicit and realistic.

For instance, Caprioli et al. (2020), Lee and Hong (2019), Rai and Robinson
(2015), and Schiera et al. (2019) join building information with actual geo-
graphical locations of those buildings and have a clearly defined boundaries
of the study area. The rest of the models integrate spatial properties in dif-
ferent, semi-abstract ways. For example, in Mittal et al. (2019a) and Mittal
et al. (2019b) agents in the same community, i.e., neighbours, are defined
by a community ID, and each agent in a community becomes aware when
somebody in that community installs a PV.

The temporal scale is a duration of a process observed, i.e., time horizon
between the start and end of a single simulation run. Temporal resolution
represents the unit of a time step in a considered model. According to tem-
poral scale and resolution, the reviewed studies have time horizons of several
years and resolutions of one month or three month-periods. These models
have large simulation horizons and resolutions because the behavioural dy-
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4. Review of agent-based modelling of urban district systems

namics captured in those models occur in lower temporal resolutions. For
example, in real life, people’s attitudes do not change in a matter of hours.
Such time horizons and resolutions are characteristic of policy-guiding mod-
els, aiming to observe the effect of a policy intervention over the years. In
their models, the authors Lee and Hong (2019) and Rai and Robinson (2015)
choose the years when adoption data are available, which makes it possible
to improve their empirical model in such a way that the simulated outputs
fit the real adoption data.

4.3.7. Empirical Grounding

Empirical grounding of ABMs is becoming more important, especially for
models that aim to reflect a specific real-world situation and provide deci-
sion support for policymakers and stakeholders (Smajgl and Barreteau, 2014;
Zhang and Vorobeychik, 2019). As opposed to hypothetical or theoretical
(or highly abstract) ABMs, empirical ABMs use real-life data to parame-
terise models, initialise simulations, and evaluate model validity (Zhang and
Vorobeychik, 2019). Modellers try to improve the realism of agent decision-
making algorithms by consulting with system-relevant actors (Busch et al.,
2017; Fouladvand et al., 2020) or relying on empirical data (Lee and Hong,
2019; Jensen et al., 2016; Schiera et al., 2019), e.g., geospatial information
on buildings. It is becoming more feasible due to the contemporary trends
one can observe the availability of high-resolution data sets, the spread of
open data culture in science, advances in data analytics, machine learning,
and computational power. Therefore, it is aimed to assess for what purpose,
what kind of, and how empirical data is used in the selected ABMs of district
energy systems. Empirical data includes both qualitative and quantitative
data based on observation or experiment.

The review by Hesselink and Chappin (2019) highlights that empirical data
in ABMs are used for two general purposes:

1. to form the agent decision-making algorithm;

2. to determine the specific properties of technologies, policies, etc. that
an agent can access to use in their decision rules.
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4. Review of agent-based modelling of urban district systems

In the first case, empirical data from surveys, statistical data (i.e., census),
interviews, and other sources are used to determine the attributes (both
which attributes and their values) of the agents that are further incorporated
in a decision-making framework (as described in Section 4.3.3). Jensen et
al. (2016) describe how they utilised empirical data for creating household
agents and their social network in the appendix of their article. Building
data (i.e., floor area, spatial information, etc.) are connected to agents, and
the commercial geo-marketing data defines the “lifestyle” of agents, which
further define their affinity for technology and behaviour adoption. Social
influence is modelled by introducing a social network based on interviews
with households. The second purpose of integrating empirical data involves
using statistical data and secondary literature to define other, for example,
scenario-relevant information or model parameters (i.e., global parameters).
For example, Azar and Al Ansari (2017) use building energy consumption
survey data to initialise the model-level parameter “building energy inten-
sity” and the number of agents in each building. However, it is not easy to
determine for all models for what the specific data is used, as authors do not
sufficiently describe it. Sometimes the authors refer to another article for
detailed information about surveys or stakeholder interviews (Busch et al.,
2017; Gotts and Polhill, 2017).

In general, there are three processes in model building where the use of
empirical data make models more reliable and realistic: parametrisation,
calibration and validation (Castro et al., 2020). The parameterisation is the
process of connecting model and target system (i.e., the real system being
modelled) via assigning the set of parameters and their values to enable
simulation (Smajgl and Barreteau, 2014). In line with observations of (Castro
et al.,, 2020), only a few modellers explicitly differentiate their modelling
process into these three phases. Moreover, if calibration and validation are
somewhat known to data-driven modellers, the process of parameterisation
is not recognised as much. Among the selected models, only Jensen et al.
(2016) and Jensen and Chappin (2017) describe parameterisation in more
detail: they select the parameter values to reflect the empirical patterns of
ventilation behaviour adoption derived from survey data.

Calibration is the adjustment of parameters to ensure that model output
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4. Review of agent-based modelling of urban district systems

matches the relevant empirical data, e.g., in a specific location and applica-
tion (Castro et al., 2020). The difference to validation is that the parameters
are tuned to match a specific context (i.e., location, time), which does not
necessarily mean that the model will exhibit accurate results and be predic-
tive upon application in another context. To achieve that it has to be first
validated on a separate set of data independent of data used for calibration
(Zhang and Vorobeychik, 2019). The following models describe how they
calibrated their models: Muaafa et al. (2017) calibrates the parameters of
the logistic function governing the adoption of PV based on the secondary
literature and publicly available data; Ramshani et al. (2020) performs the
partial calibration (i.e., only of the financial submodel) based on the values
reported in the literature, experts’ opinions and publicly available datasets;
Jensen et al. (2016) provides an indirect calibration with three empirical pat-
terns, the same used for parameterisation in Jensen and Chappin (2017). As
for the remaining models, some do not differentiate between validation and
calibration (Mehta et al., 2019), some call calibration “model fitting” (Rai
and Robinson, 2015), but the majority do not mention calibration at all.
Often authors mention the lack of data for calibration as their limitations
(Busch et al., 2017; Ramshani et al., 2020).

Validation aims to achieve the matching between the observations of the
models and reality. It should not be confused with “verification”, which is
the process of making sure the model implementation is carried out correctly
with respect to the conceptual model (Hartley and Starr, 2010). As ABM is
a highly multi-disciplinary and flexible framework, its validation is a highly
debated topic. For more detail, it is suggested to refer to the works of Fagiolo
et al. (2007) and Zhang and Vorobeychik (2019) that explore this topic in
more detail. Our observations are mostly limited to the validation processes
provided in the selected works, the majority of which either do not men-
tion validation, state it as a limitation and future task, or have insufficient
information on the validation.

Among the models which consider validation, there are two following generic
approaches. The first approach is an aggregate behaviour validation, mainly
based on statistical data fitting. Rai and Robinson (2015) and Lee and Hong
(2019) applied this way of validation, because they had empirical data on
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4. Review of agent-based modelling of urban district systems

the number of adopters in a given location, over a certain period. Lee and
Hong (2019) use the Wald test (i.e., Wald Chi-squared test) which tests the
significance of a set of independent variables in a statistical model. Rai and
Robinson (2015) first calibrate the six model parameters by an iterative fitting
via historical adoption data and then validate the model in terms of predictive
accuracy, i.e., comparing predicted adoption with empirical adoption level for
the period starting after the last date in the calibration dataset. Also, they
carry out temporal, spatial, and demographic validation (Rai and Robinson,
2015). Another group of modellers, i.e. Azar and Al Ansari (2017), Busch
et al. (2017), and Zarei and Maghrebi (2020a), pay more attention to the
validation of social processes and, by drawing on the work of Yilmaz (2006),
offer conceptual, operational or structural, and technical validation (by this,
Azar and Al Ansari (2017) refer to verification). Conceptual validation is
the process of determining that the theories and assumptions underlying
the conceptual model are correct (Yilmaz, 2006) and usually achieved by
basing the model on validated concepts (Azar and Al Ansari, 2017; Zarei
and Maghrebi, 2020a) or the insights from stakeholder workshops (Busch et
al., 2017).

4.4. Discussion and Conclusions

This chapter reviews the state-of-the-art ABM approaches in the context of
urban energy systems. By analysing a pool of 25 carefully selected research
articles, one can observe some key domains where ABMs are used to simulate
agent decisions and stakeholder behaviours in urban energy systems to guide
policy design. The added value of this work is in the deep analysis of the
preliminary work in agent-based modelling energy transition of district and
neighbourhoods for the purpose of policy testing; understanding the key as-
pects of ABM for energy system modelling; and identifying gaps and future

research streams.
In the district energy systems domain, the use of ABM for policy implications

is becoming more prominent. The ability of ABMs to model complex inter-
actions of independent agents enables the modellers to observe the broader
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4. Review of agent-based modelling of urban district systems

implications of a specific policy design. The model structure, agent types,
decision models, spatial and temporal scales are determined by the goals and
the questions the ABM seeks to answer. Policy design studies are very versa-
tile when it comes to specific purposes: from evaluating particular measures
that stimulate the adoption of technologies, over studying the effect of so-
cial connectedness of households, to exploring novel concepts, such as the
formation of TECs. It is important to reiterate that the origin of ABMs
was in social and natural sciences. When ABMs become popular in other
scientific fields, such as energy systems research, scientists try to adapt the
original ABM concepts to fit their specific purposes. Such adaptations are
often study-specific, and therefore, some essential modelling details may get
lost or unclear to the audience without careful and standardised documen-
tation. In this regard, the ODD protocol provides an essential standardised
framework for model documentation.

Our analysis shows tremendous potential in ABMs to help policymakers make
better policy decisions, especially in the upcoming years of post-covid recov-
ery. With the Next Generation EU plan that pays a great attention to fair
climate transition and funding research that supports such just transition,
there’s a chance to accelerate local neighbourhoods’ and districts’ decarbon-
isation. This is when agent-based models can help a great deal and be used
to test various “what-if” scenarios.

The main challenge for future ABM applications in district energy systems is
whether the ABM concepts can evolve and scale-up to represent the complex-
ity of agents’ decisions and interactions in a smart and decentralised energy
system. Prosumers, i.e., those who self-consume PV energy and sell the sur-
plus contribute vastly to energy transition (especially in countries with higher
influx of solar energy) (Colasante et al., 2022). There are still many gaps and
potentials in studying how to encourage the transition of consumers towards
prosumers. ABM is useful in this regard, as it can represent different needs
and interests of heterogeneous prosumers. That is something that no other
modelling paradigm can offer.

Most of the reviewed ABMs deal with the various questions around adopting
energy-efficient or renewable energy technology. These adoption decisions
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4. Review of agent-based modelling of urban district systems

represent single-step investment decisions dependent on one decision-maker.
However, there is a vast field of opportunity when it comes to exploring
phenomena that involve multi-level decision-making and interactions of var-
ious stakeholders. Building stock retrofitting and development of district
heating system are examples of such phenomena. Though a few exploratory
ABMSs investigate these topics, there are no models that comprehensively
study retrofitting decision-making. The decision-making process and stake-
holders will be different depending on whether social housing (Oliveira et al.,
2021) or owner-occupied or rental sectors are studied. These differences in
decision-making of owner-occupiers, landlords or housing associations, their
implications and how to use them to tailor policies should be investigated fur-
ther too. Furthermore, the studied literature mainly deals with the energy
issues of residential neighbourhoods and not commercial or industrial entities.
Therefore, it is exciting to look into whether ABMs, with their unique abil-
ities, can answer some of the challenging energy transition questions related
to commercial and industrial stakeholders.

Empirical data can be used to parameterise agent decision-making and pro-
vide contextual information to the model. Based on our analysis, significant
gaps in the use of empirical data are found. Only a handful of reviewed models
have made an explicit effort to clearly describe the use of data for parameter-
isation, calibration, validation, and verification purposes. Agent and model
level parameter selection is often not given the due respect and attention it
deserves. As the energy system complexity and, hence, the model complexity
increase, careful parameterisation can significantly lower the computational
cost. Lastly, careful integration of empirical data for model calibration, vali-
dation, and verification purposes significantly improves our confidence in the
model and the results for practical purposes.
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5. Agent-based modelling of building
retrofit adoption in neighborhoods

5.1. Overview

This chapter introduces an ABM designed to simulate homeowners’ decision-
making processes in adopting energy-efficient retrofit packages, such as insu-
lation measures and heat pumps, in the context of energy prices and policy
interventions. First, how varying electricity and gas prices impact retrofit
adoption is examined. Following this, the effect of three policy instruments
currently implemented in the Netherlands is explored: heat pump subsidy,
insulation subsidy based on specific measures and a ban on gas boilers start-
ing in 2026 (see Section 5.3.2). By modeling these scenarios, it is aimed
to understand how different policies—both individually and in combina-
tion—influence the adoption of retrofits.

The model examines two distinct decision-making frameworks: techno-
economic and socio-psychological. These two approaches are analysed sepa-
rately to understand how different factors influence retrofit adoption under
each framework. The techno-economic model focuses on financial consid-
erations, evaluating retrofits based on cost-effectiveness metrics such as Net
Present Value (NPV). This model assumes that homeowners choose to retrofit
when their current heating system reaches the end of its lifecycle. In con-
trast, the socio-psychological model incorporates the Theory of Planned Be-
haviour (TPB) (Ajzen, 1991), accounting for homeowners’ attitudes, social
norms, and PBC. Decisions in this model are influenced not only by economic
and rational factors but also by individual attitudes toward retrofitting, per-
ceived control over the process, and the adoption behavior of others within
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5. Agent-based modelling of building retrofit adoption in neighborhoods

the neighborhood.

Comparing these two decision-making strategies is essential for understanding
the full range of factors that influence homeowners’ retrofit choices. Finan-
cial incentives alone may not be sufficient to drive adoption, as homeowners
are also influenced by social dynamics and personal perceptions. By com-
paring these two approaches, we can assess the limitations of purely financial
strategies and highlight the need for policies that address both economic and
behavioral barriers to increase retrofit adoption. This broader understanding
is critical for designing more effective and comprehensive energy-efficiency
policies.

The model is applied to a Dutch neighborhood, characterised by a high
share of homeowners (about 70% (Eurostat, 2023b)) and widespread use
of condensing gas boilers (Bent et al., 2023). The Dutch government’s 2026
mandate for hybrid heat pumps provides a policy backdrop for the analysis
(European Heat Pump Association, 2024a). By simulating the decisions of
homeowners over a 20-year period, the model captures how retrofit choices
evolve under both economic and socio-psychological influences.

The study is set within a neighborhood context, where social interactions and
peer influence significantly impact retrofit adoption. Our previous research
(Akhatova et al., 2022) found that neighborhood cohesion and satisfaction
are positively correlated with adoption likelihood. Homeowners with a strong
sense of belonging are more inclined to follow peers in adopting sustainable
technologies. Visible retrofits, such as solar panels or upgraded insulation, act
as social signals that encourage others to adopt similar measures (Graziano
and Gillingham, 2015). The model simulates these interactions, capturing

both social dynamics and financial considerations in decision-making.

This neighborhood-based approach is essential because policies—such as fi-
nancial incentives or information campaigns—are often implemented at the
community level. Understanding how economic and social factors interact
within neighborhoods is key to designing effective policies that encourage
retrofit adoption. The comparison between the two models provides valu-
able insights into how different decision-making logics influence the spread of
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5. Agent-based modelling of building retrofit adoption in neighborhoods

energy-efficient technologies, highlighting the need for policies that address
both financial and behavioral barriers.

The remainder of the chapter is structured as follows. Section 5.2 presents the
methodology of the work, including the agent-based model narrative, assump-
tions and simulation parameters (Section 5.2.1) and the detailed description
of the decision-making strategies (Section 5.2.2). Section 5.3 demonstrates
the results of the agent-based simulations for the two agent decision algo-
rithms. In Section 5.4 the obtained results are discussed. Through this
study, the insights that can inform policy and program designs to effectively
encourage retrofitting in residential buildings are provided.

5.2. Method

An agent-based model (ABM) simulates the actions and interactions of au-
tonomous agents to assess their effects on the system as a whole (Gilbert
and Troitzsch, 2005). Unlike other modeling techniques, ABM models each
agent individually, providing a detailed view of agent behaviors and decision-
making processes (Gilbert and Troitzsch, 2005; Bonabeau, 2002; Epstein and
Axtell, 1996). Its flexibility is particularly beneficial in fields like energy
transition planning and policy analysis, where diverse actors and behaviors
significantly influence system evolution (MacAl and North, 2010; Hansen et
al., 2019). By moving beyond the simplifying assumption of a representa-
tive agent, ABMs facilitate interdisciplinary research, capturing the nuances
of complex systems and making them powerful tools for analysing dynamic,
interconnected systems (Niamir et al., 2020).

In this model, each agent represents a homeowner of a single-family house
(detached, semi-detached, or terraced) in a neighborhood. Initially, all agents
own gas boilers of varying ages. Fach year, agents decide whether to adopt
a retrofit package that includes a new heating system and possibly insula-
tion improvements. The simulation runs from 2024 to 2044, calculating the
number of adopters, types of measures adopted, renovation costs, and energy
demand reductions.
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5. Agent-based modelling of building retrofit adoption in neighborhoods

The agent-based model of retrofit uptake proposed in this chapter is a result
of the following distinct tasks, which are explained in detail in Sections 5.2.1
and 5.2.2:

1. definition of buildings, retrofitting packages suitable for these buildings,
their respective costs and energy demand data

2. definition of algorithms or rules by which a homeowner agent makes a

decision about renovating own dwelling.

5.2.1. Buildings and retrofitting options in a neighbourhood (case
study)

This section covers the buildings (Section 5.2.1.1), retrofitting packages (Sec-
tion 5.2.1.2), and household energy prices (Section 5.2.1.3) in De Maten,
Apeldoorn, Netherlands, chosen for its representative building types (ter-
raced, semi-detached, and detached) from the 1960-85 construction period.

5.2.1.1. Existing buildings and their current state

Buildings in De Maten are categorised using TABULA typologies (Tabula,
2016) based on Dutch national example buildings (Rijksdienst voor Onderne-
mend Nederland (RVO), 2022; Cornelisee et al., 2021). These archetypes
represent buildings from various construction years and include detached,
semi-detached, and terraced houses (Alavirad et al., 2022). Energy demands
for space heating vary by building type and construction period, with details
provided in Table 5.1. Although there are a total of 11,000 dwellings in De
Maten (Barzilay et al., 2021), only a small neighbourhood of 100 buildings
are selected for modelling.
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5. Agent-based modelling of building retrofit adoption in neighborhoods

Table 5.1.: Selected building archetypes (Tabula, 2016)

Building type Tabula name Reference Energy need for

area [m?] space heating
(kW h/m2a]

Detached 1965-1974 NL.N.SFH.02.Deta 158 217

Detached 1975-1991 NL.N.SFH.03.Deta 169 136

Semi-Detached 1965-1974 NL.N.SFH.02.Gen 135 181

Semi-Detached 1975-1991 NL.N.SFH.03.Gen 135 107

Terraced Between 1965-1974 NL.N.TH.02.Gen 117 148

Terraced Between 1975-1974 NL.N.TH.03.Gen 117 106

Terraced Corner 1965-1974 NL.N.TH.02.End 117 185

Terraced Corner 1975-1991 NL.N.TH.03.End 117 125

5.2.1.2. Retrofit packages

Retrofit packages include an electric heat pump (HP) or a condensing gas
boiler (GB) and varying insulation levels (deep and moderate (Wahi et al.,
2022)), based on Dutch regulations (see Table 5.2). Double-glazed windows
(HR++) are also considered (AAglas, n.d.). Detailed description of retrofit
packages are provided in Table Al.

Heating energy needs after retrofitting are calculated using the seasonal
method per EN ISO 13790:2008. This method calculates the building energy
need for space heating (Qp nq) by considering the heat transfer by transmis-
sion (Qnt4r) and ventilation (Qpspe) of the building zone when heated (or
cooled!) to a constant internal temperature and the contribution of inter-
nal (Qgn,sor) and solar heat gains (Qgn,int) to the building heat balance (Eq.
5.1). Many of the assumptions for this calculation, such as window orien-
tation or heating days (i.e. 212 days) are adapted from Sunikka-Blank and
Galvin (2013) which are available in Institut Wohnen und Umwelt (2016).
The values of heating energy need after the renovation and the costs of these
packages are provided in the Excel calculation tool, provided as a Supple-

mentary material.

QH,nd = (th,tr + Qve,t’r) - gh,gn (an,sol + an,int) (51)

!Cooling is not considered in this study
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5. Agent-based modelling of building retrofit adoption in neighborhoods

The assumptions regarding electric heat pump and gas boiler employed in
retrofit packages are presented in the Appendix (Section A.2).

Table 5.2.: Description of the insulation levels

Insulation Source Min. U-values U-values applied in
according to legal the model
requirements

moderate RVO’s exemplary (Rijksdienst Uyoop = 0.29, Uroop = 0.28,

voor Ondernemend Nederland U,q4;; = 0.59, Uyalr = 0.58,
(RVO), 2022) Utloor = 0.29 Utloor = 0.28
deep Building Decree 2012 major ren-  Upoop = 0.17, Uroop = 0.16,
ovation (and new construction)  Upgqn = 0.22, Uypan = 0.21,
(Cruchten, 2020) Uftloor = 0.29 Utloor = 0.28

double- RVO’s exemplary (Rijksdienst Upyindow = 1.40 Uwindow = 1.20

glazing voor Ondernemend Nederland

(RVO), 2022)

5.2.1.3. Technology costs and energy prices

Retrofitting costs (excluding taxes) are based on German cost functions (Hinz
and Hatteh, 2015) and adjusted to 2022 Dutch market conditions (Baukosten-
informationszentrum Deutscher Architektenkammern (BKI), 2023; European
Construction Costs (ECC), 2024). Household gas and electricity prices, given
in real 2023 EUR/kWh. Three distinct scenarios are considered as sum-
marised in Table 5.3; low electricity prices and high gas prices such as they
could be observed in 2019, low electricity prices and high gas prices from
2022 and very high electricity and high gas prices from 2023.

Table 5.3.: Household electricity and gas prices in the Netherlands (Eurostat, 2024)

Base year  Household elec- Household Household gas  Household gas
tricity prices  electricity prices (nominal)  prices (real)
(nominal) prices (real) [EUR/kWh] [EUR2023/kWh]
[EUR/EW h) [EU Ra023/kWh]

2019 0.206 0.245 0.094 0.112

2022 0.090 0.094 0.158 0.165

2023 0.475 0.475 0.248 0.248
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5. Agent-based modelling of building retrofit adoption in neighborhoods

5.2.2. Decision-making strategies for retrofit adoption

Agent adoption decision rules are crucial in ABMs, ranging from simple to
sophisticated (Kiesling et al., 2012). Since decisions to invest in retrofit is
argued to be a complex socio-technical process involving various factors and
even different actors’ influence (Wilson et al., 2015; Chersoni et al., 2022),
the ABMs of energy-efficient retrofit adoption rarely opt for simple decision
rules. Decision rules often follow existing theoretical frameworks stemming
from social psychology, such as the Theory of Planned Behaviour (TPB)
(Ajzen, 1991) or the Consumat (Jager, 2000). TPB is preferred often by
modellers because of its flexibility and relative easiness to operationalise using
the threshold value (Hesselink and Chappin, 2019). This model combines
TPB and utility theory, inspired by models from Rai and Robinson (2015)
and Moncada et al. (2021).

The decision process is multi-stage and consists of several stages:

1. Consideration: Identifying the need for retrofitting, triggered by heat-
ing system failure, end-of-life, or gas price hikes.

2. Decision: Deciding whether to retrofit.

3. Selection: Choosing a retrofit package.

Considering retrofitting occurs when there is a need to replace the current
system, which can be triggered in three common cases: the current heating
system breaks, the gas boiler reaches the end of its lifetime, or there is a
sudden increase in gas prices. The first case is a “problem trigger”, while the
other cases are “opportunity triggers”, as homeowners can choose to keep
the old boiler (Hecher et al., 2017). These triggers are modelled using a
Weibull distribution, assuming most condensing gas boilers last around 15
years (Plumbing Force, 2020; Vaillant, 2024; Viessmann UK, 2022). Once
an agent’s status is “considering”, stages 2 and 3 follow. These stages are
operationalised differently in the two decision frameworks. Table 5.4 sum-
marises the main differences, with detailed explanations in Sections 5.2.2.1
and 5.2.2.2.
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5. Agent-based modelling of building retrofit adoption in neighborhoods

Table 5.4.: Operationalisation of the decision algorithms by stage

Decision stage Techno-economical decision Socio-psychological decision
1) Consideration IF current (gas) boiler breaks  IF current (gas) boiler breaks || it is
near breakdown || gas prices increase
sharply
2) Decision IF considering, then imple- IF an agent’s intention to retrofit >
ment threshold (according to the Theory of
Planed Behavior) (see Section 5.2.2.2)
3) Selection choose retrofitting package retrofitting package with max. utility
with max. Net Present Value (see Section 5.2.2.2)
(NPV)

5.2.2.1. Techno-economic (or financial) decision-making (“FIN")

This decision-making model, referred to as “FIN”, treats retrofitting as a
financial decision triggered when the current heating system reaches its end
of life. Homeowners, acting as financially-driven agents, adopt the retrofit
package with the highest positive NPV. The process follows three stages, as
shown in Table 5.4.

The differential NPV in Eq. 5.2 is the difference between the NPV of the
considered retrofit package j and that of the standard gas boiler (gb) replace-
ment (i.e. reference NPV) (Ancona et al., 2019). For each agent i, N PVji
and NPV, are calculated as in Equations 5.3 and 5.4 respectively.

SNPV;' = NPV} — NPV, (5.2)

i i N Dt Quse /1) L
NPV} = —T :
J ﬂ*% A+t @rry (5:3)
i ; —pjt - Qo/MNgp
vagb:—fb+§: —Pie- Qo/ngh (5.4)

(I+r)

Where I; and I,.; are the investments for retrofitting package j and gas
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5. Agent-based modelling of building retrofit adoption in neighborhoods

boiler respectively; Qyse,j is the annual useful energy after retrofit j; p;; is the
energy carrier’s retail price at time step ¢; n; is the heating system efficiency
(gb stands for gas boiler); Qg is the annual useful energy before retrofit; and r
is the discount rate. Insulation and glazing materials have a 30-year lifespan
(Maia and Kranzl, 2019), while heat pumps and gas boilers last up to 20
years (Plumbing Force, 2020; Intuis, n.d.). The NPV analysis time frame is
20 years, assuming a residual value of 33% for insulation technologies.

5.2.2.2. Socio-psychological decision-making (“SOC”)

This decision-making model, referred to as “SOC”, integrates social and psy-
chological factors, reflecting that human decision-making is deeply embedded
in social contexts. It uses the TPB and includes peer influences. The process
follows three stages described in Table 5.4. Figure 5.1 is the flowchart of
the socio-psychological decision-making process implemented in the current
ABM.

In Stage 1, an agent ¢ considers retrofitting upon two triggers.

1. Approaching Breakdown: when T,,,s; years are left until the heating
system’s expected end of life (t = T}i&l — Teons)- This indicates the sys-
tem is losing efficiency or needs more maintenance. The old gas boiler’s
lifespan is modeled using a Weibull distribution?. Further details of this
assumptions are in the Appendix (Section A.3).

2. Gas Price Increase: in case there is a sharp increase in gas price (com-
pared to the previous year) sufficient to consider replacing the boiler.
As Achtnicht and Madlener (2014) demonstrate, present and expected
energy costs drive heating system replacements. Further details of this
assumptions are in the Appendix (Section A.4).

In Stage 2, the decision to retrofit is based on the TPB, which projects and
explains behavior under volitional control (Ajzen, 1991). TPB postulates

2Weibull distrubution is widely used to describe the lifetime distributions of systems
(Bearda et al., 2018)
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Start decision-
making

Stage 1: considering retrofit

Current HS*
approaching
end-of-life?

Sudden
growth/drop
in gas price?

Do nothing

v

| Consider renovation |

Current
HS is
broken?

Intention =
threshold
intention?

! Interaction ‘., Stage 3: selection !
E . 3 CalculatelUtlIlty of each of retrofit package |
i | Interact with n=3 other renovation package
- agents and adjust own H L] L
! Jattitude’ parameter ' Select the package with Replace with current '
the highest Utility HS type
) IS I A \, ________________________________ ), __________________________ i

— *HS= heating system
End decision-

making

—» No
> Yes
— Next action

Figure 5.1.: Flowchart of socio-psychological (SOC') decision framework

that behaviors stem from intentions (Int), but can be hindered by factors
like time, money, and knowledge. Widely used across various fields, TPB
suits retrofit decisions, with empirical evidence linking intention to energy-
efficient behavior (Ajzen, 2020; Chen and Gou, 2022; Conradie et al., 2023).
As shown in Figure 5.2, an agent’s decision to retrofit D;(t) depends on
whether intention Int; exceeds the threshold Int;,, (Eq. 5.5). Intention Int
is calculated at each step for each agent ¢, while the intention threshold Int,.
is a calibrated constant (Section 5.2.3).

1, if Intt > Inty, ;

Di(t) = (5.5)

0, if otherwise

The intention of agent i to retrofit is a function of attitude towards retrofitting
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Figure 5.2.: Operationalisation of the Theory of Planned Behaviour in this ABM

Att;(t), “Subjective Norm”, SN;(t) and “Perceived Behavioural Control”,
PBC;. According to Conradie et al. (2023), these components significantly

predict the intention to perform energy efficiency renovations. The relation-

ship is expressed in Eq. 5.6, with weights 3 (watti, WSN i, WpBC,; Summing to
1 (Eq. 5.7). The three components (Att, SN and PBC) are parameterised
as demonstrated in Figure 5.2.

I; = Atti(t) x wag,; + SNi(t) * wsn,; + PBC; x wppc,;

(5.6)

3The weights are based on the results of their relative impacts on the intention reported

in Conradie et al., 2023.

119



https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

5. Agent-based modelling of building retrofit adoption in neighborhoods

WA, +WwsN,i +wppc =1 (5.7)

Attitude toward the behaviour Att; € [0, 1] is the subjective probability that
retrofitting will lead to positive outcomes, such as comfort, reduced energy
bills, and lower C'Os emissions (Wang et al., 2019; Kastner and Stern, 2015).
It is initialised from a beta distribution and evolves over time through agent
interactions. The parameterisation and evolution mechanism of attitude is

described in the A.5.

Subjective Norm (SN) SN; € [0, 1] representing perceived social pressure,
is conceptualised as the share of adopters in the neighborhood at time
(Eq. 5.8). It assumes each agent knows the number of adopters in the
neighborhood, affecting all agents equally.

Nag
SN; = -2
’ Ntot

(5.8)
Perceived Behavioral Control (PBC) PBC; € [0,1] represents an agent’s
perceived power over their actions. Higher perceived renovation knowledge
and income levels correlate with higher PBC (Conradie et al., 2023). PBC is
initialised similarly to attitude but remains constant over time.

In Stage 3, the choice of a retrofit package is governed by utility theory.
Agents rank packages by utility and adopt the one with the highest value.
The utility U, ]’ depends on the package j’s normalised NPV difference ]@,
complexity cxj, and the product of energy-saving index es; and the agent’s
attitude Att;. The weights are equally distributed and sum to one, ensuring
that utility calculation includes economic considerations, project complexity,
and energy-saving potential. The utility equation is:

U; = ]@ “Wppy + CTj - Weg + At - €55 - Wes (5.9)

Complexity serves as an indicator of implementation difficulty and distur-
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5. Agent-based modelling of building retrofit adoption in neighborhoods

bance level, based on literature and expert knowledge (Klockner and Nayum,
2016; Stiefl and Dunkelberg, 2013) (Table A3). The energy-saving index rep-
resents normalised? savings in final energy demand for space heating for each
package.

5.2.3. Calibration of mean attitude, mean PBC and intention
threshold

The socio-psychological decision-making model contains several uncertain pa-
rameters calibrated based on known adoption patterns in the Netherlands.
Annually, over 400,000 gas boilers are replaced in residential homes (Bellini,
2021). The share of heat pumps among these replacements are estimated as
summarised in Table 5.5. Heat pump adoptions in 2021 were used as a base-
line, with a 57% increase in 2022 (European Heat Pump Association, 2023a)
and partial data for 2023 (European Heat Pump Association, 2023b).

Table 5.5.: Estimation of heat pump (HP) share in yearly heating
system replacement (European Heat Pump Association,
2023a; European Heat Pump Association, 2023b)

Year Total HPs HPs in HPs in heating
adopted existing houses system replacements [%]

2021 70,064 - -

2022 110,000 40,000 over 10%

2023 162,235 91,226 over 23%

Note: *30,000 is estimated to be installed in Q4 ** 18,000 is
estimated to be installed in Q4.

Based on the estimations presented in Table 5.5, we assume that between
10% and 23% of gas boilers will be replaced with heat pumps annually dur-
ing 2022 and 2023. Using historical household energy prices from 2022 and
2023 and assuming subsidies for heat pumps and insulation, we simulate the
share of retrofit packages that include heat pumps for these years. The share
of packages with heat pumps (averaged across 2022 and 2023) for various
combinations of mean PBC, intention threshold, and mean attitude is illus-
trated in Figure 5.3. The average of 10% and 23% — 16.5% — guided the

4min-max technique is used for normalisation
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5. Agent-based modelling of building retrofit adoption in neighborhoods

selection of parameter values resulting in a 16% share of heat pumps (see the
selected parameters in Table A2).

Share of Heat Pumps (pbc=0.1) Share of Heat Pumps (pbc=0.2)

0.2 - 50 3 -60Q
g 025 0§ g 5
= = = )
= Q F= Q.
£ o3 30 3 g 09
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@© 20 T ] T
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Figure 5.3.: Calibration results - share of heat pumps in annual heating system replacements
(four graphs for four different values of mean PBC among agents)

5.3. Results

This section presents the results of three simulation experiments. First, the
adoption of energy-efficient measures at different household electricity and gas
prices are calculated (Section 5.3.1). Second, the impact of various policies
on adoption rates are assessed (Section 5.3.2). Finally, a sensitivity analysis
of key parameters is conducted (Section 5.3.3).
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5. Agent-based modelling of building retrofit adoption in neighborhoods

5.3.1. Adoption patterns under different electricity and gas price
scenarios

The simulation results demonstrate varying adoption patterns of energy-
efficient measures based on different electricity and gas price scenarios, de-
scribed in Section 5.2.1.3. The adoption of retrofitting packages in the neigh-
bourhood is illustrated in Figure 5.4, where the top row presents results for
the techno-economic decision-making model (FIN) and the bottom row for
the socio-psychological decision-making model (SOC).

As shown in Figure 5.4, under the FIN, 2023 scenario (highest gas prices),
a complete transition to heat pumps with insulation occurs by 2038. This
shift is primarily driven by the significant cost savings associated with these
packages. In contrast, the FIN, 2022 scenario (lower electricity prices) results
in a more diversified adoption pattern: approximately half of the agents
choose heat pumps with insulation, while the other half opt for heat pumps
without insulation. Even under the FIN, 2019 scenario (lowest gas prices),
heat pumps with insulation emerge as the most profitable option for half of
the agents. The remaining agents either replace their gas boilers with new
ones or combine this replacement with wall insulation. This suggests that
while heat pumps are still considered a financially attractive option, the lower
electricity prices make gas boilers a more viable choice for some. After 2038,
the number of insulated gas boilers begins to decline. This shift occurs as
the gas boilers initially adopted reach the end of their service life and require
replacement. Since these agents have already invested in insulation, they do
not need to reinsulate. Consequently, when their gas boilers reach the end
of their service life, they select the most cost-effective replacement option
available: another gas boiler without additional insulation.

The bottom row of Figure 5.4 illustrates the impact of socio-psychological
factors on adoption decisions. Across all scenarios, a significant portion of
agents opt to renew their existing gas boilers, reflecting a strong preference
for the status quo. The SOC, 2019 scenario, characterised by low gas prices,
shows that over 80% of agents preferred to simply renew their boilers, with
the remainder selecting one of the alternative options. In the other two
scenarios, approximately 40% of agents choose heat pumps: in SOC, 2022,
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Figure 5.4.: Heating system and insulation state in the neighbourhood - reference scenario

these agents opt for heat pumps without insulation, likely due to low electric-
ity prices, whereas in SOC, 2023, some agents initially choose heat pumps
with insulation but later renew only the heat pumps, foregoing insulation.

This model demonstrates that, from a techno-economic perspective, insu-
lating and installing heat pumps is generally more profitable than replacing
gas boilers, depending on energy prices and house types. However, socio-
psychological considerations reveal that homeowners tend to choose the fa-
miliar gas boiler over a more efficient yet less familiar alternative, unless they
already have a strong intention to retrofit and other options than gas boilers
have a higher utility rank. Nonetheless, energy prices play a significant role:
lower gas prices encourage the renewal of gas boilers, while lower electricity
prices promote the adoption of heat pumps.

Figure 5.5 presents the cumulative savings in final energy demand for space

heating (left) and COy emissions (right) resulting from the adoption of
retrofit packages. The left panel demonstrates that financial decision-making

124


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5. Agent-based modelling of building retrofit adoption in neighborhoods

consistently leads to greater savings in final energy demand compared to
socio-psychological decision-making. This is primarily attributed to the more
aggressive adoption of heat pumps with higher seasonal coefficients of per-
formance (SCOPs) and deep insulation packages under financial decision-
making. The FIN, 2023 scenario achieves the highest savings, reaching a
90% reduction in initial neighbourhood final energy demand for space heat-
ing. In contrast, the FIN, 2019 scenario, characterised by low gas prices,
results in the lowest savings due to a slower transition to heat pumps and a
higher prevalence of gas boilers with insulation. The right panel illustrates
the corresponding C'Os emissions reductions, which closely follow the trends
observed in final energy demand savings. The FIN, 2023 scenario again ex-
hibits the most significant emissions reductions, while the FIN 2019 scenario
demonstrates the least.

Scenario
—e— FIN, 2019
—e— FIN, 2022
+ —&— FIN, 2023
—&— SO0C, 2019

SOC, 2022
SOC, 2023

o
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©
©
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Figure 5.5.: Savings in final energy demand for space heating (left) and CO2 emissions
reduction (right)

5.3.2. Adoption patterns under various policy instruments

There is a number of policies in place in the Netherlands that aim to support
sustainable home retrofit. Three distinct policy instruments implemented
nationally are selected for the simulation runs:

125


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

5. Agent-based modelling of building retrofit adoption in neighborhoods

1. heat pump subsidy covering 30% of the purchase price (Rijksdienst voor
Ondernemend Nederland (RVO), 2024b)

2. insulation subsidy with the amount shown in Table 5.6 (Rijksdienst
voor Ondernemend Nederland (RVO), 2024a)

3. ban on gas boilers starting from 2026 (Rijksoverheid, 2024)
The model assumes that all agents become aware of the subsidy existence.

Table 5.6.: Subsidy amount for insulation measures of building components (Rijksdienst
voor Ondernemend Nederland (RVO), 2024a). The subsidy values are for im-
plementing two and more measure, the unit is in Euro per square meters of
corresponding building element.

Component Subsidy [EUR/m?]
Facade 19

Roof 15

Floor (cellar) 3

Double glazing (windows) 23

Figure 5.6 shows the detailed breakdown of the final distribution of retrofit
packages across different scenarios. Panel (a) illustrates the reference sce-
nario, where the adoption of heat pumps with insulation is highest under
the FIN, 2023 scenario, followed by FIN, 2022. In contrast, gas boilers
with insulation dominate the market in the FIN, 2019 scenario. Panels (b),
(c), and (d) will be described in Sections 5.3.2.1, 5.3.2.2 and 5.3.2.3 below,
respectively.

5.3.2.1. Heat pump subsidy

Figure 5.6 (b) highlights the changes in the final mix of retrofit packages
when heat pump subsidies are applied, as compared to the reference scenario
in Figure 5.6 (a). In the FIN, 2019 scenario, where gas prices are low, the
introduction of heat pump subsidies makes heat pumps with insulation the
most financially attractive options for most agents, leading to widespread
adoption of these technologies.
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Figure 5.6.: Retrofit package clusters at the end of the simulations for (a) Reference sce-
nario; Change in retrofit packages adopted for (b) heat pump subsidy, (c)
insulation subsidy and (d) combined subsidies, as compared to the reference
case

In contrast, the SOC, 2019 scenario shows only minimal impact from the
subsidies, with just a few agents adopting heat pumps with insulation. This
limited response reflects the strong influence of socio-psychological factors,
where financial incentives alone are less effective in driving adoption. Similar
patterns are observable in other scenarios, where changes from the reference
scenario remain marginal.

Overall, the results suggest that while heat pump subsidies are effective in
promoting adoption in the techno-economic decision framework, they do not
significantly impact the adoption rate and retrofit package choices in the
socio-psychological framework.
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5. Agent-based modelling of building retrofit adoption in neighborhoods

5.3.2.2. Insulation subsidy

Figure 5.6 (c) presents the changes in the final mix of retrofit packages when
insulation subsidies are introduced, compared to the reference scenario in
Figure 5.6 (a). Insulation subsidies encourage greater adoption of heat pump
and insulation packages in both low gas and low electricity price scenarios of
the FIN decision rationale. The most notable change occurs in the FIN, 2022
scenario, where heat pumps with insulation become the most cost-effective
option for all agents, leading to widespread adoption. In contrast, in the FIN,
2019 scenario, only a portion of agents switch to heat pumps with insulation,
while others continue to find gas boilers more financially viable.

By the SOC rationale, the impact of insulation subsidies is minimal. In
SOC, 2019, insulation subsidies appear to incentivise approximately 20% of
agents to implement insulation alongside renewing their gas boilers. In SOC,
2023, where high electricity prices and lower gas prices prevail, subsidies seem
to make gas boilers with insulation more attractive than heat pumps with
insulation. This is likely because the combination of high electricity costs
and the high cost of insulation lowers the utility rank of heat pumps with
insulation compared to gas boilers.

5.3.2.3. Combination of heat pump and insulation subsidies

Figure 5.6 (d) illustrates the changes in the final mix of adopted retrofit pack-
ages when both heat pump and insulation subsidies are applied, as compared
to the reference scenario in Figure 5.6 (a). Similar to the results with insula-
tion subsidies alone, this combined intervention prompts a full transition to
heat pumps with insulation in scenarios with low gas prices (FIN, 2019) and
low electricity prices (FIN, 2022).

In the SOC models, the combined subsidies influence only the scenario with
low gas price conditions (SOC, 2019). In this case, they lead to a signifi-
cant increase in heat pumps with insulation (over 30% above the reference
scenario), demonstrating a stronger effect than each subsidy applied individ-
ually.
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5. Agent-based modelling of building retrofit adoption in neighborhoods

The minimal changes observed in SOC, 2022 and SOC, 2023 across all sub-
sidy scenarios could be attributed to a limit on heat pump adoption, as
determined by the calibration of social parameters to cap the share of heat
pumps.

Overall, the subsidies are more effective in the FIN decision-making models
across all pricing scenarios, driving a stronger shift towards energy-efficient
technologies. In contrast, in the SOC decision-making models, the results
suggest that subsidies alone are insufficient to significantly influence adop-
tion among agents less inclined towards retrofitting. Hence, this analysis
demonstrates that financial incentives alone are insufficient to overcome the
social and psychological barriers that many agents face when considering
energy-efficient retrofits.

5.3.2.4. Gas boiler ban

Figure 5.7 illustrates the adoption of heating systems and insulation over a
20-year period following the introduction of a gas boiler ban. Based on the
FIN, 2019 and FIN, 2023 decision frameworks, heat pumps with insulation
largely replace gas boilers as the most cost-effective option. In these sce-
narios, agents are financially motivated to adopt heat pumps with insulation
to maximise energy savings. In contrast, under the FIN, 2022 framework,
where electricity prices are lower, agents predominantly adopt heat pumps
without insulation. The lower electricity costs reduce the financial incentive
to combine heat pumps with insulation, as the energy savings from insulation
do not sufficiently outweigh its additional cost. Consequently, the adoption
of heat pumps alone becomes the preferred option in FIN, 2022.

In the SOC framework, many agents adopt heat pumps without insulation.
This behaviour occurs because, in the absence of gas boilers, agents who
do not have a firm intention of renovating tend to choose the simplest op-
tion available—heat pumps—rather than undertaking more comprehensive
retrofits, such as adding insulation. In SOC, 2019 and SOC, 2023, approx-
imately half of the agents adopt heat pumps without insulation, reflecting a
mix of socio-psychological barriers and financial considerations. In contrast,
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5. Agent-based modelling of building retrofit adoption in neighborhoods

in SOC, 2022, where electricity prices are lower, all agents opt for heat pumps
without insulation, as the lower energy costs further diminish the perceived
need for insulation. The lower the average attitude toward energy-efficient
retrofits is in neighbourhoods, the smaller the share of households adopting
insulation. As a result, the potential energy savings are not fully realised,
leading to lower overall efficiency gains compared to scenarios where both
heat pumps and insulation are widely adopted.
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Figure 5.7.: Heating system and insulation state in the neighbourhood - gas boiler ban
scenario

5.3.3. Sensitivity of the model to key parameters

Simulations are performed to examine the sensitivity of model results to
various parameters, including heat pump and insulation costs, mean attitude,
mean PBC, and intention threshold.

Figure 5.8 shows the share of heat pumps adopted with varying heat pump
costs. In FIN, 2019, even a 25% decrease in heat pump costs leads to a 100%
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5. Agent-based modelling of building retrofit adoption in neighborhoods

adoption share of heat pumps. In FIN, 2022, low electricity costs make
heat pumps consistently favourable, with their share remaining unaffected
by higher investment costs. However, in FIN, 2023, where electricity prices
are high, doubling heat pump investment costs results in an 80% drop in their
share, as they become a less profitable option. Adoption behaviours in the
SOC framework follow similar trends but are less sensitive to cost changes.
For example, a 25% decrease in heat pump costs increases their share among
adoptions by only 20%.
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Figure 5.8.: Share of heat pumps adopted - sensitivity to heat pump costs

Figure 5.9 shows the final savings in final energy demand for space heating
with varying insulation costs. In FIN scenarios, reduced insulation costs
lead to higher energy savings, while increased costs result in lower savings.
FIN, 2019 is particularly sensitive, with doubled insulation costs eliminating
savings entirely. In contrast, SOC scenarios follow similar trends but are
much less sensitive to insulation cost fluctuations. An exception is SOC, 2023,
where reduced insulation costs result in lower energy savings. This could
occur because the utility rank of gas boilers with insulation surpasses that
of heat pumps with insulation due to high electricity prices, which diminish

the appeal of heat pump packages.
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Figure 5.9.: Savings in final energy demand for space heating - sensitivity to insulation
costs

The SOC model is highly sensitive to parameters associated with the TPB:
agent attitude, intention threshold, and PBC. Figure 5.10 presents the results
for savings in final energy demand for space heating in response to variations
in these parameters. As shown in Figure 5.10 (a), more positive attitudes
toward retrofitting significantly increase savings in final energy demand for
space heating, as more agents become inclined to adopt heat pumps and

insulation.

Figure 5.10 (b) reveals that lower the intention threshold leads to higher adop-
tion rates of heat pumps and insulation, resulting in increased savings in final
energy demand for space heating. This is because lowering the threshold al-
lows more agents to surpass the decision-making threshold required to initiate
intention to retrofit. Conversely, raising the threshold restricts many agents

from adopting energy-efficient measures, thereby reducing overall savings.
Figure 5.10 (c¢) highlights that increasing agents’ PBC—i.e., their belief in

their ability to undertake retrofits—boosts the adoption of energy-efficient
technologies and leads to higher energy demand savings. This suggests
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Figure 5.10.: Savings in final energy demand for space heating - sensitivity to (a) Mean
Attitude, (b) Intention Threshold and (c¢) Mean PBC in the population

that enhancing agents’ sense of control and reducing perceived barriers to
retrofitting could be critical in driving widespread adoption of sustainable
technologies in the SOC framework.

Changes in mean attitude, mean PBC, and intention threshold all similarly
affect SOC results. Among these, the intention threshold shows the most pro-
nounced effect on adoption rates and energy savings, as lowering it enables
more agents to surpass the decision-making threshold for retrofitting. This
is followed by agent attitude, where more positive attitudes lead to higher
adoption rates. Changes in PBC have a relatively smaller but still signifi-
cant impact, as they enhance agents’ perceived ability to undertake retrofits.
Balancing these three variables is crucial (see Section 5.2.3), although the op-
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5. Agent-based modelling of building retrofit adoption in neighborhoods

timal combination ultimately depends on the expected heat pump adoption
rate.

5.4. Discussion

5.4.1. Findings and insights

Rational homeowners evaluating the NPV of retrofit options often transi-
tion to heat pumps with or without insulation, especially in older, ineffi-
cient houses. This aligns with studies on the cost-effectiveness of energy-
efficient retrofits (Urge-Vorsatz et al., 2009; Wilson et al., 2015). However,
the simulation results reveal distinct differences between the techno-economic
and socio-psychological decision-making models, offering novel insights into
retrofit adoption dynamics. The techno-economic model, focused on financial
metrics such as NPV, projected higher adoption rates for heat pumps, par-
ticularly in scenarios with strong financial incentives and favourable energy
prices. These findings reinforce the critical role that financial incentives play
in driving retrofits, while also highlighting the limitations of relying solely on
financial considerations without addressing behavioural and social factors.

The socio-psychological framework, which factors in homeowner attitudes,
PBC, and social norms, presents a different picture. The model showed lower
adoption rates for technologies like heat pumps and a stronger preference for
traditional options such as gas boilers. This outcome is particularly relevant
in contexts where financial incentives are weaker, as seen in the Netherlands,
where gas boilers have traditionally dominated but adoption patterns began
shifting following the energy crisis. The model calibration reflects these dy-
namics, capturing the strong preference for traditional heating systems while
showing that heat pumps are preferred by a subset of agents with a strong
intention to retrofit. The SOC framework showed a high sensitivity to pa-
rameters associated with the TPB. Specifically, intention thresholds play the
most critical role in influencing adoption, followed by attitudes and PBC.
Lowering intention thresholds—such as by simplifying processes or reducing
upfront costs—enables more agents to surpass the decision-making thresh-
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5. Agent-based modelling of building retrofit adoption in neighborhoods

old, driving higher adoption rates. Meanwhile, increasing attitudes and PBC
improves energy savings but to a lesser extent. These findings highlight that
while financial barriers are important, attitudinal and behavioural factors are
equally crucial. Policymakers must consider social dynamics and personal at-
titudes alongside financial incentives to effectively encourage the adoption of
sustainable technologies.

This comparison brings to light the critical role that the choice of deci-
sion framework plays in shaping model outcomes. Based on the socio-
psychological model, financial incentives had a limited impact compared to
factors like attitudes, perceived control, and subjective norms. These insights
suggest that the real-world scenario likely lies between these two extremes.
Financial incentives are important, but addressing social and psychological
barriers is equally crucial to encouraging widespread adoption of energy-
efficient technologies.

The policy scenarios tested in our model offer further innovative insights
into intervention strategies. While subsidies, as expected, significantly boost
heat pump and insulation adoption (Rosenow et al., 2017; Stadelmann and
Castro, 2014) in the techno-economic decision-making framework, our re-
sults show that these same subsidies have limited impact based on the socio-
psychological model. Here, a ban on gas boilers was more successful in driving
sustainable heat transitions. This finding underscores that in contexts where
social and psychological factors are barriers, stronger regulatory measures
may be required. However, this ban could result in pre-emptive behaviour,
with homeowners replacing boilers before the 2026 deadline to avoid future
restrictions. This potential unintended consequence, often neglected in previ-
ous studies, suggests that timing and communication of regulatory measures
must be carefully considered to avoid adverse outcomes.

Furthermore, our results indicate that future gas price expectations and the
affordability of heat pumps (which our model does not fully account for) are
important factors that could influence decision making. While we did not
include detailed affordability assessments, existing low-interest loans in the
Netherlands, such as those offered by Warmtefonds, could alleviate financial
barriers for some homeowners (Nationaal Warmtefonds, n.d.). Future work
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5. Agent-based modelling of building retrofit adoption in neighborhoods

should integrate these financial support mechanisms into the model for a
more comprehensive analysis of their potential impact.

Energy savings and emissions reductions further reveal the novel contribu-
tions of our study. In the financial model, the simulations achieved up to 90%
savings in final energy demand for space heating, a significant improvement
over the 20-25% savings in the socio-psychological model. However, these
estimates may be overly optimistic due to the exclusion of rebound effects.
The rebound effect, where increased efficiency leads to greater energy use,
is well-documented in the literature but is not yet integrated into many en-
ergy retrofit models (Gillingham et al., 2016; Greening et al., 2000; Aydin
et al., 2017). Future research should incorporate dynamic models that sim-
ulate these effects and explore policy measures, such as stricter post-retrofit
energy regulations, to mitigate rebound behaviours.

This study makes several key contributions to the existing literature. Firstly,
while most studies focus on single-technology adoption, our research uniquely
examines the interdependencies of multi-technology retrofit adoption (Du et
al., 2024; Meles and Ryan, 2022; Sopha et al., 2013; Friege et al., 2016; Cher-
soni et al., 2022; Huang et al., 2019; Khansari and Hewitt, 2020). Specifically,
the decision to adopt a heat pump and insulation is closely linked. Our find-
ings underscore that the effectiveness of a heat pump, measured by its SCOP,
is heavily dependent on adequate insulation. Poor insulation significantly re-
duces SCOP, leading to inefficient heating and failure to maintain desired
indoor temperatures (Ounis et al., 2022). This integrated approach high-
lights the importance of considering multiple retrofit technologies together,
a perspective often overlooked in prior studies.

Secondly, our approach provides a novel distinction between the decision to
retrofit and the choice of specific retrofit measures, an area often blurred
in the existing literature. While TPB is frequently applied to assess general
adoption versus non-adoption decisions, it typically does not address the spe-
cific measures homeowners choose (Si et al., 2019; McLaughlin and Stephens,
2015). Our research fills this gap by mapping out the distinct stages and
decision factors that influence not only whether to retrofit, but also which
specific measures to adopt. This detailed analysis provides valuable insights
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5. Agent-based modelling of building retrofit adoption in neighborhoods

for designing tailored policies and interventions that address both the overall
decision to retrofit and the selection of appropriate measures.

Finally, our research bridges the gap between techno-economic models and
socio-psychological factors, an area that remains underexplored in existing
studies. By incorporating the TPB, our socio-psychological model captures
key social influences and personal attitudes that drive retrofit decisions. Un-
like conventional techno-economic models that focus solely on financial met-
rics, our model demonstrates how motivations, perceived control, and social
norms impact the intention to retrofit. For instance, agents with high retrofit
intentions are more likely to choose comprehensive retrofit packages, priori-
tising energy savings, convenience, and profitability, while those with lower
intention tend to delay action, replacing heating systems only when they
fail.

5.4.2. Limitations and Future work

Despite its valuable contributions, this study has several limitations. The
lack of detailed empirical data on neighborhood adoption and social factors,
such as attitude and PBC, and the lack of validation for decision-making
processes are notable. Ideally, a dedicated neighborhood survey would pa-
rameterise attitudes, PBC, weights, and intention thresholds, and identify
retrofit adopters. This was beyond our research scope. The absence of de-
tailed empirical data, especially microdata, is a recognised issue (Derkenbaeva
et al., 2023). Although input parameters are calibrated based on historical
data, the parameter values are not unique, leading to inherent uncertainty in
modeling such complex systems.

The decision-making strategies in this ABM are not exhaustive or fully repre-
sentative of real homeowner processes. While research in this area is growing,
there is no definitive answer to how homeowners decide to renovate or select
specific measures. Many authors support the idea that this is a multi-stage
process involving numerous factors at each stage (Broers et al., 2019; Du
et al., 2022). Our model considered some decision stages, like renovation
consideration and decision, but omitted the post-implementation stage and
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5. Agent-based modelling of building retrofit adoption in neighborhoods

feedback mechanisms. The model assumes renovation is considered primar-
ily when heating systems fail, ignoring renovations for aesthetic reasons or
degradation (Abreu et al., 2020), which are harder to estimate. Furthermore,
varying the discount rate 'r’ based on individual financial circumstances could
add a more personalised economic impacts on renovation decisions.

The model included 38 specific retrofit packages, while real-world options
and insulation types are numerous and vary by region. We limited heating
systems to fully electric heat pumps, but future research could explore other
solutions like district heating and hybrid heat pumps. Additionally, measures
such as airtightness improvements and heat recovery ventilation, which are
known to significantly impact energy efficiency by reducing heat losses, were
not considered in this study. Including these elements in future research
would provide a more comprehensive analysis of retrofit measures and their

impact on energy savings.

Exploring staged retrofits, where improvements are phased, could reflect re-
alistic practices and reveal long-term effects on energy savings (Maia et al.,
2021).

For the calculation of emissions, a constant emission factor for electricity was
assumed, although this factor varies depending on the share of renewable
electricity in the grid mix (Nowtricity, 2024). Including a wider array of
options and varying emission factors could affect the results and provide
a more comprehensive understanding of the potential impacts of different
retrofit measures.

Enhancing the model by incorporating other stakeholders is also possible.
Intermediaries like energy advisors, contractors, and policymakers can re-
flect their influence on homeowner decisions through advice and incentives.
Including landlords in the model is also crucial, as they face different incen-
tives and constraints compared to homeowners. Understanding their deci-
sion making can help identify policies that encourage landlords to invest in
energy-saving measures. Testing soft policies, such as awareness campaigns
and training programs, could further promote energy-efficient retrofits.
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5. Agent-based modelling of building retrofit adoption in neighborhoods

Future research should test the model’s effectiveness at different scales, from
neighbourhoods to entire cities or countries, to understand its adaptabil-
ity and necessary adjustments. Examining interactions and peer effects in
varying community sizes would provide insights into adoption rates and in-
tervention effectiveness.

Addressing these areas would enhance the model’s robustness, offering com-
prehensive insights into the adoption of energy-efficient retrofits and inform-
ing effective policy interventions for sustainable residential buildings.

5.5. Conclusion

In this paper, we have introduced an agent-based model to simulate home-
owners’ adoption of energy-efficient retrofits, integrating techno-economic
and socio-psychological decision-making processes. Our findings reveal signif-
icant differences: the techno-economic model predicts higher adoption rates
due to favourable NPV, while the socio-psychological model shows decisions
are influenced by attitudes, PBC, and social norms, leading to a preference
for gas boiler replacements.

Policy implications suggest that financial incentives alone are insufficient for
widespread adoption. While subsidies impact the techno-economic model,
their influence is limited based on the socio-psychological model, highlight-
ing the need to integrate social and psychological factors into policy design.
Effective policies should enhance awareness, simplify grant processes, and
address financial barriers through low-interest loans.

Our sensitivity analysis shows that changes in mean attitude, PBC, and in-
tention thresholds significantly affect adoption rates, indicating that interven-
tions improving these parameters could enhance adoption. Future research
should explore the model’s scalability and the impact of staged retrofits and
personalised economic variables on decision making.

In conclusion, combining economic incentives with strategies addressing so-
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5. Agent-based modelling of building retrofit adoption in neighborhoods

cial and psychological factors is crucial to increasing the adoption of energy-
efficient retrofits, contributing to reduced energy consumption and environ-
mental impact in line with climate and energy goals.
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6. Discussion and synthesis of results

This dissertation provides new insights into the decision-making processes
regarding energy-efficient retrofitting, answering three key research questions.
The discussion highlights the significance of these findings, the limitations of
the analysis within this work and its impact on the results, as well as the
directions for future research.

6.1. Discussion of results with respect to the research
questions

Through the investigation of three key research questions, this work has
aimed to fill the gaps in our understanding of the factors that drive or
hinder the adoption of energy-efficient retrofitting measures. The findings
offer valuable insights for research and sustainable energy policies, as well
as provide recommendations for increasing the adoption of energy-efficient
technologies.

The findings with regards to the RQ1: What kind of homeowners adopt build-
ing retrofitting (in the Netherlands)? reveal that decisions are strongly in-
fluenced by a complex interplay of socio-demographic factors, property char-
acteristics, and previous maintenance activities. Wealthier homeowners in
larger, rural, single-family houses with higher energy demands are partic-
ularly inclined to implement a broad range of energy-efficient retrofits, in-
cluding solar panels, heat pumps, insulation, and double-glazed windows.
In contrast, older and smaller households, especially those who have lived
in their homes for a long time, show less propensity to adopt such mea-
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6. Discussion and synthesis of results

sures, likely due to perceived financial and practical constraints. Addition-
ally, homeowners with high levels of neighborhood involvement and those in
safer, well-educated communities are more likely to adopt retrofits, indicating
the significant role of social influence and community trust in driving energy
efficiency decisions.

To effectively address the diverse motivations and barriers to energy-efficient
retrofitting (EER) identified in this study, several targeted policies are rec-
ommended. For older and smaller households, which often face financial
constraints and may hesitate to invest in retrofitting due to concerns about
upfront costs and long-term returns, a program (similar to “MaPrimeRénov”
in France Agence nationale de I’habitat, 2024) which offers substantial fi-
nancial aid and comprehensive support throughout the renovation process,
including initial energy audits to assess needs, assistance with applying for
grants, and guidance on selecting the most effective retrofitting measures
would be beneficial. A personalised approach would ensure that homeown-
ers receive expert advice tailored to their specific circumstances, making the
process less daunting and more accessible. Implementing such a program in
the Netherlands could help older homeowners in smaller, long-owned homes
improve their energy efficiency, enhance comfort, and reduce energy bills,
all while minimising financial and logistical barriers. Similarly, the Czech
Republic’s Fix Up Grandma’s House initiative offers upfront subsidies and
low-interest loans to make the renovation of older family homes more afford-
able. This program not only helps families modernise their homes but also
supports energy-saving measures and sustainable living, making it a strong
example for countries aiming to address similar challenges (IEA, 2024).

The role of community engagement and social factors is also critical. Home-
owners who are more integrated into their communities and reside in safer,
more educated areas show a higher propensity for adopting energy-efficient
measures like solar panels. This suggests that policies aimed at fostering
community-based retrofitting initiatives could be highly effective. For in-
stance, the Dutch government could prioritise empowering a core group of
individuals to spearhead these initiatives by offering centralised support and
structured resources. By doing so, it would help address leadership gaps and
promote the successful establishment of Local Energy Initiatives (Ghorbani
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6. Discussion and synthesis of results

et al., 2020). By promoting social cohesion and trust, these policies would not
only increase the adoption of energy-efficient measures but also strengthen
community resilience and engagement in the energy transition.

In addressing RQ2: How has ABM been used to model policy interventions
that facilitate the decarbonisation (i.e., energy transition) of building-related
urban district energy systems?, the findings indicate that ABM has emerged
as a versatile and flexible tool for simulating complex interactions and stake-
holder behaviors in urban district energy systems, making it particularly
valuable for policy design and evaluation. ABMs allow for the bottom-
up representation of individual decision-making, while also capturing emer-
gent system-wide phenomena. This dual capability is essential for exploring
“what-if” scenarios and understanding the broader implications of specific
policy interventions, such as those aimed at decarbonising urban districts.
ABMSs’ ability to model decentralised and diverse actors—households, firms,
and governments—positions them as uniquely suited to navigating the com-
plexity of future smart energy systems. However, the scalability of ABMs
to reflect increasingly complex systems, such as those driven by prosumers
(energy consumers able to produce energy), remains a key challenge.

The use of ABMs in energy systems has focused on areas such as the adoption
of energy-efficient technologies and the formation of thermal energy communi-
ties, where social interactions significantly influence outcomes. Despite their
potential, several challenges remain, including the need for ABMs to evolve to
handle the increasing complexity of decentralised energy systems and multi-
level decision-making processes, such as those involved in building retrofits or
district heating development. Furthermore, there is a notable gap in the in-
tegration of empirical data for parameterisation, calibration, validation, and
verification, which is crucial for improving the reliability and robustness of
these models. Addressing these challenges will enhance ABMSs’ effectiveness
in guiding policymakers towards successful and socially just energy transition
strategies in urban districts.

In terms of decision-making models, most ABMs reviewed apply psycholog-

ical or theoretical frameworks like the Theory of Planned Behavior or Con-
sumat, which help simulate the behavioral and social drivers behind tech-
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6. Discussion and synthesis of results

nology adoption. Some models, however, rely on ad-hoc or “rule of thumb”
assumptions. While these ad-hoc approaches are easier to implement, they
lack the theoretical rigor of validated models and may be less reliable for pro-
jecting outcomes. The flexibility of ABMs also allows them to model social
dissemination and peer influence, which are crucial for understanding how
community-driven initiatives can enhance the uptake of energy-efficient mea-
sures. Unfortunately, there is often a lack of empirical data to adequately
parameterise such social interactions, which can limit the real-world appli-
cability of ABMs. Further research into how these social dynamics influence
retrofit adoption could enhance the ability of policymakers to create more
effective community-based interventions.

In relation to RQ@3: How do techno-economic and socio-psychological
decision-making rationales impact energy-efficient retrofitting adoption?, the
analysis underscores how different frameworks—techno-economic and socio-
psychological—impact the adoption of energy-efficient retrofitting. The
techno-economic model, focused on financial metrics such as NPV, projected
higher adoption rates for advanced technologies like heat pumps, particularly
in scenarios with strong financial incentives, high energy prices, and easy ac-
cess to capital. In these contexts, financial incentives play a crucial role in
driving retrofits.

However, the socio-psychological model, which factors in homeowner atti-
tudes, PBC, and social norms, presents a different picture. It showed lower
adoption rates for technologies like heat pumps and a stronger preference
for traditional options such as gas boilers, especially where financial incen-
tives were less prominent and social or cultural preferences favored familiar
systems. This outcome is particularly relevant in contexts where financial
incentives are weaker, where there is a strong cultural or social preference for
traditional heating systems, or where there is a higher level of uncertainty
or perceived risk associated with newer technologies. These findings suggest
that while financial incentives can be powerful motivators, they may be insuf-
ficient to drive widespread adoption without also addressing the psychological
and social factors that influence homeowners’ decisions.

This comparison brings to light the critical role that the choice of deci-
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6. Discussion and synthesis of results

sion framework plays in shaping model outcomes. In the socio-psychological
model, financial incentives had a limited impact compared to factors like
attitudes, perceived control, and subjective norms. These insights suggest
that the real-world scenario likely lies between these two extremes. Financial
incentives are important, but addressing social and psychological barriers is
equally crucial to encourage widespread adoption of energy-efficient technolo-
gies.

The findings suggest that while financial incentives can be effective, partic-
ularly within a techno-economic framework, they are most successful when
complemented by regulatory policies that mandate minimum energy perfor-
mance standards and phase out less efficient technologies. Such regulatory
measures create a baseline requirement that can drive widespread adoption
of energy-efficient technologies, even among homeowners who might be less
responsive to financial incentives alone. Additionally, these policies should
be paired with initiatives that address social and psychological barriers, such
as awareness campaigns and community engagement programs, to ensure a
more holistic approach. A combined strategy that integrates financial incen-
tives, regulatory policies, and measures to overcome social and psychological
barriers is essential for achieving significant energy savings and carbon re-
ductions.

6.2. Limitations

The research presented in this thesis, while providing significant insights into
energy-efficient retrofitting and urban district energy systems, faces several
limitations that warrant further exploration.

The limitations of the empirical analysis within this thesis include the lack of
key variables, such as awareness of energy efficiency and available subsidies,
which are crucial predictors of retrofit decisions. Additionally, the cross-
sectional nature of the survey limits our ability to observe changes in attitudes
or behaviors over time. Conducting panel surveys in future research would
enable a more dynamic understanding of retrofit adoption.
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6. Discussion and synthesis of results

One of the major challenges in leveraging ABMs for policy-making lies in
the integration and validation of empirical data. While ABMs are widely
recognised for their potential to guide policy through realistic simulations,
many models fail to adequately incorporate empirical data for parameterisa-
tion, calibration, and validation. This lack of detailed empirical grounding
is a critical limitation, as it affects the reliability of the results. The pro-
cess of calibrating and validating models with real-world data is essential
for ensuring that ABMs can produce actionable insights for policymakers.
However, obtaining high-quality, granular data on decentralised systems and
community-driven energy transitions is difficult. Addressing this gap, along-
side efforts to scale up ABMs for more complex, multi-level decision-making
systems, will be crucial for unlocking their full potential in driving effective
and socially just energy transition policies.

The lack of detailed empirical data on neighborhood adoption behaviors and
social factors, such as attitudes and PBC, represents a significant limita-
tion. While values from the literature were used to inform these parameters,
the heterogeneity across agents introduces uncertainty into the model’s ac-
curacy. Empirical validation remains a challenge, particularly in ensuring
that the models accurately reflect real-world dynamics. The reliance on his-
torical data for calibration, without sufficient distinction between calibration
and validation processes, further complicates this issue. Collecting granu-
lar neighborhood-level data would greatly enhance the model’s robustness,
though challenges remain in generalising such highly specific data to broader

populations.

Another limitation is that the decision-making process is simplified, focusing
only on specific stages of decision-making, such as the consideration of reno-
vation, but omitting others, including post-implementation feedback mecha-
nisms. Post-renovation feedback mechanisms, where the experiences of home-
owners with completed retrofits influence future decisions and social dissem-
ination, are not considered in this work. This leads to a weaker role and
under-representation of dissemination in the neighbourhood. Additionally,
this work focuses primarily on economic or technical triggers (e.g., energy
price increases or boiler failure). This excludes other critical triggers, such as
life events (e.g., moving in, birth of a child) and aesthetic motivations, which
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6. Discussion and synthesis of results

also drive renovation decisions. This potentially reduced the occasions for
renovating, leading to less adoptions and less energy efficiency overall.

Reflecting on the challenges faced in parameterising the ABM, I initially
considered using a discrete choice model (DCM) since it seemed better suited
to the available empirical data. However, the Theory of Planned Behavior
(TPB) framework appeared more promising based on previous research, as it
integrates a broader set of psychological factors relevant to retrofit decisions.
Unfortunately, the decision to analyse an existing empirical survey—rather
than designing one specifically for the ABM—Iimited the ability to use the
survey results directly to parameterise the model. In hindsight, it is clear that
empirical data collection should be tailored to the decision-making framework
used in the ABM to ensure coherence and robustness. For instance, a survey
designed specifically for a TPB-based ABM would need to capture attitudes,
perceived control, and social norms in a way that could be quantitatively

integrated into the model.

Going forward, future research should aim to design empirical studies and
ABMs in parallel, focusing on specific neighborhoods or communities to cap-
ture the contextual variables that drive decisions. This would ensure the
ABM is based on empirical data that aligns with its decision framework, im-
proving the accuracy and relevance of the simulations. For example, Ajzen,
2013 provides a guideline for constructing a TPB questionnaire based on their
previous work (Fishbein and Ajzen, 2011). Using this guideline to create a
custom survey for this ABM would’ve been the best choice.

The limited scope of stakeholder involvement is another constraint. The
model primarily focuses on homeowners, neglecting other key actors, such as
landlords, tenants, energy advisors, and policymakers. For instance, rental
properties make up a significant portion of the housing stock, yet the unique
challenges landlords face, such as the split incentive problem, are not mod-
eled. This could limit the model’s relevance in understanding retrofit dynam-
ics in rental properties. Expanding stakeholder representation would provide
a more complete picture of the retrofit landscape and improve the model’s
applicability to policy design.
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6. Discussion and synthesis of results

Technologically, the model’s focus on fully electric heat pumps overlooks the
growing importance of hybrid heat pumps and district heating systems, which
are increasingly being promoted in various national energy strategies. This
limitation affects the model’s ability to simulate real-world policy scenarios
comprehensively. Including a broader range of heating technologies would
provide more accurate and diverse insights into policy outcomes, particularly
as different regions adopt varying decarbonisation strategies.

Lastly, the model’s geographic focus on suburban, single-family homes limits
its applicability to more urban settings, particularly those with multi-family
apartment buildings. Group decision-making in condominiums or apartment
buildings introduces complexities that are not captured in this model, re-
stricting its relevance to densely populated urban areas. For example, Nava-
Guerrero et al., 2021 addresses group decision-making with an ABM, high-
lighting the challenges in coordinating multiple stakeholders in shared living
spaces. Additionally, the assumption that retrofit decisions are largely driven
by technical triggers, like heating system failures, limits the model’s ability
to capture the diversity of real-world motivations.

6.3. Future research directions

The empirical analysis in this thesis has several limitations. One key limita-
tion is the absence of important variables, such as homeowners’ awareness of
energy efficiency, available subsidies, and environmental consequences, which
are known to significantly influence retrofit decisions. Without these vari-
ables, the model may overlook crucial drivers or barriers that could affect
homeowners’ likelihood to adopt energy-efficient measures. Additionally, the
cross-sectional nature of the survey used in this research provides only a
snapshot of homeowners’ decision-making at a single point in time. This
limits the ability to track changes in attitudes, motivations, or behaviors in
response to evolving circumstances, such as new policies, economic shifts, or
social influences. To address these limitations, future research could bene-
fit from longitudinal data, such as panel surveys, which would allow for a
deeper understanding of how homeowners’ attitudes and behaviors evolve

148


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

6. Discussion and synthesis of results

over time.

One of the primary limitations of the modelling-based research within the
thesis is the lack of granular, neighborhood-level data on homeowner be-
haviors and social influences. Future research should establish living labs
within specific neighborhoods to collect detailed data on homeowner atti-
tudes, behaviors, and retrofit adoption patterns. This data would enhance
both the calibration and validation of the agent-based model (ABM), ensur-
ing it reflects real-world dynamics more accurately. Importantly, future stud-
ies should tailor empirical data collection to the decision-making framework
used in the ABM, ensuring alignment between the data and the model’s struc-
ture. For example, employing guidelines such as those proposed by Ajzen for
the Theory of Planned Behavior (TPB) would provide a structured way to
parameterise the ABM effectively. Living labs would also allow for testing
policy interventions in real-time, providing immediate feedback and enabling
researchers to track changes in attitudes and behaviors over time.

The ABM developed in this thesis simplifies the decision-making process by
focusing on economic and technical triggers. Future work should incorporate
a wider range of triggers, including life events (e.g., moving, having children)
and aesthetic motivations (e.g., home improvement desires). Additionally,
introducing post-renovation feedback loops would allow the model to simu-
late how homeowner satisfaction with completed retrofits influences future
decisions and the social dissemination of their experiences to peers. These
feedback mechanisms are critical for understanding long-term patterns in
retrofit adoption and the social diffusion of energy-efficient behaviors. The
choice of decision-making framework plays a big role in this regard, as finan-
cial incentives have limited influence in socio-psychological models like TPB,
where attitudes, perceived control, and subjective norms dominate. A more
comprehensive data collection approach could better inform the model and
reflect a balance between financial and behavioral factors.

The model should be expanded to include a broader range of stakeholders,
particularly landlords, tenants, energy advisors, and policymakers. Incorpo-
rating landlords into the model is essential, especially given their unique in-
centives and constraints, such as the split incentive problem, where landlords
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bear the cost of retrofits but tenants benefit from energy savings. Future re-
search could also explore stakeholder-specific decision models that account for
landlords’ motivations, tenant preferences, and the role of intermediaries like
energy advisors. Addressing these perspectives would lead to a more com-
prehensive understanding of the factors driving retrofitting decisions. The
inclusion of these actors would also improve the empirical basis for decision-
making, as data on these stakeholders’ behaviors could inform model param-
eterisation and validation.

Currently, the model primarily evaluates the adoption of fully electric heat
pumps. Given the growing importance of hybrid heat pumps and district
heating systems, future models should incorporate these technologies to re-
flect the broader range of real-world options available to homeowners. In-
corporating time-series data to capture the performance and usage patterns
of hybrid systems over time would provide more accurate insights into their
adoption potential and impact. This technological diversification would also
make the model more applicable to regions with different energy transition
strategies. Expanding the technological scope and using real-time data would
not only improve accuracy but also ensure that the ABM is validated against
more diverse scenarios, strengthening its reliability for policy applications.

The model’s current focus on single-family homes limits its applicability in
urban settings. Future research should adapt the model for multi-family
dwellings and condominiums, where decision-making is often collective. This
would involve modeling group decision-making processes within homeowners’
associations or property management groups, adding complexity to the deci-
sion dynamics. For instance, Nava-Guerrero (2021) addressed group decision-
making in an ABM context, highlighting how complex these interactions can
be in urban environments. Expanding the model’s geographic focus would
make it more relevant for urban areas, where a significant portion of retrofit
potential lies, especially in high-density housing. Addressing the group dy-
namics would also necessitate a more context-specific empirical approach,
ensuring the data collected is appropriate for modeling collective decision-
making processes.

By addressing these limitations, future extensions of the ABM will provide
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a more robust, comprehensive understanding of energy-efficient retrofitting,
offering actionable insights for policymakers and stakeholders across diverse
settings. These contributions will push the boundaries of current research,
paving the way for more effective and targeted energy efficiency policies and
practices.
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7. Conclusion and outlook

This thesis aimed to enhance our understanding of energy-efficient retrofitting
adoption among homeowners through a multi-dimensional approach, combin-
ing both empirical analysis and agent-based modeling (ABM) in parallel to
address different but complementary aspects of the retrofit adoption process.
These approaches provided distinct insights, with the empirical research fo-
cusing on homeowner decision-making factors and ABM exploring how pol-
icy interventions might influence these decisions. Through a custom ABM,
I demonstrated the differences in outcomes between techno-economic and
socio-psychological decision-making models, revealing the importance of ad-
dressing both financial incentives and behavioral factors in designing effective
retrofit policies.

This research began by investigating the socio-demographic and property fac-
tors that influence homeowners’ decisions to adopt energy-efficient retrofitting
measures. The empirical analysis revealed that wealthier homeowners, partic-
ularly those in larger, rural, single-family houses with higher energy demands,
are more likely to implement retrofits such as solar panels and heat pumps.
In contrast, older and smaller households, especially those who have lived in
their homes for a long time, are less inclined to retrofit, highlighting financial
and practical barriers. These findings suggest that policies targeting older
and financially constrained households could be more effective if they include
tailored financial support, comprehensive advisory services, and personalised

renovation programs.

Social factors, such as community involvement and neighborhood trust, also
emerged as significant drivers of retrofit decisions. Encouraging community-
based initiatives that promote collective action and social cohesion could
be a key strategy for increasing retrofit adoption. By fostering environments
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7. Conclusion and outlook

where social influence and shared goals motivate homeowners, neighborhood-
wide retrofitting programs and local energy initiatives can become powerful
tools. Programs that empower local leaders and create peer-to-peer advisory
networks can be particularly effective, as homeowners tend to rely on trusted
figures within their communities when making decisions.

In parallel, this research explored how agent-based modeling (ABM) has been
applied in energy research to model policy interventions. ABMs’ flexibility
in integrating psychological frameworks, social influence, and decentralised
decision-making makes them well-suited for exploring community-based en-
ergy transitions. However, significant challenges remain. Although this study
initially aimed to incorporate empirical survey data into the ABM, it be-
came clear that the survey results were unsuitable for direct integration,
reflecting a broader issue in the field—obtaining and incorporating empirical
data into ABMs is not straightforward. This limitation underscores the need
for stronger cooperation between social scientists and engineers to establish
workflows and standards for integrating empirical observations into ABM
development.

In addition to the empirical challenges, this study attempted to address the
complexity of homeowners’ retrofit decisions by contextualising them through
multi-level decision-making frameworks, which considered a broader range of
factors compared to the simpler purchase-based approaches prevalent in prior
research. Despite these efforts, much remains to be done. To truly capture
the complexity of retrofit decisions, more detailed and contextualised data
samples are needed.

The choice of decision-making framework and the factors influencing those
decisions play a crucial role in understanding retrofit adoption. In this study,
the comparison between the techno-economic and socio-psychological mod-
els highlighted this. The socio-psychological framework demonstrated that
financial incentives had a limited role compared to core decision variables
such as attitude, perceived control, and subjective norms. While the techno-
economic model placed financial support at the center of decision-making,
the socio-psychological approach emphasised the broader influence of indi-
vidual perceptions and social pressures. This suggests that the reality is
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likely somewhere between these two perspectives, where financial incentives
are important but cannot work in isolation.

For future ABM applications, it is critical to align the empirical data col-
lection methods with the chosen decision framework. In cases where the
socio-psychological approach is adopted, surveys and other data collection
methods should focus on capturing attitudes, social norms, and perceptions
of control. By tailoring the data collection to the specific neighborhood and
the decision-making framework being used, ABMs can better represent the
complexity of real-world decision-making and provide more accurate policy
insights. This study highlights the need for interdisciplinary cooperation
between social scientists and engineers to develop workflows that integrate
empirical data more effectively into ABM simulations, ultimately leading to
more robust and contextually accurate models.

This research contributes significantly to the growing understanding of
energy-efficient retrofitting and its role in achieving sustainability goals. It
has underscored the importance of addressing both financial and behavioral
factors in policy design. As the empirical findings demonstrate, financial in-
centives are necessary but not sufficient; psychological and social factors also
play a key role in influencing homeowners’ decisions. Therefore, future poli-
cies must be holistic, combining economic incentives with targeted support
programs that address the diverse motivations and barriers faced by different
homeowner groups.

154


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Declaration

I acknowledge the use of ChatGPT [https://chat.openai.com/] to paraphase
or rewrite some paragraphs in a more succinct way.

I entered the following prompts: “Please rewrite this paragraph in a succinct

Way”

After checking for correctness, I used the output either directly or with mod-
ifications in the dissertation.

155


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

List of own publications

7.1. Contributions for the thesis

Akhatova, A., Derkenbaeva, E., van Leeuwen, E., Kranzl, L., Halleck
Vega, S., and Hofstede, G.J. (2024).“Who invests in energy retrofits? Min-
ing Dutch homeowners’ data.” FEnergy Policy 189, p. 114132. DOL:
10.1016/j.enpol.2024.114132.

Akhatova, A., Kranzl, L., Schipfer, F.and Heendeniya, C.B. (2022)
“Agent-Based Modelling of Urban District Energy System Decarbonisa-
tion—A Systematic Literature Review.”  Energies 15(2), 554. DOL
10.3390/en15020554

Akhatova, A. and Kranzl, L. (2024). “Agent-based modelling of building
retrofit adoption in neighborhoods.” Under review (Major revision) at Energy
and Buildings

7.2. Other contributions

Bruck, A., Casamassima, L., Akhatova, A. (2022). “Creating Comparability
among European Neighbourhoods to Enable the Transition of District Energy
Infrastructures towards Positive Energy Districts.” Energies 2022 15(13), p.
4720. DOI: 10.3390/EN15134720.

Akhatova, A. and Kranzl, L. (2022). “Neighbourhood-level energy retrofits
driven by intermediary actors: what are the prospects?” In: eceee 2022 Sum-

156


https://doi.org/10.1016/j.enpol.2024.114132
https://doi.org/10.3390/en15020554
https://doi.org/10.3390/EN15134720
https://www.tuwien.at/bibliothek

7. Conclusion and outlook

mer Study on energy efficiency: agents of change, Hyeres, France (Septem-

ber), pp. 661-672.

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay |
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoielnassiq Jasalp uoisianfeulbliO apponipab ausiqoidde aig

157

qny a8pajmoud| INoA

Saylolqie


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

8. References

Books

Dam, Koen H. van, Igor Nikolic, and Zofia Lukszo (2013). Agent-Based Modelling of
Socio-Technical Systems. Ed. by Koen H. Dam, Igor Nikolic, and Zofia Lukszo.
Vol. 9. Dordrecht: Springer Netherlands. por: 10.1007,/978-94-007-4933-7 (cit.
on pp. 72, 88, 89).

Dincer, Ibrahim and Marc A. Rosen (Jan. 2013). ‘Exergy Analysis of Cogeneration
and District Energy Systems’. In: Ezergy. Elsevier, pp. 285-302. por: 10.1016/
b978-0-08-097089-9.00013-9 (cit. on p. 70).

Domencich, Tom and Daniel McFadden (1975). Urban Travel Demand: A Behavioral
Analysis, 1975, North-Holland. North-Holland Publishing Co. URL: https://eml.
berkeley.edu/~mcfadden/travel.html (cit. on pp. 44, 55).

Dragoon, Ken (June 2017). ‘DM for Integrating Variable Renewable Energy’. In:
Renewable Energy Integration. Elsevier, pp. 245-259. por: 10.1016/B978-0-12-
809592-8.00018-4 (cit. on p. 70).

Dunteman, George H (1989). Principal component analysis - quantitative applica-
tions in the social-sciences. Vol. 8. 07-069, p. 98. URL: https://www.academia.
edu /9409138 /_George_H_ Dunteman__ Principal _ Components__ Analysis__
Book_Fi_org_ (cit. on pp. 40, 43).

Fishbein, Martin and Icek Ajzen (2011). Predicting and changing behavior: The
reasoned action approach, pp. 1-518. I1SBN: 9780203838020. por: 10.4324 /
9780203838020 (cit. on p. 147).

Gilbert, Nigel and Klaus G. Troitzsch (2005). Simulation for the Social Scientist.
Second Edi. Open University Press (cit. on pp. 6, 111).

Hartley, Dean and Stuart Starr (2010). ‘Verification and Validation’. In: Estimating
Impact. Boston, MA: Springer US, pp. 311-336. por: 10.1007/978-1-4419-6235-
5{\__}11 (cit. on p. 105).

Jager, Wander (2000). ‘Modelling consumer behaviour’. PhD thesis. University of
Groningen, p. 240. URL: https://research.rug.nl/en/publications /modelling-
consumer-behaviour (cit. on pp. 90, 115).

158


https://doi.org/10.1007/978-94-007-4933-7
https://doi.org/10.1016/b978-0-08-097089-9.00013-9
https://doi.org/10.1016/b978-0-08-097089-9.00013-9
https://eml.berkeley.edu/~mcfadden/travel.html
https://eml.berkeley.edu/~mcfadden/travel.html
https://doi.org/10.1016/B978-0-12-809592-8.00018-4
https://doi.org/10.1016/B978-0-12-809592-8.00018-4
https://www.academia.edu/9409138/_George_H_Dunteman_Principal_Components_Analysis_Book_Fi_org_
https://www.academia.edu/9409138/_George_H_Dunteman_Principal_Components_Analysis_Book_Fi_org_
https://www.academia.edu/9409138/_George_H_Dunteman_Principal_Components_Analysis_Book_Fi_org_
https://doi.org/10.4324/9780203838020
https://doi.org/10.4324/9780203838020
https://doi.org/10.1007/978-1-4419-6235-5{\_}11
https://doi.org/10.1007/978-1-4419-6235-5{\_}11
https://research.rug.nl/en/publications/modelling-consumer-behaviour
https://research.rug.nl/en/publications/modelling-consumer-behaviour
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

8. References

Miiller, Andreas (2015). ‘Energy Demand Assessment for Space Conditioning and
Domestic Hot Water: A Case Study for the Austrian Building Stock’. PhD
thesis, p. 285. URL: http://www.invert.at/Dateien/Dissertation AndreasM.pdf
(cit. on pp. 13, 27).

Saheb, Y, S Shnapp, and D Paci (2019). From nearly-zero energy buildings to net-
zero enerqgy districts - Lessons learned from existing EU projects, EUR 2973}
EN. URL: https://publications.jrc.ec.europa.eu/repository /handle/JRC115188
(cit. on p. 68).

Smajgl, A. and O. Barreteau (2014). ‘Empirical Agent-Based Modelling - Challenges
and Solutions. Volume 1, The Characterisation and Parameterisation of Empir-
ical Agent-Based Models’. In: ed. by A. Smajgl and O. Barreteau. Springer
Science+Business Media New York. Chap. Chapter 1. (Cit. on pp. 103, 104).

Starfield, A. M., K. A. Smith, and A. L. Bleloch (1990). How to model it: Problem
solving for the computer age. New York: McGraw Hill (cit. on p. 82).

Wooldridge, Michael John (1992). ‘The Logical Modelling of Computational Multi-
Agent Systems’. PhD thesis (cit. on p. 71).

Journal Articles

Abreu, Maria Isabel, Rui A.F. de Oliveira, and Jorge Lopes (Feb. 2020). ‘Younger
vs. older homeowners in building energy-related renovations: Learning from the
Portuguese case’. In: Energy Reports 6, pp. 159-164. por: 10.1016/J.EGYR.
2019.08.036 (cit. on pp. 4, 138).

Achtnicht, Martin and Reinhard Madlener (May 2014). ‘Factors influencing German
house owners’ preferences on energy retrofits’. In: Energy Policy 68, pp. 254—
263. poL: 10.1016/j.enpol.2014.01.006 (cit. on pp. 21-25, 117, 196).

Ajzen, Icek (Dec. 1991). ‘The theory of planned behavior’. In: Organizational Be-
havior and Human Decision Processes 50.2, pp. 179-211. por: 10.1016 /0749-
5978(91)90020-T (cit. on pp. 90, 109, 115, 117).

Ajzen, Icek (Apr. 2002). ‘Perceived Behavioral Control, Self-Efficacy, Locus of Con-
trol, and the Theory of Planned Behavior 1’. In: Journal of Applied Social Psy-
chology 32.4, pp. 665-683. DoI: 10.1111/j.1559-1816.2002.tb00236.x (cit. on
p. 90).

Ajzen, Icek (2013). ‘Theory of Planned Behaviour Questionnaire’. In: Measure-
ment Instrument Database for the Social Science, pp. 1-7. URL: Retrieved %
20from %20www.midss.ie %20http: / /www.midss.org /sites / default /files / tpb.
construction.pdf (cit. on p. 147).

159


http://www.invert.at/Dateien/Dissertation_AndreasM.pdf
https://publications.jrc.ec.europa.eu/repository/handle/JRC115188
https://doi.org/10.1016/J.EGYR.2019.08.036
https://doi.org/10.1016/J.EGYR.2019.08.036
https://doi.org/10.1016/j.enpol.2014.01.006
https://doi.org/10.1016/0749-5978(91)90020-T
https://doi.org/10.1016/0749-5978(91)90020-T
https://doi.org/10.1111/j.1559-1816.2002.tb00236.x
Retrieved%20from%20www.midss.ie%20http://www.midss.org/sites/default/files/tpb.construction.pdf
Retrieved%20from%20www.midss.ie%20http://www.midss.org/sites/default/files/tpb.construction.pdf
Retrieved%20from%20www.midss.ie%20http://www.midss.org/sites/default/files/tpb.construction.pdf
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

8. References

Ajzen, Tcek (Oct. 2020). ‘The theory of planned behavior: Frequently asked ques-
tions’. In: Human Behavior and Emerging Technologies 2.4, pp. 314-324. DOL:
10.1002/HBE2.195 (cit. on p. 118).

Akhatova, A., E. Derkenbaeva, E. van Leeuwen, L. Kranzl, S. Halleck Vega, and
G. J. Hofstede (June 2024). ‘Who invests in energy retrofits? Mining Dutch
homeowners’ data’. In: Energy Policy 189, p. 114132. por: 10.1016/J.ENPOL.
2024.114132 (cit. on pp. 5, 6, 21, 31, 32).

Akhatova, Ardak and Lukas Kranzl (2024). ‘Agent-based modelling of building
retrofit adoption in neighborhood’. In: Energy and Buildings Under Review
(cit. on pp. 5, 7).

Akhatova, Ardak, Lukas Kranzl, Fabian Schipfer, and Charitha Buddhika Heen-
deniya (Jan. 2022). ‘Agent-Based Modelling of Urban District Energy System
Decarbonisation—A Systematic Literature Review’. In: Energies 2022, Vol. 15,
Page 554 15.2, p. 554. poL: 10.3390/EN15020554 (cit. on pp. 4-6, 28, 80, 81,
110).

Alavirad, Soheil, Saleh Mohammadi, Pieter-Jan Hoes, Luyi Xu, and Jan L.M. Hensen
(Apr. 2022). ‘Future-Proof Energy-Retrofit strategy for an existing Dutch neigh-
bourhood’. In: Energy and Buildings 260, p. 111914. po1: 10.1016/j.enbuild.
2022.111914 (cit. on p. 112).

Allegrini, Jonas, Kristina Orehounig, Georgios Mavromatidis, Florian Ruesch, Viktor
Dorer, and Ralph Evins (Dec. 2015). ‘A review of modelling approaches and
tools for the simulation of district-scale energy systems’. In: Renewable and
Sustainable Energy Reviews 52, pp. 1391-1404. por: 10.1016/J.RSER.2015.07.
123 (cit. on pp. 70, 71).

Ameli, Nadia and Nicola Brandt (2015). ‘Determinants of households’ investment in
energy efficiency and renewables: Evidence from the OECD survey on household
environmental behaviour and attitudes’. In: Environmental Research Letters
10.4. por: 10.1088,/1748-9326/10/4/044015 (cit. on pp. 21-24, 32, 55).

An, Li (2012). ‘Modeling human decisions in coupled human and natural systems:
Review of agent-based models’. In: Fcological Modelling 229, pp. 25-36. DOI:
10.1016/j.ecolmodel.2011.07.010 (cit. on pp. 89, 91).

Ancona, M. A.; M. Bianchi, C. Biserni, F. Melino, S. Salvigni, and P. Valdiserri
(Nov. 2019). ‘Optimum sizing of cogeneration plants by means of a genetic
algorithm optimization: A case study’. In: Case Studies in Thermal Engineering
15, p. 100525. por: 10.1016/J.CSITE.2019.100525 (cit. on p. 116).

Aydin, Erdal, Nils Kok, and Dirk Brounen (Aug. 2017). ‘Energy efficiency and house-
hold behavior: the rebound effect in the residential sector’. In: The RAND Jour-
nal of Economics 48.3, pp. 749-782. por: 10.1111/1756-2171.12190 (cit. on
p. 136).

Azar, E. and H. Al Ansari (2017). ‘Multilayer Agent-Based Modeling and Social Net-
work Framework to Evaluate Energy Feedback Methods for Groups of Build-

160


https://doi.org/10.1002/HBE2.195
https://doi.org/10.1016/J.ENPOL.2024.114132
https://doi.org/10.1016/J.ENPOL.2024.114132
https://doi.org/10.3390/EN15020554
https://doi.org/10.1016/j.enbuild.2022.111914
https://doi.org/10.1016/j.enbuild.2022.111914
https://doi.org/10.1016/J.RSER.2015.07.123
https://doi.org/10.1016/J.RSER.2015.07.123
https://doi.org/10.1088/1748-9326/10/4/044015
https://doi.org/10.1016/j.ecolmodel.2011.07.010
https://doi.org/10.1016/J.CSITE.2019.100525
https://doi.org/10.1111/1756-2171.12190
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

ings’. In: Journal of Computing in Civil Engineering 31.4. por: 10.1061/(ASCE)
CP.1943-5487.0000651 (cit. on pp. 72, 83, 88, 90, 93, 94, 97, 98, 101, 104, 106).

Azar, E.; C. Nikolopoulou, and S. Papadopoulos (2016). ‘Integrating and optimizing
metrics of sustainable building performance using human-focused agent-based
modeling’. In: Applied Energy 183, pp. 926-937. po1: 10.1016/j.apenergy.2016.
09.022 (cit. on p. 72).

Azizi, Shoaib, Gireesh Nair, and Thomas Olofsson (2019). ‘Analysing the house-
owners’ perceptions on benefits and barriers of energy renovation in Swedish
single-family houses’. In: Energy and Buildings 198.2019, pp. 187-196. pDO1: 10.
1016/j.enbuild.2019.05.034 (cit. on pp. 4, 22, 23, 25).

Barnes, Jesse L., Anjala S. Krishen, and Alexander Chan (Aug. 2022). ‘Passive and
active peer effects in the spatial diffusion of residential solar panels: A case study
of the Las Vegas Valley’. In: Journal of Cleaner Production 363, p. 132634. DOI:
10.1016/J.JCLEPRO.2022.132634 (cit. on p. 60).

Barzilay, Marcel, Ruben Ferwerda, and Experimentele Woningbouw (2021). ‘onder-
zoeksprogramma Experimentele Woningbouw ‘68-’80 Revisited - casestudy De
Maten, Apeldoorn Revisited’. In: URL: https://experimentelewoningbouw.nl/
wp-content /uploads/2021/Boekje-De-Matendreef-Revisited-lowres.pdf (cit. on
p. 112).

Bastian, Zeno, Jirgen Schnieders, William Conner, Berthold Kaufmann, Laszlo
Lepp, Zack Norwood, Andrew Simmonds, and Ingo Theoboldt (Jan. 2022).
‘Retrofit with Passive House components’. In: Energy Efficiency 15.1. DOI:
10.1007/512053-021-10008-7 (cit. on p. 13).

Baumhof, Robert, Thomas Decker, Hubert Roder, and Klaus Menrad (2018). “‘Which
factors determine the extent of house owners’ energy-related refurbishment
projects? A Motivation-Opportunity-Ability Approach’. In: Sustainable Cities
and Society 36.September 2017, pp. 33—41. por: 10.1016/j.scs.2017.09.025
(cit. on p. 25).

Bearda, Twan, Paul W. Mertens, and Stephen P. Beaudoin (Jan. 2018). ‘Overview of
Wafer Contamination and Defectivity’. In: Handbook of Silicon Wafer Cleaning
Technology, pp. 87-149. por: 10.1016 /B978-0-323-51084-4.00002-2 (cit. on
p. 117).

Bent, H. S. van der, P. I. van den Brom, H. J. Visscher, A. Meijer, and N. Mouter
(Feb. 2023). ‘The energy performance of dwellings with heat pumps of Dutch
non-profit housing associations’. In: Building Research and Information 51.2,
pp. 192-202. por: 10.1080/09613218.2022.2093154 (cit. on p. 110).

Berger, Christiane and Ardeshir Mahdavi (Apr. 2020). ‘Review of current trends
in agent-based modeling of building occupants for energy and indoor-
environmental performance analysis’. In: Building and Environment 173. DOI:
10.1016/j.buildenv.2020.106726 (cit. on p. 74).

161


https://doi.org/10.1061/(ASCE)CP.1943-5487.0000651
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000651
https://doi.org/10.1016/j.apenergy.2016.09.022
https://doi.org/10.1016/j.apenergy.2016.09.022
https://doi.org/10.1016/j.enbuild.2019.05.034
https://doi.org/10.1016/j.enbuild.2019.05.034
https://doi.org/10.1016/J.JCLEPRO.2022.132634
https://experimentelewoningbouw.nl/wp-content/uploads/2021/Boekje-De-Matendreef-Revisited-lowres.pdf
https://experimentelewoningbouw.nl/wp-content/uploads/2021/Boekje-De-Matendreef-Revisited-lowres.pdf
https://doi.org/10.1007/S12053-021-10008-7
https://doi.org/10.1016/j.scs.2017.09.025
https://doi.org/10.1016/B978-0-323-51084-4.00002-2
https://doi.org/10.1080/09613218.2022.2093154
https://doi.org/10.1016/j.buildenv.2020.106726
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Bollinger, Bryan, Kenneth Gillingham, A. Justin Kirkpatrick, and Steven Sex-
ton (Feb. 2022). ‘Visibility and Peer Influence in Durable Good Adoption’.
In: hitps://doi.org/10.1287/mksc.2021.1306 41.3, pp. 453-476. po1: 10.1287/
MKSC.2021.1306 (cit. on p. 60).

Bonabeau, Eric (May 2002). ‘Agent-based modeling: Methods and techniques for
simulating human systems’. In: Proceedings of the National Academy of Sciences
of the United States of America 99.SUPPL. 3, pp. 7280-7287. DOI: 10.1073/pnas.
082080899 (cit. on pp. 6, 69, 91, 111).

Boomsma, Christine, Rory V. Jones, Sabine Pahl, and Alba Fuertes (Jan. 2019). ‘Do
psychological factors relate to energy saving behaviours in inefficient and damp
homes? A study among English social housing residents’. In: Energy Research
& Social Science 47, pp. 146-155. por: 10.1016 /J.ERSS.2018.09.007 (cit. on
p. 32).

Bottecchia, Luigi, Pietro Lubello, Pietro Zambelli, Carlo Carcasci, and Lukas Kranzl
(2021). ‘The potential of simulating energy systems: The multi energy systems
simulator model’. In: Energies 14.18, pp. 1-26. DOI: 10.3390/en14185724 (cit. on
p. 70).

Boumaiza, A., S. Abbar, N. Mohandes, and A. Sanfilippo (2018). ‘Modeling the
Impact of Innovation Diffusion on Solar PV Adoption in City Neighborhoods’.
In: International Journal of Renewable Energy Research 8.v8i3, pp. 1749-1762.
1SSN: 13090127. por: 10.20508 /ijrer.v8i3.7999.g7484 (cit. on pp. 73, 83, 94, 96,
98).

Brockway, Anna M., Jennifer Conde, and Duncan Callaway (Sept. 2021). ‘Inequitable
access to distributed energy resources due to grid infrastructure limits in Cali-
fornia’. In: Nature Energy 2021 6:9 6.9, pp. 892-903. po1: 10.1038/341560-021-
00887-6 (cit. on p. 64).

Broers, W. M.H., V. Vasseur, R. Kemp, N. Abujidi, and Z. A.E.P. Vroon (Dec. 2019).
‘Decided or divided? An empirical analysis of the decision-making process of
Dutch homeowners for energy renovation measures’. In: Energy Research and
Social Science 58. DOI: 10.1016/j.erss.2019.101284 (cit. on pp. 20, 137).

Brounen, Dirk, Nils Kok, and John M. Quigley (2012). ‘Residential energy use and
conservation: Economics and demographics’. In: European Economic Review
56.5, pp. 931-945. DOI: 10.1016/j.euroecorev.2012.02.007 (cit. on p. 49).

Brozovsky, Johannes, Arild Gustavsen, and Niki Gaitani (Sept. 2021). ‘Zero emission
neighbourhoods and positive energy districts — A state-of-the-art review’. In:
Sustainable Cities and Society 72, p. 103013. por: 10.1016/J.SCS.2021.103013
(cit. on p. 69).

Bruck, Axel, Santiago Diaz Ruano, and Hans Auer (Aug. 2021). ‘A Critical Per-
spective on Positive Energy Districts in Climatically Favoured Regions: An
Open-Source Modelling Approach Disclosing Implications and Possibilities’. In:

162


https://doi.org/10.1287/MKSC.2021.1306
https://doi.org/10.1287/MKSC.2021.1306
https://doi.org/10.1073/pnas.082080899
https://doi.org/10.1073/pnas.082080899
https://doi.org/10.1016/J.ERSS.2018.09.007
https://doi.org/10.3390/en14185724
https://doi.org/10.20508/ijrer.v8i3.7999.g7484
https://doi.org/10.1038/s41560-021-00887-6
https://doi.org/10.1038/s41560-021-00887-6
https://doi.org/10.1016/j.erss.2019.101284
https://doi.org/10.1016/j.euroecorev.2012.02.007
https://doi.org/10.1016/J.SCS.2021.103013
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Energies 2021, Vol. 14, Page 4864 14.16, p. 4864. por: 10.3390 /EN14164864
(cit. on p. 69).

Biichs, Milena and Sylke V. Schnepf (June 2013). ‘Who emits most? Associations
between socio-economic factors and UK households’ home energy, transport,
indirect and total CO2 emissions’. In: Ecological Economics 90, pp. 114-123.
por: 10.1016/J.ECOLECON.2013.03.007 (cit. on p. 49).

Busch, J., K. Roelich, C.S.E. S E Bale, and C. Knoeri (2017). ‘Scaling up local
energy infrastructure; An agent-based model of the emergence of district heating
networks’. In: Energy Policy 100, pp. 170-180. por: 10.1016/j.enpol.2016.10.011
(cit. on pp. 85, 88, 91, 92, 95, 98, 100-106).

Caprioli, Caterina, Marta Bottero, and Elena De Angelis (Oct. 2020). ‘Supporting
policy design for the diffusion of cleaner technologies: A spatial empirical agent-
based model’. In: ISPRS International Journal of Geo-Information 9.10, p. 581.
DoIL: 10.3390/ijgi9100581 (cit. on pp. 83, 84, 94, 98, 102).

Carroll, P., M. Chesser, and P. Lyons (Dec. 2020). ‘Air Source Heat Pumps field
studies: A systematic literature review’. In: Renewable and Sustainable Energy
Reviews 134, p. 110275. 1ssN: 1364-0321. por: 10.1016/J.RSER.2020.110275
(cit. on p. 14).

Castro, Juana, Stefan Drews, Filippos Exadaktylos, and Joél Foramitti (2020). ‘A re-
view of agent-based modeling of climate-energy policy’. In: WIREs Clim Change
11.May 2019, pp. 1-26. DO1: 10.1002/wcc.647 (cit. on pp. 71, 74, 81, 104, 105).

Cattell, Raymond B. (Apr. 1966). ‘The scree test for the number of factors’.
In: Multivariate Behavioral Research 1.2, pp. 245-276. por: 10 . 1207 /
$15327906mbr0102{\__}10 (cit. on p. 41).

Chang, Miguel, Jakob Zink Thellufsen, Behnam Zakeri, Bryn Pickering, Stefan Pfen-
ninger, Henrik Lund, and Poul Alberg @Ostergaard (May 2021). ‘Trends in tools
and approaches for modelling the energy transition’. In: Applied Energy 290,
p. 116731. por: 10.1016/j.apenergy.2021.116731 (cit. on p. 69).

Chen, Xinyu and Zhonghua Gou (Oct. 2022). ‘Bridging the knowledge gap between
energy-saving intentions and behaviours of young people in residential build-
ings’. In: Journal of Building Engineering 57, p. 104932. por: 10.1016/J.JOBE.
2022.104932 (cit. on p. 118).

Chersoni, Giulia, Nives DellaValle, and Magda Fontana (Apr. 2022). ‘Modelling ther-
mal insulation investment choice in the EU via a behaviourally informed agent-
based model’. In: Energy Policy 163, p. 112823. por: 10.1016/J.ENPOL.2022.
112823 (cit. on pp. 5, 28, 115, 136).

Chidiac, S. E., E. J.C. Catania, E. Morofsky, and S. Foo (Aug. 2011). ‘Effectiveness
of single and multiple energy retrofit measures on the energy consumption of
office buildings’. In: Energy 36.8, pp. 5037-5052. por: 10.1016/J.ENERGY .
2011.05.050 (cit. on p. 12).

163


https://doi.org/10.3390/EN14164864
https://doi.org/10.1016/J.ECOLECON.2013.03.007
https://doi.org/10.1016/j.enpol.2016.10.011
https://doi.org/10.3390/ijgi9100581
https://doi.org/10.1016/J.RSER.2020.110275
https://doi.org/10.1002/wcc.647
https://doi.org/10.1207/s15327906mbr0102{\_}10
https://doi.org/10.1207/s15327906mbr0102{\_}10
https://doi.org/10.1016/j.apenergy.2021.116731
https://doi.org/10.1016/J.JOBE.2022.104932
https://doi.org/10.1016/J.JOBE.2022.104932
https://doi.org/10.1016/J.ENPOL.2022.112823
https://doi.org/10.1016/J.ENPOL.2022.112823
https://doi.org/10.1016/J.ENERGY.2011.05.050
https://doi.org/10.1016/J.ENERGY.2011.05.050
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Claudy, Marius C., Claus Michelsen, and Aidan O’Driscoll (Mar. 2011). ‘The dif-
fusion of microgeneration technologies — assessing the influence of perceived
product characteristics on home owners’ willingness to pay’. In: Energy Policy
39.3, pp. 1459-1469. 1SsN: 0301-4215. por: 10.1016/J.ENPOL.2010.12.018 (cit.
on p. 19).

Colasante, Annarita, Idiano D’Adamo, and Piergiuseppe Morone (Mar. 2022). ‘What
drives the solar energy transition? The effect of policies, incentives and behav-
ior in a cross-country comparison’. In: Energy Research & Social Science 85,
p. 102405. por: 10.1016/J.ERSS.2021.102405 (cit. on p. 107).

Conradie, Peter, Emma Martens, Stephanie Van Hove, Bram Van Acker, and Koen
Ponnet (Nov. 2023). ‘Applying an Extended Model of Theory of Planned Be-
haviour to Predict Intent to Perform an Energy Efficiency Renovation in Flan-
ders’. In: Energy and Buildings 298, p. 113532. por: 10.1016 /j.enbuild.2023.
113532 (cit. on pp. 118-120, 192).

Curtis, John, Daire McCoy, and Claudia Aravena (Sept. 2018). ‘Heating system
upgrades: The role of knowledge, socio-demographics, building attributes and
energy infrastructure’. In: Energy Policy 120, pp. 183-196. por: 10.1016/j.enpol.
2018.05.036 (cit. on pp. 23, 55).

Dabiri, Zahra and Thomas Blaschke (Jan. 2019). ‘Scale matters: a survey of the
concepts of scale used in spatial disciplines’. In: European Journal of Remote
Sensing 52.1, pp. 419-435. poI: 10.1080/22797254.2019.1626291 (cit. on p. 101).

De Groote, Olivier, Guido Pepermans, and Frank Verboven (2016). ‘Heterogeneity
in the adoption of photovoltaic systems in Flanders’. In: Energy Economics
59.March, pp. 45-57. DOI: 10.1016/j.eneco.2016.07.008 (cit. on pp. 22-25, 55).

Decker, Thomas and Klaus Menrad (Oct. 2015). ‘House owners’ perceptions and
factors influencing their choice of specific heating systems in Germany’. In:
Energy Policy 85, pp. 150-161. por: 10.1016/j.enpol.2015.06.004 (cit. on pp. 25,
26, 61).

Deffuant, Guillaume, David Neau, Frederic Amblard, and Gérard Weisbuch (Jan.
2000). ‘Mixing beliefs among interacting agents’. In: Advances in Complex Sys-
tems 03.01n04, pp. 87-98. poI: 10.1142/50219525900000078 (cit. on pp. 90, 93,
197).

Derkenbaeva, Erkinai, Solmaria Halleck Vega, Gert Jan Hofstede, and Eveline van
Leeuwen (Jan. 2022). ‘Positive energy districts: Mainstreaming energy transition
in urban areas’. In: Renewable and Sustainable Energy Reviews 153, p. 111782.
DOI: 10.1016/j.rser.2021.111782 (cit. on p. 69).

Derkenbaeva, Erkinai, Gert Jan Hofstede, Eveline van Leeuwen, and Solmaria Hal-
leck Vega (Oct. 2023). ‘Simulating households’ energy transition in Amsterdam:
An agent-based modeling approach’. In: Energy Conversion and Management
294, p. 117566. por: 10.1016/J. ENCONMAN.2023.117566 (cit. on pp. 5, 28,
137).

164


https://doi.org/10.1016/J.ENPOL.2010.12.018
https://doi.org/10.1016/J.ERSS.2021.102405
https://doi.org/10.1016/j.enbuild.2023.113532
https://doi.org/10.1016/j.enbuild.2023.113532
https://doi.org/10.1016/j.enpol.2018.05.036
https://doi.org/10.1016/j.enpol.2018.05.036
https://doi.org/10.1080/22797254.2019.1626291
https://doi.org/10.1016/j.eneco.2016.07.008
https://doi.org/10.1016/j.enpol.2015.06.004
https://doi.org/10.1142/s0219525900000078
https://doi.org/10.1016/j.rser.2021.111782
https://doi.org/10.1016/J.ENCONMAN.2023.117566
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Després, Jacques, Nouredine Hadjsaid, Patrick Criqui, and Isabelle Noirot (2015).
‘Modelling the impacts of variable renewable sources on the power sector: Re-
considering the typology of energy modelling tools’. In: Energy 80, pp. 486—495.
DOI: 10.1016/j.energy.2014.12.005 (cit. on p. 69).

Druckman, A. and T. Jackson (Aug. 2008). ‘Household energy consumption in the
UK: A highly geographically and socio-economically disaggregated model’. In:
Energy Policy 36.8, pp. 3177-3192. por: 10.1016/J. ENPOL.2008.03.021 (cit. on
p. 49).

Du, Hua, Qi Han, Jun Sun, and Bauke de Vries (June 2024). ‘Analysing interven-
tions for energy-efficient appliances and heating & cooling systems adoption:
An agent-based model’. In: Energy for Sustainable Development 80, p. 101449.
DOI: 10.1016/J.ESD.2024.101449 (cit. on pp. 5, 28, 136).

Du, Hua, Qi Han, and Bauke de Vries (Feb. 2022). ‘Modelling energy-efficient ren-
ovation adoption and diffusion process for households: A review and a way
forward’. In: Sustainable Cities and Society 77, p. 103560. po1: 10.1016/J.SCS.
2021.103560 (cit. on pp. 4, 20, 21, 28, 137).

Duggins, Peter (Jan. 2017). ‘A psychologically-motivated model of opinion change
with applications to american politics’. In: JASSS 20.1. DOIL: 10.18564/jasss.3316
(cit. on p. 90).

Ebrahimigharehbaghi, Shima, Queena K Qian, Gerdien de Vries, and Henk J Viss-
cher (June 2021). ‘Identification of the behavioural factors in the decision-
making processes of the energy efficiency renovations: Dutch homeowners’. In:
Building Research & Information, pp. 1-25. por: 10.1080 /09613218 .2021 .
1929808 (cit. on pp. 21-26, 32).

Ebrahimigharehbaghi, Shima, Queena K. Qian, Frits M. Meijer, and Henk J. Viss-
cher (June 2019). ‘Unravelling Dutch homeowners’ behaviour towards energy
efficiency renovations: What drives and hinders their decision-making?’ In: En-
ergy Policy 129, pp. 546-561. 1SsN: 03014215. por: 10.1016/j.enpol.2019.02.046
(cit. on pp. 4, 20, 38, 45).

Ebrahimigharehbaghi, Shima, Queena K. Qian, Frits M. Meijer, and Henk J. Visscher
(May 2020). ‘Transaction costs as a barrier in the renovation decision-making
process: A study of homeowners in the Netherlands’. In: Energy and Buildings
215, p. 109849. por: 10.1016/J.ENBUILD.2020.109849 (cit. on pp. 3, 20).

Ebrahimigharehbaghi, Shima, Queena K. Qian, Gerdien de Vries, and Henk J.
Visscher (Nov. 2022). ‘Municipal governance and energy retrofitting of owner-
occupied homes in the Netherlands’. In: Energy and Buildings 274, p. 112423.
DOI: 10.1016/J.ENBUILD.2022.112423 (cit. on pp. 4, 45, 55).

Engelken, Maximilian, Benedikt Romer, Marcus Drescher, and Isabell Welpe (June
2018). ‘Why homeowners strive for energy self-supply and how policy makers can
influence them’. In: Energy Policy 117, pp. 423-433. po1: 10.1016/J.ENPOL.
2018.02.026 (cit. on pp. 21, 25, 26, 61).

165


https://doi.org/10.1016/j.energy.2014.12.005
https://doi.org/10.1016/J.ENPOL.2008.03.021
https://doi.org/10.1016/J.ESD.2024.101449
https://doi.org/10.1016/J.SCS.2021.103560
https://doi.org/10.1016/J.SCS.2021.103560
https://doi.org/10.18564/jasss.3316
https://doi.org/10.1080/09613218.2021.1929808
https://doi.org/10.1080/09613218.2021.1929808
https://doi.org/10.1016/j.enpol.2019.02.046
https://doi.org/10.1016/J.ENBUILD.2020.109849
https://doi.org/10.1016/J.ENBUILD.2022.112423
https://doi.org/10.1016/J.ENPOL.2018.02.026
https://doi.org/10.1016/J.ENPOL.2018.02.026
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Epstein, Joshua M.. and Robert. Axtell (1996). ‘Growing artificial societies : social
science from the bottom up’. In: p. 208 (cit. on pp. 6, 111).

European Commission (2012). ‘Commission Delegated Regulation (EU) No 244 /2012
of 16 January 2012 supplementing Directive 2010/31/EU of the European Par-
liament and of the Council on the energy performance of buildings by establish-
ing a comparative methodology framework for calculating’. In: Official Journal
of the European Union, p. 28 (cit. on p. 12).

Fagiolo, Giorgio, Chris Birchenhall, and P. Windrum (2007). ‘Empirical validation
in agent-based models: Introduction to the special issue’. In: Computational
Economics 30.3, pp. 189-194. por: 10.1007/s10614-007-9109-z (cit. on p. 105).

Farahani, Abolfazl, Holger Wallbaum, and Jan Olof Dalenbédck (Jan. 2019). ‘The
importance of life-cycle based planning in maintenance and energy renovation
of multifamily buildings’. In: Sustainable Cities and Society 44, pp. 715-725.
por: 10.1016/J.5CS.2018.10.033 (cit. on p. 13).

Felius, Laurina C., Fredrik Dessen, and Bozena Dorota Hrynyszyn (Jan. 2020).
‘Retrofitting towards energy-efficient homes in European cold climates: a re-
view’. In: Energy Efficiency 13.1, pp. 101-125. por: 10.1007/512053-019-09834-
7/TABLES/5 (cit. on p. 11).

Femenfias, Paula, Kristina Mjornell, and Liane Thuvander (Sept. 2018). ‘Rethinking
deep renovation: The perspective of rental housing in Sweden’. In: Journal of
Cleaner Production 195, pp. 1457-1467. por1: 10.1016/J.JCLEPRO.2017.12.282
(cit. on p. 14).

Fernandez-Luzuriaga, Jon, Ivan Flores-Abascal, Luis del Portillo-Valdes, Petr Mariel,
and David Hoyos (Oct. 2022). ‘Accounting for homeowners’ decisions to insu-
late: A discrete choice model approach in Spain’. In: Energy and Buildings 273,
p. 112417. por1: 10.1016/J.ENBUILD.2022.112417 (cit. on pp. 21, 22).

Fonseca, Jimeno A., Thuy An Nguyen, Arno Schlueter, and Francois Marechal (Feb.
2016). ‘City Energy Analyst (CEA): Integrated framework for analysis and op-
timization of building energy systems in neighborhoods and city districts’. In:
Energy and Buildings 113, pp. 202-226. po1: 10.1016/J.ENBUILD.2015.11.055
(cit. on pp. 4, 26, 27).

Fouladvand, J., N. Mouter, A. Ghorbani, and P. Herder (2020). ‘Formation and
continuation of thermal energy community systems: An explorative agent-based
model for the netherlands’. In: Energies 13.11. DOI: 10.3390/en13112829 (cit. on
pp- 85, 91, 95, 100, 102, 103).

Friege, Jonas, Georg Holtz, and Emile J.L. Chappin (Jan. 2016). ‘Exploring Home-
owners’ Insulation Activity’. In: Journal of Artificial Societies and Social Sim-
ulation 19.1. DOIL: 10.18564/jasss.2941 (cit. on pp. 5, 23, 28, 61, 136).

Ghorbani, Amineh, Leonardo Nascimento, and Tatiana Filatova (Dec. 2020). ‘Grow-
ing community energy initiatives from the bottom up: Simulating the role of be-
havioural attitudes and leadership in the Netherlands’. In: Energy Research &

166


https://doi.org/10.1007/s10614-007-9109-z
https://doi.org/10.1016/J.SCS.2018.10.033
https://doi.org/10.1007/S12053-019-09834-7/TABLES/5
https://doi.org/10.1007/S12053-019-09834-7/TABLES/5
https://doi.org/10.1016/J.JCLEPRO.2017.12.282
https://doi.org/10.1016/J.ENBUILD.2022.112417
https://doi.org/10.1016/J.ENBUILD.2015.11.055
https://doi.org/10.3390/en13112829
https://doi.org/10.18564/jasss.2941
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Social Science 70, p. 101782. 1SsN: 2214-6296. po1: 10.1016/J.ERSS.2020.101782
(cit. on pp. 62, 142).

Gillingham, Kenneth, David Rapson, and Gernot Wagner (Jan. 2016). ‘The Rebound
Effect and Energy Efficiency Policy’. In: hitps://doi.org/10.1093/reep/rev017
10.1, pp. 68-88. por: 10.1093/REEP/REV017 (cit. on p. 136).

Giraudet, Louis Gagtan, Céline Guivarch, and Philippe Quirion (Mar. 2012). ‘Explor-
ing the potential for energy conservation in French households through hybrid
modeling’. In: Energy Economics 34.2, pp. 426-445. por: 10.1016/J.ENECO.
2011.07.010 (cit. on p. 27).

Gotts, N.M. M and G. Polhill (2017). ‘Experiments with a model of domestic energy
demand’. In: JASSS 20.3. DOI: 10.18564 /jasss.3467 (cit. on pp. 85, 90, 95, 100,
104).

Graziano, Marcello and Kenneth Gillingham (July 2015). ‘Spatial patterns of solar
photovoltaic system adoption: The influence of neighbors and the built envi-
ronment’. In: Journal of Economic Geography 15.4, pp. 815-839. por1: 10.1093/
JEG/LBUO036 (cit. on pp. 55, 110).

Greening, Lorna A., David L. Greene, and Carmen Difiglio (June 2000). ‘Energy
efficiency and consumption — the rebound effect — a survey’. In: Energy Policy
28.6-7, pp. 389-401. por1: 10.1016/S0301-4215(00)00021-5 (cit. on p. 136).

Grimm, Volker, Uta Berger, Donald L. DeAngelis, J. Gary Polhill, Jarl Giske, and
Steven F. Railsback (2010). ‘The ODD protocol: A review and first update’. In:
Ecological Modelling 221.23, pp. 2760-2768. por: 10.1016/j.ecolmodel.2010.08.
019 (cit. on p. 81).

Grimm, Volker et al. (2006). ‘A standard protocol for describing individual-based
and agent-based models’. In: FEcological Modelling 198.1-2, pp. 115-126. DOI:
10.1016/j.ecolmodel.2006.04.023 (cit. on pp. 81, 82).

Grimm, Volker et al. (2020). ‘The ODD protocol for describing agent-based and
other simulation models: A second update to improve clarity, replication, and
structural realism’. In: JASSS 23.2. poI: 10.18564 /jasss.4259 (cit. on pp. 81,
87).

Halleck Vega, Solmaria, Eveline van Leeuwen, and Nienke van Twillert (Jan. 2022).
‘Uptake of residential energy efficiency measures and renewable energy: Do spa-
tial factors matter?’ In: Energy Policy 160, p. 112659. por: 10.1016/J. ENPOL.
2021.112659 (cit. on pp. 22-25, 38, 50, 55, 60).

Hansen, Paula, Xin Liu, and Gregory M. Morrison (2019). ‘Agent-based modelling
and socio-technical energy transitions: A systematic literature review’. In: FEn-
ergy Research and Social Science 49.June 2018, pp. 41-52. por: 10.1016/j.erss.
2018.10.021 (cit. on pp. 71, 75, 79, 111).

Hecher, Maria, Stefanie Hatzl, Christof Knoeri, and Alfred Posch (Mar. 2017). ‘The
trigger matters: The decision-making process for heating systems in the resi-

167


https://doi.org/10.1016/J.ERSS.2020.101782
https://doi.org/10.1093/REEP/REV017
https://doi.org/10.1016/J.ENECO.2011.07.010
https://doi.org/10.1016/J.ENECO.2011.07.010
https://doi.org/10.18564/jasss.3467
https://doi.org/10.1093/JEG/LBU036
https://doi.org/10.1093/JEG/LBU036
https://doi.org/10.1016/S0301-4215(00)00021-5
https://doi.org/10.1016/j.ecolmodel.2010.08.019
https://doi.org/10.1016/j.ecolmodel.2010.08.019
https://doi.org/10.1016/j.ecolmodel.2006.04.023
https://doi.org/10.18564/jasss.4259
https://doi.org/10.1016/J.ENPOL.2021.112659
https://doi.org/10.1016/J.ENPOL.2021.112659
https://doi.org/10.1016/j.erss.2018.10.021
https://doi.org/10.1016/j.erss.2018.10.021
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

dential building sector’. In: Energy Policy 102, pp. 288-306. por: 10.1016/J.
ENPOL.2016.12.004 (cit. on pp. 21, 25, 26, 115).

Heeren, Niko, Martin Jakob, Gregor Martius, Nadja Gross, and Holger Wallbaum
(Apr. 2013). ‘A component based bottom-up building stock model for compre-
hensive environmental impact assessment and target control’. In: Renewable and
Sustainable Energy Reviews 20, pp. 45-56. por: 10.1016/J.RSER.2012.11.064
(cit. on pp. 4, 26).

Hegselmann, Rainer and Ulrich Krause (2002). ‘Opinion dynamics and bounded
confidence: Models, analysis and simulation’. In: JASSS 5.3 (cit. on p. 90).
Hesselink, Laurens X.W. and Emile J.L. Chappin (2019). ‘Adoption of energy effi-
cient technologies by households — Barriers, policies and agent-based modelling
studies’. In: Renewable and Sustainable Energy Reviews 99.July 2018, pp. 29—
41. por: 10.1016/j.rser.2018.09.031 (cit. on pp. 4, 19, 28, 71-73, 75, 79, 81, 83,

96, 103, 115).

Hinz, Eberhard and Reda Hatteh (2015). ‘Kosten energiesparender Mafinahmen im
Wohngebdudebestand Kosten energierelevanter Bau-und Anlagenteile bei der
energetischen Modernisierung von Altbauten Kosten energierelevanter Bau-und
Anlagenteile bei der energetischen Modernisierung von Altbau-ten-Endb’. In:
URL: www.iwu.de (cit. on p. 114).

Huang, Pei, Benedetta Copertaro, Xingxing Zhang, Jingchun Shen, Isabelle Lofgren,
Mats Ronnelid, Jan Fahlen, Dan Andersson, and Mikael Svanfeldt (Jan. 2020).
‘A review of data centers as prosumers in district energy systems: Renewable
energy integration and waste heat reuse for district heating’. In: Applied Energy
258, p. 114109. por: 10.1016/j.apenergy.2019.114109 (cit. on p. 70).

Huang, W., C.C. C Krejci, M.C. C Dorneich, U. Passe, L. Shenk, and J. Stonewall
(2019). ‘Analyzing residential weatherization decisions using hybrid simulation
modeling’. In: Building Simulation 12.3, pp. 517-534. por1: 10.1007/s12273-019-
0518-4 (cit. on pp. 83, 86, 91, 93, 95-97, 100, 136).

Huckebrink, David and Valentin Bertsch (July 2021). ‘Integrating Behavioural As-
pects in Energy System Modelling—A Review’. In: Energies 2021, Vol. 14, Page
4579 14.15, p. 4579. por: 10.3390/EN14154579 (cit. on pp. 4, 28).

Hummel, M., R. Biichele, A. Miiller, E. Aichinger, J. Steinbach, L. Kranzl, A.
Toleikyte, and S. Forthuber (2021). ‘The costs and potentials for heat savings
in buildings: Refurbishment costs and heat saving cost curves for 6 countries in
Europe’. In: Energy and Buildings 231, p. 110454. pot1: 10.1016/j.enbuild.2020.
110454 (cit. on p. 13).

International Energy Agency (2022b). ‘The Future of Heat Pumps’. In: The Future
of Heat Pumps. DOI: 10.1787/2bd71107-en (cit. on p. 16).

Jaggs, Michael and John Palmer (Feb. 2000). ‘Energy performance indoor environ-
mental quality retrofit — a FEuropean diagnosis and decision making method

168


https://doi.org/10.1016/J.ENPOL.2016.12.004
https://doi.org/10.1016/J.ENPOL.2016.12.004
https://doi.org/10.1016/J.RSER.2012.11.064
https://doi.org/10.1016/j.rser.2018.09.031
www.iwu.de
https://doi.org/10.1016/j.apenergy.2019.114109
https://doi.org/10.1007/s12273-019-0518-4
https://doi.org/10.1007/s12273-019-0518-4
https://doi.org/10.3390/EN14154579
https://doi.org/10.1016/j.enbuild.2020.110454
https://doi.org/10.1016/j.enbuild.2020.110454
https://doi.org/10.1787/2bd71107-en
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

for building refurbishment’. In: Fnergy and Buildings 31.2, pp. 97-101. DOI:
10.1016/S0378-7788(99)00023-7 (cit. on p. 11).

Jennings, Nicholas R. (Mar. 2000). ‘On agent-based software engineering’. In: Ar-
tificial Intelligence 117.2, pp. 277-296. por: 10.1016 /S0004-3702(99)00107-1
(cit. on p. 87).

Jensen, Per Anker, Esmir Maslesa, Jakob Brinkg Berg, and Christian Thuesen (Oct.
2018). ‘10 questions concerning sustainable building renovation’. In: Building
and Environment 143, pp. 130-137. por: 10.1016/J.BUILDENV.2018.06.051
(cit. on p. 14).

Jensen, T. and E.J.L. Chappin (2017). ‘Reducing domestic heating demand: Manag-
ing the impact of behavior-changing feedback devices via marketing’. In: Journal
of Environmental Management 197, pp. 642-655. DO1: 10.1016/j.jenvman.2017.
04.036 (cit. on pp. 83, 84, 90, 93, 94, 96-98, 101, 104, 105).

Jensen, T., G. Holtz, C. Baedeker, and E.J.L. J L Chappin (2016). ‘Energy-efficiency
impacts of an air-quality feedback device in residential buildings: An agent-
based modeling assessment’. In: FEnergy and Buildings 116, pp. 151-163. DOI:
10.1016/j.enbuild.2015.11.067 (cit. on pp. 83, 84, 90, 93, 94, 96, 99, 101, 103—
105).

Jolliffe, Jan T. (1982). ‘A Note on the Use of Principal Components in Regression’.
In: Applied Statistics 31.3, p. 300. DoI: 10.2307/2348005 (cit. on pp. 33, 43).

Kaiser, H. F. (1974). ‘An index of factorial simplicity’. In: Psychometrika 39, pp. 31—
36 (cit. on p. 41).

Kastner, Ingo and Paul C. Stern (2015). ‘Examining the decision-making processes
behind household energy investments: A review’. In: Energy Research and Social
Science 10, pp. 72-89. DOL: 10.1016/j.erss.2015.07.008 (cit. on pp. 3, 4, 21, 32,
120).

Kaya, O., A. M. Klepacka, and W. J. Florkowski (2021). ‘The role of personal and
environmental factors in rural homeowner decision to insulate; an example from
Poland’. In: Renewable and Sustainable Energy Reviews 150.April, p. 111474.
DOL: 10.1016/j.rser.2021.111474 (cit. on pp. 22-24).

Keirstead, James, Mark Jennings, and Aruna Sivakumar (Aug. 2012). ‘A review
of urban energy system models: Approaches, challenges and opportunities’. In:
Renewable and Sustainable Energy Reviews 16.6, pp. 3847-3866. por: 10.1016/
j.rser.2012.02.047 (cit. on pp. 70, 71).

Khansari, Nasrin and Elizabeth Hewitt (Feb. 2020). ‘Incorporating an agent-based
decision tool to better understand occupant pathways to GHG reductions in
NYC buildings’. In: Cities 97, p. 102503. po1: 10.1016/j.cities.2019.102503
(cit. on p. 136).

Kieft, Alco, Robert Harmsen, and Marko P. Hekkert (Feb. 2020). ‘Problems, solu-
tions, and institutional logics: Insights from Dutch domestic energy-efficiency

169


https://doi.org/10.1016/S0378-7788(99)00023-7
https://doi.org/10.1016/S0004-3702(99)00107-1
https://doi.org/10.1016/J.BUILDENV.2018.06.051
https://doi.org/10.1016/j.jenvman.2017.04.036
https://doi.org/10.1016/j.jenvman.2017.04.036
https://doi.org/10.1016/j.enbuild.2015.11.067
https://doi.org/10.2307/2348005
https://doi.org/10.1016/j.erss.2015.07.008
https://doi.org/10.1016/j.rser.2021.111474
https://doi.org/10.1016/j.rser.2012.02.047
https://doi.org/10.1016/j.rser.2012.02.047
https://doi.org/10.1016/j.cities.2019.102503
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

retrofits’. In: Energy Research € Social Science 60, p. 101315. por: 10.1016/J.
ERSS.2019.101315 (cit. on p. 50).

Kieft, Alco, Robert Harmsen, and Marko P. Hekkert (Apr. 2021). ‘Heat pumps in
the existing Dutch housing stock: An assessment of its Technological Innovation
System’. In: Sustainable Energy Technologies and Assessments 44, p. 101064.
porL: 10.1016/J.SETA.2021.101064 (cit. on p. 63).

Kiesling, Elmar, Markus Giinther, Christian Stummer, and Lea M. Wakolbinger
(2012). ‘Agent-based simulation of innovation diffusion: A review’. In: Central
European Journal of Operations Research 20.2, pp. 183-230. por: 10.1007 /
$10100-011-0210-y (cit. on pp. 4, 28, 83, 89, 115).

Klein, Martin, Ulrich J. Frey, and Matthias Reeg (2019). ‘Models within models
— Agent-based modelling and simulation in energy systems analysis’. In: Jasss
22.4. por: 10.18564/jasss.4129 (cit. on p. 69).

Klockner, Christian A. and Alim Nayum (Sept. 2016). ‘Specific barriers and drivers
in different stages of decision-making about energy efficiency upgrades in private
homes’. In: Frontiers in Psychology 7.SEP, p. 1362. Do1: 10.3389/FPSYG.2016.
01362/BIBTEX (cit. on p. 121).

Klockner, Christian A. and Alim Nayum (Dec. 2017). ‘Psychological and structural
facilitators and barriers to energy upgrades of the privately owned building
stock’. In: Energy 140, pp. 1005-1017. po1: 10.1016/J.ENERGY.2017.09.016
(cit. on p. 25).

Kranzl, Lukas, Marcus Hummel, Andreas Miiller, and Jan Steinbach (Aug. 2013).
‘Renewable heating: Perspectives and the impact of policy instruments’. In:
Energy Policy 59, pp. 44-58. por: 10.1016 /J.ENPOL.2013.03.050 (cit. on
pp- 13, 27).

Laes, Erik, Inge Mayeres, Nele Renders, Pieter Valkering, and Stijn Verbeke (2018).
‘How do policies help to increase the uptake of carbon reduction measures in
the EU residential sector? Evidence from recent studies’. In: Renewable and
Sustainable Energy Reviews 94.2018, pp. 234-250. por: 10.1016/j.rser.2018.05.
046 (cit. on p. 17).

Lake, Andrew, Behanz Rezaie, and Steven Beyerlein (Jan. 2017). ‘Review of dis-
trict heating and cooling systems for a sustainable future’. In: Renewable and
Sustainable Energy Reviews 67, pp. 417-425. pol: 10.1016/j.rser.2016.09.061
(cit. on p. 70).

Lang, Ghislaine, Mehdi Farsi, Bruno Lanz, and Sylvain Weber (2021). ‘Energy ef-
ficiency and heating technology investments: Manipulating financial informa-
tion in a discrete choice experiment’. In: Resource and Energy Economics 64,
p. 101231. por: 10.1016/j.reseneeco.2021.101231 (cit. on p. 3).

Lee, Minhyun and Taehoon Hong (Mar. 2019). ‘Hybrid agent-based modeling of
rooftop solar photovoltaic adoption by integrating the geographic information
system and data mining technique’. In: Energy Conversion and Management

170


https://doi.org/10.1016/J.ERSS.2019.101315
https://doi.org/10.1016/J.ERSS.2019.101315
https://doi.org/10.1016/J.SETA.2021.101064
https://doi.org/10.1007/s10100-011-0210-y
https://doi.org/10.1007/s10100-011-0210-y
https://doi.org/10.18564/jasss.4129
https://doi.org/10.3389/FPSYG.2016.01362/BIBTEX
https://doi.org/10.3389/FPSYG.2016.01362/BIBTEX
https://doi.org/10.1016/J.ENERGY.2017.09.016
https://doi.org/10.1016/J.ENPOL.2013.03.050
https://doi.org/10.1016/j.rser.2018.05.046
https://doi.org/10.1016/j.rser.2018.05.046
https://doi.org/10.1016/j.rser.2016.09.061
https://doi.org/10.1016/j.reseneeco.2021.101231
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

183, pp. 266-279. por: 10.1016/j.enconman.2018.12.096 (cit. on pp. 83, 84, 87,
91, 94, 96, 99, 101-103, 105, 106).

Lez-Briones, A.G., F. De La Prieta, M.S. Mohamad, S. Omatu, and J.M. Corchado
(2018). ‘Multi-agent systems applications in energy optimization problems: A
state-of-the-art review’. In: Energies 11.8. DOI: 10.3390/en11081928 (cit. on
p. 71).

Lindenberg, Siegwart and Linda Steg (2007). ‘Normative, Gain and Hedonic Goal
Frames Guiding Environmental Behavior’. In: Journal of Social Issues 63.1,
pp. 117-137 (cit. on p. 90).

Liu, Guo, Kunhui Ye, Yongtao Tan, Zhijia Huang, and Xiaohu Li (2022). ‘Factors
influencing homeowners’ housing renovation decision-making: Towards a holistic
understanding’. In: Energy and Buildings 254, p. 111568. DO1: 10.1016/j.enbuild.
2021.111568 (cit. on p. 32).

MacAl, C. M. and M. J. North (2010). ‘Tutorial on agent-based modelling and
simulation’. In: Journal of Simulation 4.3, pp. 151-162. poI: 10.1057/j0s.2010.3
(cit. on pp. 86, 91, 111).

Mahapatra, Krushna and Leif Gustavsson (Jan. 2010). ‘Adoption of innovative heat-
ing systems-needs and attitudes of Swedish homeowners’. In: Energy Efficiency
3.1, pp. 1-18. por: 10.1007/s12053-009-9057-7 (cit. on pp. 21, 22).

Mahmood, D, N Javaid, I Ahmed, N Alrajeh, I A Niaz, and Z A Khan (2017). ‘Multi-
agent-based sharing power economy for a smart community’. In: International
Journal of Energy Research 41.14, pp. 2074-2090. DO1: 10.1002/er.3768 (cit. on
p. 71).

Mahmoud, Montaser, Mohamad Ramadan, Sumsun Naher, Keith Pullen, Ahmad
Baroutaji, and Abdul Ghani Olabi (Dec. 2020). ‘Recent advances in district
energy systems: A review’. In: Thermal Science and Engineering Progress 20,
p. 100678. po1: 10.1016/j.tsep.2020.100678 (cit. on pp. 70, 101).

Maia, Ind, Lukas Kranzl, and Andreas Miiller (May 2021). ‘New step-by-step
retrofitting model for delivering optimum timing’. In: Applied Energy 290,
p. 116714. por: 10.1016/j.apenergy.2021.116714 (cit. on pp. 13, 138).

Manson, Steven, Li An, Keith C. Clarke, Alison Heppenstall, Jennifer Koch, Brittany
Krzyzanowski, Fraser Morgan, David O’sullivan, Bryan C. Runck, Eric Shook,
and Leigh Tesfatsion (Jan. 2020). ‘Methodological issues of spatial agent-based
models’. In: JASSS 23.1. DOL: 10.18564 /jasss.4174 (cit. on p. 102).

Marique, Anne Frangoise and Sigrid Reiter (2014). ‘A simplified framework to assess
the feasibility of zero-energy at the neighbourhood/community scale’. In: Energy
and Buildings 82, pp. 114-122. por: 10.1016/j.enbuild.2014.07.006 (cit. on
pp. 68, 69).

Marszal, A. J., P. Heiselberg, J. S. Bourrelle, E. Musall, K. Voss, I. Sartori, and
A. Napolitano (Apr. 2011). ‘Zero Energy Building - A review of definitions and

171


https://doi.org/10.1016/j.enconman.2018.12.096
https://doi.org/10.3390/en11081928
https://doi.org/10.1016/j.enbuild.2021.111568
https://doi.org/10.1016/j.enbuild.2021.111568
https://doi.org/10.1057/jos.2010.3
https://doi.org/10.1007/s12053-009-9057-7
https://doi.org/10.1002/er.3768
https://doi.org/10.1016/j.tsep.2020.100678
https://doi.org/10.1016/j.apenergy.2021.116714
https://doi.org/10.18564/jasss.4174
https://doi.org/10.1016/j.enbuild.2014.07.006
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

calculation methodologies’. In: Energy and Buildings 43.4, pp. 971-979. DOI:
10.1016/j.enbuild.2010.12.022 (cit. on p. 68).

Mason, Malia F., Michael 1. Norton, John D. Van Horn, Daniel M. Wegner, Scott
T. Grafton, and C. Neil Macrae (Jan. 2007). ‘Wandering minds: The default
network and stimulus-independent thought’. In: Science 315.5810, pp. 393-395.
DOIL: 10.1126/science.1131295 (cit. on p. 93).

Mastrucci, Alessio, Olivier Baume, Francesca Stazi, and Ulrich Leopold (June 2014).
‘Estimating energy savings for the residential building stock of an entire city: A
GIS-based statistical downscaling approach applied to Rotterdam’. In: Energy
and Buildings 75, pp. 358-367. poI: 10.1016/J.ENBUILD.2014.02.032 (cit. on
p. 27).

Mastrucci, Alessio, Antonino Marvuglia, Ulrich Leopold, and Enrico Benetto (July
2017). ‘Life Cycle Assessment of building stocks from urban to transnational
scales: A review’. In: Renewable and Sustainable Energy Reviews T4, pp. 316—
332. por: 10.1016/J.RSER.2017.02.060 (cit. on p. 27).

Mata, E, A. Sasic Kalagasidis, and F. Johnsson (Nov. 2014). ‘Building-stock aggre-
gation through archetype buildings: France, Germany, Spain and the UK’. In:
Building and Environment 81, pp. 270-282. por: 10.1016/J.BUILDENV.2014.
06.013 (cit. on p. 27).

McKenna, Russell, Erik Merkel, Daniel Fehrenbach, Stephanie Mehne, and Wolf
Fichtner (Apr. 2013). ‘Energy efficiency in the German residential sector:
A bottom-up building-stock-model-based analysis in the context of energy-
political targets’. In: Building and Environment 62, pp. 77-88. bol: 10.1016/j.
buildenv.2013.01.002 (cit. on pp. 4, 26, 27).

Meles, Tensay Hadush and Lisa Ryan (Nov. 2022). ‘Adoption of renewable home
heating systems: An agent-based model of heat pumps in Ireland’. In: Renewable
and Sustainable Energy Reviews 169, p. 112853. DoI: 10.1016/j.rser.2022.112853
(cit. on pp. 5, 28, 136).

Michelsen, Carl Christian and Reinhard Madlener (Sept. 2012). ‘Homeowners’ pref-
erences for adopting innovative residential heating systems: A discrete choice
analysis for Germany’. In: Energy Economics 34.5, pp. 1271-1283. por: 10.
1016/J. ENEC0.2012.06.009 (cit. on pp. 21-26).

Michelsen, Carl Christian and Reinhard Madlener (June 2013). ‘Motivational factors
influencing the homeowners’ decisions between residential heating systems: An
empirical analysis for Germany’. In: Energy Policy 57, pp. 221-233. DOI: 10.
1016/j.enpol.2013.01.045 (cit. on pp. 4, 22, 53).

Middelkoop, Manon van, Kees Vringer, and Hans Visser (2017). ‘Are Dutch residents
ready for a more stringent policy to enhance the energy performance of their
homes?’ In: Energy Policy 105, pp. 269-282. poI: 10.1016/j.enpol.2017.02.050
(cit. on pp. 25, 26).

172


https://doi.org/10.1016/j.enbuild.2010.12.022
https://doi.org/10.1126/science.1131295
https://doi.org/10.1016/J.ENBUILD.2014.02.032
https://doi.org/10.1016/J.RSER.2017.02.060
https://doi.org/10.1016/J.BUILDENV.2014.06.013
https://doi.org/10.1016/J.BUILDENV.2014.06.013
https://doi.org/10.1016/j.buildenv.2013.01.002
https://doi.org/10.1016/j.buildenv.2013.01.002
https://doi.org/10.1016/j.rser.2022.112853
https://doi.org/10.1016/J.ENECO.2012.06.009
https://doi.org/10.1016/J.ENECO.2012.06.009
https://doi.org/10.1016/j.enpol.2013.01.045
https://doi.org/10.1016/j.enpol.2013.01.045
https://doi.org/10.1016/j.enpol.2017.02.050
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

8. References

Mittal, Anuj, C.C. Caroline C. Krejci, and Michael C. Dorneich (Sept. 2019a). ‘An
agent-based approach to designing residential renewable energy systems’. In:
Renewable and Sustainable Energy Reviews 112, pp. 1008-1020. por: 10.1016/
j.rser.2019.06.034 (cit. on pp. 4, 68, 73, 83, 84, 87, 91, 93, 94, 96, 99, 102).

Mittal, Anuj, C.C. Caroline C. Krejci, Michael C. Dorneich, and David Fickes
(2019b). ‘An agent-based approach to modeling zero energy communities’. In:
Solar Energy 191.December 2018, pp. 193—204. Do1: 10.1016/j.solener.2019.08.
040 (cit. on pp. 28, 83, 84, 87, 94, 96, 99, 102).

Mobilia, M, A Petersen, and S Redner (Aug. 2007). ‘On the role of zealotry in
the voter model’. In: Journal of Statistical Mechanics: Theory and Experiment
2007.08, P08029-P08029. por: 10.1088 /1742- 5468 /2007 /08 / p08029 (cit. on
p. 90).

Moglia, Magnus, Stephen Cook, and James McGregor (2017). ‘A review of Agent-
Based Modelling of technology diffusion with special reference to residential
energy efficiency’. In: Sustainable Clities and Society 31, pp. 173-182. por: 10.
1016/j.s¢s.2017.03.006 (cit. on pp. 4, 28, 69, 72, 73, 76, 83).

Moglia, Magnus, Aneta Podkalicka, and James McGregor (June 2018). ‘An agent-
based model of residential energy efficiency adoption’. In: JASSS 21.3. por:
10.18564/jasss.3729 (cit. on pp. 5, 28).

Moncada, J. A., Z. Tao, P. Valkering, F. Meinke-Hubeny, and E. Delarue (Sept.
2021). ‘Influence of distribution tariff structures and peer effects on the adoption
of distributed energy resources’. In: Applied Energy 298, p. 117086. por: 10.1016/
J.APENERGY.2021.117086 (cit. on pp. 4, 28, 115).

Mortensen, A., P. Heiselberg, and M. Knudstrup (Dec. 2016). ‘Identification of key
parameters determining Danish homeowners’ willingness and motivation for en-
ergy renovations’. In: International Journal of Sustainable Built Environment
5.2, pp. 246-268. por: 10.1016/J.1JSBE.2016.09.002 (cit. on pp. 21-23).

Muaafa, M., I. Adjali, P. Bean, R. Fuentes, S.O. O Kimbrough, and F.H. H Murphy
(2017). ‘Can adoption of rooftop solar panels trigger a utility death spiral? A
tale of two U.S. cities’. In: Energy Research and Social Science 34, pp. 154-162.
DOI: 10.1016/j.erss.2017.06.041 (cit. on pp. 83, 84, 92, 94, 96, 99, 102, 105).

Mulder, Peter, Francesco Dalla Longa, and Koen Straver (Feb. 2023). ‘Energy
poverty in the Netherlands at the national and local level: A multi-dimensional
spatial analysis’. In: Energy Research € Social Science 96, p. 102892. DOI: 10.
1016/J.ERSS.2022.102892 (cit. on p. 63).

Miiller, Andreas, Marcus Hummel, Koen Smet, Daniel Grabner, Katharina
Litschauer, Irma Imamovic, Fatma Ece Ozer, and Lukas Kranzl (Aug. 2024).
‘Why renovation obligations can boost social justice and might reduce en-
ergy poverty in a highly decarbonised housing sector’. In: Energy Policy 191,
p. 114168. 1sSN: 0301-4215. por: 10.1016/J.ENPOL.2024.114168 (cit. on p. 18).

173


https://doi.org/10.1016/j.rser.2019.06.034
https://doi.org/10.1016/j.rser.2019.06.034
https://doi.org/10.1016/j.solener.2019.08.040
https://doi.org/10.1016/j.solener.2019.08.040
https://doi.org/10.1088/1742-5468/2007/08/p08029
https://doi.org/10.1016/j.scs.2017.03.006
https://doi.org/10.1016/j.scs.2017.03.006
https://doi.org/10.18564/jasss.3729
https://doi.org/10.1016/J.APENERGY.2021.117086
https://doi.org/10.1016/J.APENERGY.2021.117086
https://doi.org/10.1016/J.IJSBE.2016.09.002
https://doi.org/10.1016/j.erss.2017.06.041
https://doi.org/10.1016/J.ERSS.2022.102892
https://doi.org/10.1016/J.ERSS.2022.102892
https://doi.org/10.1016/J.ENPOL.2024.114168
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Miiller, Birgit, Friedrich Bohn, Gunnar Drefller, Jiirgen Groeneveld, Christian
Klassert, Romina Martin, Maja Schliiter, Jule Schulze, Hanna Weise, and Nina
Schwarz (2013). ‘Describing human decisions in agent-based models - ODD+D,
an extension of the ODD protocol’. In: Environmental Modelling and Software
48, pp. 37-48. por: 10.1016/j.envsoft.2013.06.003 (cit. on p. 89).

Mundaca, Luis, Lena Neij, Ernst Worrell, and Michael McNeil (Nov. 2010). ‘Evaluat-
ing energy efficiency policies with energy-economy models’. In: Annual Review of
Environment and Resources 35.1, pp. 305-344. pDo1: 10.1146 /annurev-environ-
052810-164840. URL: http://www.annualreviews.org/doi/10.1146 /annurev-
environ-052810-164840 (cit. on p. 26).

Nageler, P., R. Heimrath, T. Mach, and C. Hochenauer (Oct. 2019). ‘Prototype
of a simulation framework for georeferenced large-scale dynamic simulations of
district energy systems’. In: Applied Energy 252, p. 113469. por: 10.1016/j.
apenergy.2019.113469 (cit. on p. 70).

Nigeli, Claudio, Abolfazl Farahani, Magnus Osterbring, Jan Olof Dalenbick, and
Holger Wallbaum (Aug. 2019). ‘A service-life cycle approach to maintenance and
energy retrofit planning for building portfolios’. In: Building and Environment
160, p. 106212. por: 10.1016/j.buildenv.2019.106212 (cit. on p. 13).

Négeli, Claudio, M. Jakob, B. Sunarjo, and Giacomo Catenazzi (2015). ‘A building
specific economic building stock model to evaluate energy efficiency and renew-
able energy’. In: por: 10.5075/EPFL-CISBAT2015-877-882 (cit. on p. 27).

Nigeli, Claudio, Martin Jakob, Giacomo Catenazzi, and York Ostermeyer (Mar.
2020). ‘Towards agent-based building stock modeling: Bottom-up modeling of
long-term stock dynamics affecting the energy and climate impact of building
stocks’. In: Energy and Buildings 211, p. 109763. por: 10.1016/j.enbuild.2020.
109763 (cit. on pp. 4, 5, 27, 28).

Nair, Gireesh, Shoaib Azizi, and Thomas Olofsson (Oct. 2017). ‘A management
perspective on energy efficient renovations in Swedish multi-family buildings’.
In: Energy Procedia 132, pp. 994-999. por: 10.1016/J.EGYPRO.2017.09.699
(cit. on p. 62).

Nair, Gireesh, Leif Gustavsson, and Krushna Mahapatra (June 2010a). ‘Factors in-
fluencing energy efficiency investments in existing Swedish residential buildings’.
In: Energy Policy 38.6, pp. 2956-2963. 1ssN: 03014215. por: 10.1016/j.enpol.
2010.01.033 (cit. on pp. 22, 24, 25).

Nair, Gireesh, Leif Gustavsson, and Krushna Mahapatra (July 2010b). ‘Owners
perception on the adoption of building envelope energy efficiency measures in
Swedish detached houses’. In: Applied Energy 87.7, pp. 2411-2419. por: 10.
1016/j.apenergy.2010.02.004 (cit. on pp. 23, 24).

Nair, Gireesh, Krushna Mahapatra, and Leif Gustavsson (Jan. 2012). ‘Implemen-
tation of energy-efficient windows in Swedish single-family houses’. In: Applied

174


https://doi.org/10.1016/j.envsoft.2013.06.003
https://doi.org/10.1146/annurev-environ-052810-164840
https://doi.org/10.1146/annurev-environ-052810-164840
http://www.annualreviews.org/doi/10.1146/annurev-environ-052810-164840
http://www.annualreviews.org/doi/10.1146/annurev-environ-052810-164840
https://doi.org/10.1016/j.apenergy.2019.113469
https://doi.org/10.1016/j.apenergy.2019.113469
https://doi.org/10.1016/j.buildenv.2019.106212
https://doi.org/10.5075/EPFL-CISBAT2015-877-882
https://doi.org/10.1016/j.enbuild.2020.109763
https://doi.org/10.1016/j.enbuild.2020.109763
https://doi.org/10.1016/J.EGYPRO.2017.09.699
https://doi.org/10.1016/j.enpol.2010.01.033
https://doi.org/10.1016/j.enpol.2010.01.033
https://doi.org/10.1016/j.apenergy.2010.02.004
https://doi.org/10.1016/j.apenergy.2010.02.004
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Energy 89.1, pp. 329-338. por: 10.1016/J. APENERGY.2011.07.040 (cit. on
pp- 23, 25, 57).

Nakazato, Naoki, Ulrich Schimmack, and Shigehiro Oishi (Jan. 2011). ‘Effect of
Changes in Living Conditions on Well-Being: A Prospective Top-Down Bottom-
Up Model’. In: Social Indicators Research 100.1, pp. 115-135. por: 10.1007/
S11205-010-9607-6/FIGURES/4 (cit. on p. 51).

Nava Guerrero, G.D.C., G. Korevaar, H.H. Hansen, and Z. Lukszo (2019). ‘Agent-
based modeling of a thermal energy transition in the built environment’. In:
Energies 12.5. DOT: 10.3390/en12050856 (cit. on pp. 86, 95, 96, 98, 100).

Nava-Guerrero, Graciela-del-Carmen, Helle Hvid Hansen, Gijsbert Korevaar, and
Zofia Lukszo (Sept. 2021). ‘The effect of group decisions in heat transitions: An
agent-based approach’. In: Energy Policy 156, p. 112306. po1: 10.1016/j.enpol.
2021.112306 (cit. on pp. 5, 28, 86, 87, 95, 96, 100, 148).

Nematchoua, Modeste Kameni, Antoinette Marie-Reine Nishimwe, and Sigrid Re-
iter (2021). ‘Towards nearly zero-energy residential neighbourhoods in the Eu-
ropean Union : A case study’. In: Renewable and Sustainable Energy Reviews
135.November 2019, p. 110198. po1: 10.1016/j.rser.2020.110198 (cit. on pp. 68,
69).

Newman, M. E. J. (Jan. 2003). ‘The Structure and Function of Complex Net-
works’. In: SIAM Review 45.2, pp. 167-256. 1SSN: 0036-1445. por: 10.1137/
S003614450342480 (cit. on p. 93).

Niamir, L., G. Kiesewetter, F. Wagner, W. Schopp, T. Filatova, A. Voinov, and H.
Bressers (2020). ‘Assessing the macroeconomic impacts of individual behavioral
changes on carbon emissions’. In: Climatic Change 158.2, pp. 141-160. DOI:
10.1007/s10584-019-02566-8 (cit. on pp. 83, 84, 87, 90, 94, 97, 99, 111).

Nunez-Jimenez, Alejandro, Christof Knoeri, Joern Hoppmann, and Volker H. Hoff-
mann (Apr. 2020). ‘Can designs inspired by control theory keep deployment
policies effective and cost-efficient as technology prices fall?’ In: Environmental
Research Letters 15.4, p. 044002. DOL: 10.1088/1748-9326/ab6fbf (cit. on pp. 4,
28).

Oliveira, Rui, Ricardo M.S.F. Almeida, Anténio Figueiredo, and Romeu Vicente
(Nov. 2021). ‘A Case Study on a Stochastic-Based Optimisation Approach to-
wards the Integration of Photovoltaic Panels in Multi-Residential Social Hous-
ing’. In: Energies 2021, Vol. 14, Page 7615 14.22, p. 7615. por: 10.3390/
EN14227615 (cit. on p. 108).

Onwezen, Marleen C., Gerrit Antonides, and Jos Bartels (Dec. 2013). ‘The Norm Ac-
tivation Model: An exploration of the functions of anticipated pride and guilt in
pro-environmental behaviour’. In: Journal of Economic Psychology 39, pp. 141—
153. por: 10.1016/j.joep.2013.07.005 (cit. on p. 90).

Organ, Samantha, David Proverbs, and Graham Squires (May 2013). ‘Motivations
for energy efficiency refurbishment in owner-occupied housing’. In: Structural

175


https://doi.org/10.1016/J.APENERGY.2011.07.040
https://doi.org/10.1007/S11205-010-9607-6/FIGURES/4
https://doi.org/10.1007/S11205-010-9607-6/FIGURES/4
https://doi.org/10.3390/en12050856
https://doi.org/10.1016/j.enpol.2021.112306
https://doi.org/10.1016/j.enpol.2021.112306
https://doi.org/10.1016/j.rser.2020.110198
https://doi.org/10.1137/S003614450342480
https://doi.org/10.1137/S003614450342480
https://doi.org/10.1007/s10584-019-02566-8
https://doi.org/10.1088/1748-9326/ab6fbf
https://doi.org/10.3390/EN14227615
https://doi.org/10.3390/EN14227615
https://doi.org/10.1016/j.joep.2013.07.005
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Survey 31.2, pp. 101-120. por: 10.1108,/02630801311317527/FULL /PDF (cit.
on p. 4).

Osterbring, Magnus, Erika Mata, Liane Thuvander, Mikael Mangold, Filip Johnsson,
and Holger Wallbaum (May 2016). ‘A differentiated description of building-
stocks for a georeferenced urban bottom-up building-stock model’. In: Energy
and Buildings 120, pp. 78-84. por: 10.1016/J.ENBUILD.2016.03.060 (cit. on
p. 27).

Ounis, Safieddine, Niccolo Aste, Federico M. Butera, Claudio Del Pero, Fabrizio
Leonforte, and Rajendra S. Adhikari (May 2022). ‘Optimal Balance between
Heating, Cooling and Environmental Impacts: A Method for Appropriate As-
sessment of Building Envelope’s U-Value’. In: Energies 2022, Vol. 15, Page 3570
15.10, p. 3570. por: 10.3390/EN15103570 (cit. on p. 136).

Paiho, Satu, Jaakko Ketomiéki, Lotta Kannari, Tarja Hakkinen, and Jari Shemeikka
(Apr. 2019). ‘A new procedure for assessing the energy-efficient refurbishment
of buildings on district scale’. In: Sustainable Cities and Society 46. DOIL: 10.
1016/j.scs.2019.101454 (cit. on pp. 68, 70).

Palm, Jenny and Katharina Reindl (Jan. 2018). ‘Understanding barriers to energy-
efficiency renovations of multifamily dwellings’. In: Energy Efficiency 11.1,
pp. 53-65. DOI: 10.1007/s12053-017-9549-9 (cit. on p. 62).

Palmer, J., G. Sorda, and R. Madlener (Oct. 2015). ‘Modeling the diffusion of res-
idential photovoltaic systems in Italy: An agent-based simulation’. In: Tech-
nological Forecasting and Social Change 99, pp. 106-131. po1: 10.1016/J.
TECHFORE.2015.06.011 (cit. on pp. 4, 28).

Pardalis, Georgios, Madis Talmar, and Duygu Keskin (Dec. 2021). ‘To be or not
to be: The organizational conditions for launching one-stop-shops for energy
related renovations’. In: Energy Policy 159, p. 112629. pot: 10.1016/J. ENPOL.
2021.112629 (cit. on p. 66).

Pearce, Phoebe and Raphael Slade (May 2018). ‘Feed-in tariffs for solar microgen-
eration: Policy evaluation and capacity projections using a realistic agent-based
model’. In: Energy Policy 116, pp. 95-111. por: 10.1016/J.ENPOL.2018.01.060
(cit. on pp. 4, 28).

Pettifor, H., C. Wilson, and G. Chryssochoidis (Apr. 2015). ‘The appeal of the
green deal: Empirical evidence for the influence of energy efficiency policy on
renovating homeowners’. In: Energy Policy 79, pp. 161-176. por: 10.1016/J.
ENPOL.2015.01.015 (cit. on p. 20).

Prete, M. Irene, Luigi Piper, Cristian Rizzo, Giovanni Pino, Mauro Capestro, Anto-
nio Mileti, Marco Pichierri, Cesare Amatulli, Alessandro M. Peluso, and Gian-
luigi Guido (June 2017). ‘Determinants of Southern Italian households’ inten-
tion to adopt energy efficiency measures in residential buildings’. In: Journal
of Cleaner Production 153, pp. 83-91. por: 10.1016/J.JCLEPRO.2017.03.157
(cit. on p. 50).

176


https://doi.org/10.1108/02630801311317527/FULL/PDF
https://doi.org/10.1016/J.ENBUILD.2016.03.060
https://doi.org/10.3390/EN15103570
https://doi.org/10.1016/j.scs.2019.101454
https://doi.org/10.1016/j.scs.2019.101454
https://doi.org/10.1007/s12053-017-9549-9
https://doi.org/10.1016/J.TECHFORE.2015.06.011
https://doi.org/10.1016/J.TECHFORE.2015.06.011
https://doi.org/10.1016/J.ENPOL.2021.112629
https://doi.org/10.1016/J.ENPOL.2021.112629
https://doi.org/10.1016/J.ENPOL.2018.01.060
https://doi.org/10.1016/J.ENPOL.2015.01.015
https://doi.org/10.1016/J.ENPOL.2015.01.015
https://doi.org/10.1016/J.JCLEPRO.2017.03.157
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Psacharopoulos, George and Harry Anthony Patrinos (Sept. 2018). ‘Returns to in-
vestment in education: a decennial review of the global literature’. In: Educa-
tion Economics 26.5, pp. 445-458. DOI: 10.1080/09645292.2018.1484426 (cit. on
pp. 52, 62).

Publications Office of the European Union (Feb. 2019). ‘Comprehensive study of
building energy renovation activities and the uptake of nearly zero-energy build-
ings in the EU : final report.” In: DOI: 10.2833/14675 (cit. on p. 3).

Rabani, Mehrdad, Habtamu B. Madessa, and Natasa Nord (Oct. 2017). ‘A state-
of-art review of retrofit interventions in buildings towards nearly zero energy
level’. In: Energy Procedia 134.July 2018, pp. 317-326. DOI: 10.1016/j.egypro.
2017.09.534 (cit. on p. 11).

Rai, V. and S.A. A Robinson (2015). ‘Agent-based modeling of energy technology
adoption: Empirical integration of social, behavioral, economic, and environ-
mental factors’. In: Environmental Modelling and Software 70, pp. 163—177.
DOL: 10.1016/j.envsoft.2015.04.014 (cit. on pp. 4, 28, 73, 82-84, 90, 91, 93, 94,
97, 99, 101-103, 105, 106, 115).

Rai, Varun and Adam Douglas Henry (2016). ‘Agent-based modelling of consumer
energy choices’. In: Nature Climate Change 6.6, pp. 556-562. por: 10.1038/
nclimate2967 (cit. on pp. 69, 71-73, 76, 82).

Réihé, Jouni and Enni Ruokamo (Nov. 2021). ‘Determinants of supplementary heat-
ing system choices and adoption consideration in Finland’. In: Energy and Build-
ings 251, p. 111366. por: 10.1016/j.enbuild.2021.111366 (cit. on pp. 21-24, 26).

Ramshani, M., X. Li, A. Khojandi, and O. Omitaomu (2020). ‘An agent-based ap-
proach to study the diffusion rate and the effect of policies on joint placement
of photovoltaic panels and green roof under climate change uncertainty’. In:
Applied Energy 261. DO1: 10.1016/j.apenergy.2019.114402 (cit. on pp. 83, 84,
95-97, 99, 105).

Reinhart, Christoph F. and Carlos Cerezo Davila (Feb. 2016). ‘Urban building en-
ergy modeling — A review of a nascent field’. In: Building and Environment 97,
pp. 196-202. por: 10.1016/J.BUILDENV.2015.12.001 (cit. on pp. 4, 26).

Ringkjgb, Hans Kristian, Peter M. Haugan, and Ida Marie Solbrekke (2018). ‘A
review of modelling tools for energy and electricity systems with large shares
of variable renewables’. In: Renewable and Sustainable Energy Reviews 96.April
2017, pp. 440-459. por1: 10.1016/j.rser.2018.08.002 (cit. on pp. 69, 81).

Ringler, Philipp, Dogan Keles, and Wolf Fichtner (2016). ‘Agent-based modelling
and simulation of smart electricity grids and markets - A literature review’. In:
Renewable and Sustainable Energy Reviews 57, pp. 205-215. por: 10.1016/j.
rser.2015.12.169 (cit. on pp. 73, 77, 86).

Rose, Jorgen et al. (Sept. 2021). ‘Building renovation at district level — Lessons
learned from international case studies’. In: Sustainable Cities and Society 72,
p. 103037. po1: 10.1016/J.SCS.2021.103037 (cit. on pp. 68, 70).

177


https://doi.org/10.1080/09645292.2018.1484426
https://doi.org/10.2833/14675
https://doi.org/10.1016/j.egypro.2017.09.534
https://doi.org/10.1016/j.egypro.2017.09.534
https://doi.org/10.1016/j.envsoft.2015.04.014
https://doi.org/10.1038/nclimate2967
https://doi.org/10.1038/nclimate2967
https://doi.org/10.1016/j.enbuild.2021.111366
https://doi.org/10.1016/j.apenergy.2019.114402
https://doi.org/10.1016/J.BUILDENV.2015.12.001
https://doi.org/10.1016/j.rser.2018.08.002
https://doi.org/10.1016/j.rser.2015.12.169
https://doi.org/10.1016/j.rser.2015.12.169
https://doi.org/10.1016/J.SCS.2021.103037
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Rosenow, Jan, Florian Kern, and Karoline Rogge (Nov. 2017). ‘The need for com-
prehensive and well targeted instrument mixes to stimulate energy transitions:
The case of energy efficiency policy’. In: Energy Research € Social Science 33,
pp. 95-104. por: 10.1016/J.ERSS.2017.09.013 (cit. on p. 135).

Ruokamo, Enni (Aug. 2016). ‘Household preferences of hybrid home heating systems
— A choice experiment application’. In: Energy Policy 95, pp. 224-237. DOL:
10.1016/J. ENPOL.2016.04.017 (cit. on p. 22).

Sandberg, Nina Holck, Igor Sartori, Magnus I. Vestrum, and Helge Brattebg (July
2017). ‘Using a segmented dynamic dwelling stock model for scenario analysis
of future energy demand: The dwelling stock of Norway 2016-2050’. In: Energy
and Buildings 146, pp. 220-232. por: 10.1016/J. ENBUILD.2017.04.016 (cit. on
pp. 4, 26).

Sartori, Igor, Nina Holck Sandberg, and Helge Brattebg (Nov. 2016). ‘Dynamic build-
ing stock modelling: General algorithm and exemplification for Norway’. In: En-
ergy and Buildings 132, pp. 13-25. 1ssN: 0378-7788. por: 10.1016/J.ENBUILD.
2016.05.098 (cit. on p. 27).

Scheller, Fabian, Séren Graupner, James Edwards, Jann Weinand, and Thomas
Bruckner (Sept. 2022). ‘Competent, trustworthy, and likeable? Exploring which
peers influence photovoltaic adoption in Germany’. In: Energy Research € Social
Science 91, p. 102755. por: 10.1016/j.erss.2022.102755 (cit. on p. 61).

Schiera, D.S. S, F.D. D Minuto, L. Bottaccioli, R. Borchiellini, and A. Lanzini (2019).
‘Analysis of Rooftop Photovoltaics Diffusion in Energy Community Buildings
by a Novel GIS- and Agent-Based Modeling Co-Simulation Platform’. In: IEEFE
Access 7, pp. 93404-93432. por: 10.1109/ACCESS.2019.2927446 (cit. on pp. 83,
85, 95-97, 99, 102, 103).

Schleich, Joachim (Feb. 2019). ‘Energy efficient technology adoption in low-income
households in the European Union — What is the evidence?’ In: Energy Policy
125, pp. 196-206. por: 10.1016/J.ENPOL.2018.10.061 (cit. on pp. 22, 23, 55).

Schéfmann, P, T Zelger, N Bartlmé, S Schneider, J Leibold, and D Bell (2020).
‘Zukunftsquartier Weg zum Plus-Energie-Quartier in Wien’. In: Berichte aus
Energie- und Umuweltforschung. URL: https : / / nachhaltigwirtschaften . at /
resources/sdz_ pdf/schriftenreihe-2020-11-zukunftsquartier.pdf (cit. on p. 69).

Schulte, Emily, Fabian Scheller, Daniel Sloot, and Thomas Bruckner (Feb. 2022). ‘A
meta-analysis of residential PV adoption: the important role of perceived bene-
fits, intentions and antecedents in solar energy acceptance’. In: Energy Research
& Social Science 84, p. 102339. por: 10.1016 /J.ERSS.2021.102339 (cit. on
p. 21).

Schweiger, Gerald, Richard Heimrath, Basak Falay, Keith O’Donovan, Peter Nageler,
Reinhard Pertschy, Georg Engel, Wolfgang Streicher, and Ingo Leusbrock
(Dec. 2018). ‘District energy systems: Modelling paradigms and general-purpose

178


https://doi.org/10.1016/J.ERSS.2017.09.013
https://doi.org/10.1016/J.ENPOL.2016.04.017
https://doi.org/10.1016/J.ENBUILD.2017.04.016
https://doi.org/10.1016/J.ENBUILD.2016.05.098
https://doi.org/10.1016/J.ENBUILD.2016.05.098
https://doi.org/10.1016/j.erss.2022.102755
https://doi.org/10.1109/ACCESS.2019.2927446
https://doi.org/10.1016/J.ENPOL.2018.10.061
https://nachhaltigwirtschaften.at/resources/sdz_pdf/schriftenreihe-2020-11-zukunftsquartier.pdf
https://nachhaltigwirtschaften.at/resources/sdz_pdf/schriftenreihe-2020-11-zukunftsquartier.pdf
https://doi.org/10.1016/J.ERSS.2021.102339
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

tools’. In: Energy 164, pp. 1326-1340. poI: 10.1016/j.energy.2018.08.193 (cit. on
pp. 70, 71).

Senkpiel, Charlotte, Audrey Dobbins, Christina Kockel, Jan Steinbach, Ulrich Fahl,
Farina Wille, Joachim Globisch, Sandra Wassermann, Bert Droste-Franke, Wolf-
gang Hauser, Claudia Hofer, Lars Nolting, and Christiane Bernath (Sept. 2020).
‘Integrating Methods and Empirical Findings from Social and Behavioural Sci-
ences into Energy System Models—Motivation and Possible Approaches’. In:
Energies 2020, Vol. 13, Page 4951 13.18, p. 4951. por: 10.3390/EN13184951
(cit. on pp. 4, 28).

Shaikh, P. H., F. Shaikh, A. A. Sahito, M. A. Uqaili, and Z. Umrani (Jan. 2017).
‘An Overview of the Challenges for Cost-Effective and Energy-Efficient Retrofits
of the Existing Building Stock’. In: Cost-Effective Energy Efficient Building
Retrofitting: Materials, Technologies, Optimization and Case Studies, pp. 257—
278. por: 10.1016/B978-0-08-101128-7.00009-5 (cit. on p. 12).

Si, Hongyun, Jian Gang Shi, Daizhong Tang, Shiping Wen, Wei Miao, and Kaifeng
Duan (Aug. 2019). ‘Application of the Theory of Planned Behavior in Envi-
ronmental Science: A Comprehensive Bibliometric Analysis’. In: International
Journal of Environmental Research and Public Health 2019, Vol. 16, Page 2788
16.15, p. 2788. por: 10.3390/IJERPH16152788 (cit. on p. 136).

Sopha, Bertha Maya, Christian A. Klockner, and Edgar G. Hertwich (2013). ‘Adop-
tion and diffusion of heating systems in Norway: Coupling agent-based modeling
with empirical research’. In: Environmental Innovation and Societal Transitions
8, pp. 42-61. por: 10.1016/j.eist.2013.06.001 (cit. on pp. 5, 28, 136).

Stadelmann, Martin and Paula Castro (Nov. 2014). ‘Climate policy innovation in the
South — Domestic and international determinants of renewable energy policies
in developing and emerging countries’. In: Global Environmental Change 29,
pp. 413-423. por: 10.1016/J.GLOENVCHA.2014.04.011 (cit. on p. 135).

Strang, David and Sarah A. Soule (1998). ‘Diffusion in organizations and social
movements: From Hybrid Corn to Poison Pills’. In: Annual Review of Sociology
24, pp. 265-290. 1SsN: 03600572. DOI: 10.1146 /annurev.soc.24.1.265 (cit. on
p. 83).

Streicher, Kai Nino, Stefan Mennel, Jonathan Chambers, David Parra, and Martin
K. Patel (2020). ‘Cost-effectiveness of large-scale deep energy retrofit packages
for residential buildings under different economic assessment approaches’. In:
Energy and Buildings 215, p. 109870. DOI: 10.1016/j.enbuild.2020.109870 (cit.
on pp. 12, 13).

Tomicic, I. and M. Schatten (2016). ‘A Case Study on Renewable Energy Manage-
ment in an Eco-Village Community in Croatia 4€“ An Agent Based Approach’.
In: International Journal of Renewable Energy Research 6.v6i4, pp. 1307-1317.
I1SSN: 13090127. por: 10.20508/ijrer.v6i4.4513.g6919 (cit. on p. 71).

179


https://doi.org/10.1016/j.energy.2018.08.193
https://doi.org/10.3390/EN13184951
https://doi.org/10.1016/B978-0-08-101128-7.00009-5
https://doi.org/10.3390/IJERPH16152788
https://doi.org/10.1016/j.eist.2013.06.001
https://doi.org/10.1016/J.GLOENVCHA.2014.04.011
https://doi.org/10.1146/annurev.soc.24.1.265
https://doi.org/10.1016/j.enbuild.2020.109870
https://doi.org/10.20508/ijrer.v6i4.4513.g6919
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Torabi Moghadam, Sara, Chiara Delmastro, Stefano Paolo Corgnati, and Patrizia
Lombardi (Nov. 2017). ‘Urban energy planning procedure for sustainable devel-
opment in the built environment: A review of available spatial approaches’. In:
Journal of Cleaner Production 165, pp. 811-827. por: 10.1016/J.JCLEPRO.
2017.07.142 (cit. on pp. 4, 26).

Trotta, Gianluca (Mar. 2018a). ‘Factors affecting energy-saving behaviours and
energy efficiency investments in British households’. In: Energy Policy 114,
pp. 529-539. por: 10.1016/J. ENPOL.2017.12.042 (cit. on pp. 32, 49).

Trotta, Gianluca (Sept. 2018b). ‘The determinants of energy efficient retrofit invest-
ments in the English residential sector’. In: Energy Policy 120, pp. 175-182.
DOI: 10.1016/J.ENPOL.2018.05.024 (cit. on pp. 22-24, 55).

Urge-Vorsatz, Diana, Aleksandra Novikova, Sonja Koppel, and Benigna Boza-Kiss
(May 2009). ‘Bottom-up assessment of potentials and costs of CO2 emission
mitigation in the buildings sector: Insights into the missing elements’. In: Energy
Efficiency 2.4, pp. 293-316. po1: 10.1007/512053-009-9051-0/ TABLES/5 (cit.
on p. 134).

Urge-Vorsatz, Diana and Sergio Tirado Herrero (Oct. 2012). ‘Building synergies
between climate change mitigation and energy poverty alleviation’. In: FEnergy
Policy 49, pp. 83-90. por: 10.1016/J.ENPOL.2011.11.093 (cit. on p. 20).

Wabhi, P., T. Konstantinou, M. Tenpierik, and H. Visscher (2022). ‘Requirements for
renovating residential buildings in the Netherlands towards lower temperature
supply from district heating.” In: TOP Conference Series: Earth and Environ-
mental Science 1085.1, 33DUMMY. por: 10.1088/1755-1315/1085/1/012031
(cit. on p. 113).

Wang, Zhaohua, Qingyu Sun, Bo Wang, and Bin Zhang (Nov. 2019). ‘Purchasing
intentions of Chinese consumers on energy-efficient appliances: Is the energy
efficiency label effective?” In: Journal of Cleaner Production 238, p. 117896.
DoI: 10.1016/J.JCLEPRO.2019.117896 (cit. on p. 120).

Watkins, Marley W. (Apr. 2018). ‘Exploratory Factor Analysis: A Guide to Best
Practice’. In: Journal of Black Psychology 44.3, pp. 219-246. por: 10.1177/
0095798418771807 (cit. on p. 43).

Weidlich, Anke and Daniel Veit (2008). ‘A critical survey of agent-based wholesale
electricity market models’. In: Energy Economics 30.4, pp. 1728-1759. pDOI: 10.
1016/j.eneco0.2008.01.003 (cit. on pp. 72, 73, 77).

Weiss, Martin, Lars Dittmar, Martin Junginger, Martin K. Patel, and Kornelis Blok
(Aug. 2009). ‘Market diffusion, technological learning, and cost-benefit dynamics
of condensing gas boilers in the Netherlands’. In: Energy Policy 37.8, pp. 2962—
2976. por: 10.1016/J. ENPOL.2009.03.038 (cit. on p. 194).

Willis, Ken, Riccardo Scarpa, Rose Gilroy, and Neveen Hamza (Oct. 2011). ‘Renew-
able energy adoption in an ageing population: Heterogeneity in preferences for

180


https://doi.org/10.1016/J.JCLEPRO.2017.07.142
https://doi.org/10.1016/J.JCLEPRO.2017.07.142
https://doi.org/10.1016/J.ENPOL.2017.12.042
https://doi.org/10.1016/J.ENPOL.2018.05.024
https://doi.org/10.1007/S12053-009-9051-0/TABLES/5
https://doi.org/10.1016/J.ENPOL.2011.11.093
https://doi.org/10.1088/1755-1315/1085/1/012031
https://doi.org/10.1016/J.JCLEPRO.2019.117896
https://doi.org/10.1177/0095798418771807
https://doi.org/10.1177/0095798418771807
https://doi.org/10.1016/j.eneco.2008.01.003
https://doi.org/10.1016/j.eneco.2008.01.003
https://doi.org/10.1016/J.ENPOL.2009.03.038
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

micro-generation technology adoption’. In: Energy Policy 39.10, pp. 6021-6029.
DOI: 10.1016/J.ENPOL.2011.06.066 (cit. on p. 61).

Wilson, C., L. Crane, and G. Chryssochoidis (May 2015). ‘Why do homeowners reno-
vate energy efficiently? Contrasting perspectives and implications for policy’. In:
Energy Research & Social Science 7, pp. 12-22. por: 10.1016/j.erss.2015.03.002
(cit. on pp. 4, 23, 32, 61, 115, 134).

Wilson, C., H. Pettifor, and G. Chryssochoidis (Feb. 2018). ‘Quantitative modelling
of why and how homeowners decide to renovate energy efliciently’. In: Applied
Energy 212, pp. 1333-1344. por: 10.1016/j.apenergy.2017.11.099 (cit. on pp. 4,
20).

Yasir, Muhammad, Maryam Martin Purvis, Maryam Martin Purvis, and
B.T.R. Bastin Tony Roy B.T.R. Savarimuthu (May 2018). ‘Complementary-
based coalition formation for energy microgrids’. In: Computational Intelligence
34.2, pp. 679-712. por: 10.1111/coin.12171 (cit. on p. 71).

Yilmaz, Levent (2006). ‘Validation and verification of social processes within agent-
based computational organization models’. In: Computational and Mathematical
Organization Theory 12.4, pp. 283-312. por: 10.1007/s10588-006-8873-y (cit.
on p. 106).

Yue, T., R. Long, H. Chen, J. Liu, H. Liu, and Y. Gu (2020). ‘Energy-saving behavior
of urban residents in China: A multi-agent simulation’. In: Journal of Cleaner
Production 252. DO1: 10.1016/j.jclepro.2019.119623 (cit. on pp. 86, 91, 92, 95,
97, 100, 101).

Zarei, M. and M. Maghrebi (2020a). ‘Improving Efficiency of Normative Interven-
tions by Characteristic-Based Selection of Households: An Agent-Based Ap-
proach’. In: Journal of Computing in Civil Engineering 34.1. po1: 10.1061/
(ASCE)CP.1943-5487.0000860 (cit. on pp. 72, 83, 86, 90, 93, 95, 97, 101, 106).

Zarei, M. and M. Maghrebi (2020b). ‘Targeted selection of participants for energy
efficiency programs using genetic agent-based (GAB) framework’. In: Energy
Efficiency 13.5, pp. 823-833. DOL: 10.1007/s12053-020-09841-7 (cit. on pp. 72,
86, 93, 96, 97, 101).

Zarei, Mohammad and Mojtaba Maghrebi (Dec. 2021). ‘Investigating Opinion Dy-
namics Models in Agent-Based Simulation of Energy Eco-Feedback Programs’.
In: poI: 10.48550/arXiv.2112.12063 (cit. on p. 197).

Zhang, Haifeng and Yevgeniy Vorobeychik (2019). ‘Empirically grounded agent-
based models of innovation diffusion: a critical review’. In: Artificial Intelligence
Review 52.1, pp. 707-741. po1: 10.1007/s10462-017-9577-2 (cit. on pp. 4, 28,
83, 89, 91, 103, 105).

Zhang, Nan, Yujie Lu, Jiayu Chen, and Bon Gang Hwang (Sept. 2022). ‘An agent-
based diffusion model for Residential Photovoltaic deployment in Singapore:
Perspective of consumers’ behaviour’. In: Journal of Cleaner Production 367,
p. 132793. por: 10.1016/J.JCLEPRO.2022.132793 (cit. on pp. 4, 28).

181


https://doi.org/10.1016/J.ENPOL.2011.06.066
https://doi.org/10.1016/j.erss.2015.03.002
https://doi.org/10.1016/j.apenergy.2017.11.099
https://doi.org/10.1111/coin.12171
https://doi.org/10.1007/s10588-006-8873-y
https://doi.org/10.1016/j.jclepro.2019.119623
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000860
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000860
https://doi.org/10.1007/s12053-020-09841-z
https://doi.org/10.48550/arXiv.2112.12063
https://doi.org/10.1007/s10462-017-9577-z
https://doi.org/10.1016/J.JCLEPRO.2022.132793
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Zhang, T., P.-O. Siebers, and U. Aickelin (2016). ‘Simulating user learning in au-
thoritative technology adoption: An agent based model for council-led smart
meter deployment planning in the UK’. In: Technological Forecasting and Social
Change 106, pp. 74-84. por1: 10.1016/j.techfore.2016.02.009 (cit. on pp. 83, 85,
87, 90, 95, 97, 98, 100, 101).

Zhao, Jiayun, Esfandyar Mazhari, Nurcin Celik, and Young Jun Son (Nov. 2011).
‘Hybrid agent-based simulation for policy evaluation of solar power generation
systems’. In: Simulation Modelling Practice and Theory 19.10, pp. 2189-2205.
por: 10.1016/J.SIMPAT.2011.07.005 (cit. on pp. 4, 28).

Zhou, Zhi, Wai Kin Chan, and Joe H. Chow (Dec. 2007). ‘Agent-based simulation
of electricity markets: A survey of tools’. In: Artificial Intelligence Review 28.4,
pp. 305-342. por: 10.1007/s10462-009-9105-x (cit. on p. 78).

Conference Papers

Fowlie, Meredith, Michael Greenstone, and Catherine Wolfram (2015). ‘Are the non-
monetary costs of energy efficiency investments large? understanding low take
up of a free energy efficiency program’. In: American Economic Review. Vol. 105.
5, pp. 201-204. por: 10.1257/aer.p20151011 (cit. on p. 3).

Maia, Ind and Lukas Kranzl (2019). ‘Building renovation passports : an instrument
to bridge the gap between building stock decarbonisation targets and real ren-
ovation processes’. In: eceee 2019 Summer Study (cit. on p. 117).

McLaughlin, C. and S. Stephens (2015). ‘The theory of planned behavior: the so-
cial media intentions of SMEs’. In: 2015 Irish Academy of Management (IAM)
Annual Conference, NUI Galway, pp. 1-30. URL: https://www.researchgate.
net/publication/330412288_The_ theory_ of planned_ behavior_the_ social__
media_ intentions_of SMEs (cit. on p. 136).

Mehta, P., D. Griego, A. Nunez-Jimenez, and A. Schlueter (2019). ‘The Impact of
self-consumption regulation on individual and community solar PV adoption in
Switzerland: An agent-based model’. In: Journal of Physics: Conference Series.
Vol. 1343. 1. ["Department of Architecture et al. Do1: 10.1088/1742-6596,/1343/
1/012143 (cit. on pp. 83, 84, 87, 94, 96, 97, 99, 105).

Preisler, T., T. Dethlefs, W. Renz, I. Dochev, H. Seller, and I. Peters (2017). ‘Towards
an agent-based simulation of building stock development for the city of ham-
burg’. In: Proceedings of the 2017 Federated Conference on Computer Science
and Information Systems, FedCSIS 2017. ["Faculty of Engineering and Com-
puter Science, Hamburg University of Applied Sciences, Berliner Tor 7, Ham-
burg, 20099, Germany", "Technical Urban Infrastructure Systems, HafenCity

182


https://doi.org/10.1016/j.techfore.2016.02.009
https://doi.org/10.1016/J.SIMPAT.2011.07.005
https://doi.org/10.1007/s10462-009-9105-x
https://doi.org/10.1257/aer.p20151011
https://www.researchgate.net/publication/330412288_The_theory_of_planned_behavior_the_social_media_intentions_of_SMEs
https://www.researchgate.net/publication/330412288_The_theory_of_planned_behavior_the_social_media_intentions_of_SMEs
https://www.researchgate.net/publication/330412288_The_theory_of_planned_behavior_the_social_media_intentions_of_SMEs
https://doi.org/10.1088/1742-6596/1343/1/012143
https://doi.org/10.1088/1742-6596/1343/1/012143
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

University Hamburg, Uberseeallee 16, Hamburg, 20457, Germany'], pp. 317
326. por: 10.15439/2017F271 (cit. on pp. 83, 86, 87, 92, 95, 97, 100, 101).
Schneider, Simon, Nadja Bartlmé, Jens Leibold, Petra Schéfmann, Momir
Tabakovic, and Thomas Zelger (2019). ‘New Assessment Method for Buildings
and Districts towards “Net Zero Energy Buildings” Compatible with the En-
ergy Scenario 2050’. In: REAL CORP 2019, 24th International Conference on
Urban Development, Regional Planning and Information Society, pp. 511-520.

URL: https://repository.corp.at/567/ (cit. on p. 68).

StieB, Immanuel and Elisa Dunkelberg (June 2013). ‘Objectives, barriers and occa-
sions for energy efficient refurbishment by private homeowners’. In: Journal of
Cleaner Production. Vol. 48. Elsevier, pp. 250-259. por: 10.1016/j.jclepro.2012.
09.041 (cit. on p. 121).

Other sources

AAglas (n.d.). HR Glass - The difference between HR, HR+, HR++ and HR+++
glass. URL: https:/ /en.aaglas.nl /alles- over - glas / het - verschil - tussen -
verschillende-soorten-hr-glas (cit. on p. 113).

Agence nationale de 'habitat (2024). Les aides financiéres en 2024. Tech. rep. (cit.
on pp. 61, 142).

Allwood, Julian M et al. (2014). Annex I. Glossary, Acronyms and Chemical Symbols.
In: In: Climate Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Tech. rep. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA. URL: https://www.ipcc.ch/site/
assets/uploads,/2018/02/ipcc_wg3__ar5__annex-i.pdf (cit. on p. 70).

Atlantic Refrigeration and Air Conditioning, Inc. (n.d.). How Long Can I Expect
My Boiler to Last? URL: https://www.atlanticrefrigeration.com/blog/heating-
service/how-long-can-expect-boiler-last/ (cit. on p. 195).

Baranzini, Andrea, Stefano Carattini, and Martin Peclat (2017). ‘What drives social
contagion in the adoption of solar photovoltaic technology’. URL: https://ideas.
repec.org/p/lsg/lsgwps/wp270.html (cit. on p. 60).

Baukosteninformationszentrum Deutscher Architektenkammern (BKI) (2023). Ak-
tueller Baupreisindex € Daten aus vorherigen Jahren. URL: https://bki.de/
baupreisindex (cit. on p. 114).

Bellini, Emiliano (2021). Massive plan for hybrid heat pump deployment in the
Netherlands. URL: https://www.pv-magazine.com /2021 /04 /23 / massive-
plan-for-hybrid-heat- pump-deployment-in-the-netherlands/ (cit. on p. 121).

183


https://doi.org/10.15439/2017F271
https://repository.corp.at/567/
https://doi.org/10.1016/j.jclepro.2012.09.041
https://doi.org/10.1016/j.jclepro.2012.09.041
https://en.aaglas.nl/alles-over-glas/het-verschil-tussen-verschillende-soorten-hr-glas
https://en.aaglas.nl/alles-over-glas/het-verschil-tussen-verschillende-soorten-hr-glas
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_annex-i.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_annex-i.pdf
https://www.atlanticrefrigeration.com/blog/heating-service/how-long-can-expect-boiler-last/
https://www.atlanticrefrigeration.com/blog/heating-service/how-long-can-expect-boiler-last/
https://ideas.repec.org/p/lsg/lsgwps/wp270.html
https://ideas.repec.org/p/lsg/lsgwps/wp270.html
https://bki.de/baupreisindex
https://bki.de/baupreisindex
https://www.pv-magazine.com/2021/04/23/massive-plan-for-hybrid-heat-pump-deployment-in-the-netherlands/
https://www.pv-magazine.com/2021/04/23/massive-plan-for-hybrid-heat-pump-deployment-in-the-netherlands/
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Carr, Steven (2001). Principal Components Analysis. URL: https://www.mun.ca/
biology /scarr/2900__PCA__ Analysis.htm (cit. on p. 43).

CivilNode (2018). DIN EN ISO 52000-1: Energy Performance of Buildings - Over-
arching EPB Assessment - Part 1: General Framework and Procedures (1SO
52000-1: 2017) - CiwilNode. URL: https://civilnode.com /download-standard /
10654246374394 / din - en - iso - 52000 - 1 - energy - performance - of - buildings -
overarching-epb-assessment-part- 1-general-framework (cit. on p. 14).

Cornelisee, M, A. F. Kruithof, and H.J.J Valk (2021). Rapport standaard en
streefwaardes bestaande - Referentie warmtevraag bestaande bouw. Tech. rep.
URL: https://www.nieman.nl / wp - content / uploads / 2021 / 03 / rapport -
standaard- en- streefwaarden- bestaande- woningbouw - nieman- raadgevend- in.
pdf (cit. on p. 112).

Cruchten, Gerelle van (2020). Implementation of the EPBD in the Netherlands.
Status in 2020. URL: https://epbd-ca.eu/wp- content /uploads /2021 /12/
Implementation-of-the- EPBD-in-The-Netherlands-2020.pdf (cit. on p. 114).

Dijksterhuis, Robert (2021). Renovation Strategy of the Netherlands. URL: https:
/ /enr-network.org /wp-content /uploads / Long- Term- Renovation- Strategy- of-
the-Netherlands-feb-2021-gecomprimeerd.pdf (cit. on p. 32).

EnBW (2024). KfW-Effizienzhaus: Forderung vom Staat nutzen. URL: https:/ /www.
enbw . com / blog / wohnen / modernisieren - und - bauen / kfw - effizienzhaus - so-
nutzen-sie-die-foerderung-vom-staat/ (cit. on p. 13).

Enerdata (2021). Residential buildings: Energy Efficiency & Consumption evolution
in Furope. URL: https://www.enerdata.net /publications /executive- briefing /
households-energy-efficiency.html (cit. on p. 31).

Energiesprong (2024). Global Energiesprong Alliance explained. URL: https: / /
energiesprong.org/about/ (cit. on p. 13).

ENERGY STAR (2024). Improved Home Insulation Helps a Heat Pump Perform
Better. URL: https://www.energystar.gov /products/ask-the-experts/improved-
home-insulation-helps-heat-pump-perform-better (cit. on p. 14).

European Commission (2020). Communication from the commission to the European
parliament, the council, the European economic and social committee and the
committee of the regions. URL: https://eur-lex.europa.eu/legal-content /EN/
TXT/?qid=1603122220757&uri=CELEX:52020DC0662 (cit. on p. 3).

European Commission (2023). Energy performance of buildings directive. URL: https:
/ / energy.ec.europa.eu / topics / energy- efficiency / energy - efficient - buildings /
energy-performance-buildings-directive__en (cit. on p. 32).

European Commission (2024). Energy Performance of Buildings Directive. URL:
https: / / energy. ec. europa . eu / topics / energy - efficiency / energy - efficient -
buildings/energy-performance-buildings-directive__en (cit. on pp. 3, 16).

European Construction Costs (ECC) (2024). Cost Index. URL: https : / /
constructioncosts.eu/cost-index/ (cit. on p. 114).

184


https://www.mun.ca/biology/scarr/2900_PCA_Analysis.htm
https://www.mun.ca/biology/scarr/2900_PCA_Analysis.htm
https://civilnode.com/download-standard/10654246374394/din-en-iso-52000-1-energy-performance-of-buildings-overarching-epb-assessment-part-1-general-framework
https://civilnode.com/download-standard/10654246374394/din-en-iso-52000-1-energy-performance-of-buildings-overarching-epb-assessment-part-1-general-framework
https://civilnode.com/download-standard/10654246374394/din-en-iso-52000-1-energy-performance-of-buildings-overarching-epb-assessment-part-1-general-framework
https://www.nieman.nl/wp-content/uploads/2021/03/rapport-standaard-en-streefwaarden-bestaande-woningbouw-nieman-raadgevend-in.pdf
https://www.nieman.nl/wp-content/uploads/2021/03/rapport-standaard-en-streefwaarden-bestaande-woningbouw-nieman-raadgevend-in.pdf
https://www.nieman.nl/wp-content/uploads/2021/03/rapport-standaard-en-streefwaarden-bestaande-woningbouw-nieman-raadgevend-in.pdf
https://epbd-ca.eu/wp-content/uploads/2021/12/Implementation-of-the-EPBD-in-The-Netherlands-2020.pdf
https://epbd-ca.eu/wp-content/uploads/2021/12/Implementation-of-the-EPBD-in-The-Netherlands-2020.pdf
https://enr-network.org/wp-content/uploads/Long-Term-Renovation-Strategy-of-the-Netherlands-feb-2021-gecomprimeerd.pdf
https://enr-network.org/wp-content/uploads/Long-Term-Renovation-Strategy-of-the-Netherlands-feb-2021-gecomprimeerd.pdf
https://enr-network.org/wp-content/uploads/Long-Term-Renovation-Strategy-of-the-Netherlands-feb-2021-gecomprimeerd.pdf
https://www.enbw.com/blog/wohnen/modernisieren-und-bauen/kfw-effizienzhaus-so-nutzen-sie-die-foerderung-vom-staat/
https://www.enbw.com/blog/wohnen/modernisieren-und-bauen/kfw-effizienzhaus-so-nutzen-sie-die-foerderung-vom-staat/
https://www.enbw.com/blog/wohnen/modernisieren-und-bauen/kfw-effizienzhaus-so-nutzen-sie-die-foerderung-vom-staat/
https://www.enerdata.net/publications/executive-briefing/households-energy-efficiency.html
https://www.enerdata.net/publications/executive-briefing/households-energy-efficiency.html
https://energiesprong.org/about/
https://energiesprong.org/about/
https://www.energystar.gov/products/ask-the-experts/improved-home-insulation-helps-heat-pump-perform-better
https://www.energystar.gov/products/ask-the-experts/improved-home-insulation-helps-heat-pump-perform-better
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1603122220757&uri=CELEX:52020DC0662
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1603122220757&uri=CELEX:52020DC0662
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://constructioncosts.eu/cost-index/
https://constructioncosts.eu/cost-index/
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

European Heat Pump Association (2023a). 110,000 new heat pumps installed in 2022
in the Netherlands. URL: https://www.ehpa.org/news-and-resources/news/
110000-new- heat-pumps-installed-in-2022-in-the-netherlands/ (cit. on p. 121).

European Heat Pump Association (2023b). Heat pump sales falling, risking €7 bil-
lion in investments. URL: https://www.ehpa.org/news-and-resources/press-
releases / heat - pump- sales- falling- risking - e7- billion- in- investments,/ (cit. on
p. 121).

European Heat Pump Association (2023c). Which countries are scrapping fossil fuel
heaters? Update. URL: https://www.ehpa.org/news-and-resources/news/which-
countries-are-ending-fossil-fuel-heaters/ (cit. on pp. 18, 19).

European Heat Pump Association (2024a). Dutch heat pump industry responds to
cancellation of 2026 legislation. URL: https://www .ehpa.org /news- and -
resources/ press-releases/dutch-heat- pump-industry-responds- to-cancellation-
of-2026-legislation/ (cit. on pp. 19, 110).

European Heat Pump Association (2024b). Market data. URL: https://www.ehpa.
org/market-data/ (cit. on pp. 14, 15, 18).

Eurostat (2023a). Glossary:Degree of urbanisation - Statistics Ezplained. URL: https:
/ / ec.europa.eu / eurostat / statistics - explained / index . php 7 title = Glossary :
Degree_of urbanisation (cit. on p. 70).

Eurostat (2023b). Housing in Europe — 2023 edition. URL: https://ec.europa.eu/
eurostat/web /interactive-publications/housing-2023 (cit. on pp. 3, 110).

Eurostat (2024). Data Browser. Energy statistics - prices of natural gas and electric-
ity (nrg_price). URL: https://ec.europa.eu/eurostat/databrowser/explore/all/
envir?lang=en&subtheme=nrg.nrg_ price&display=list&sort=category (cit. on
p. 114).

eurostat (2021). House or flat — owning or renting. URL: https://ec.europa.eu/
eurostat/cache/digpub/housing/bloc-la.html?lang=en (cit. on p. 31).

Geschiéftsstelle Schweiz Hauptstadtregion (2020). Konzept. FEckpunkte wvon
Plusenergie-Quartieren. URL: https://plusenergiequartier.ch/konzept/ (cit. on
p. 69).

Government of the Netherlands (Rijksoverheid) (2020). National long-term renova-
tion strategy. Tech. rep. March. URL: https://energy.ec.europa.eu/system/files/
2020-04/nl_2020_ltrs_en_ 0.pdf (cit. on p. 32).

Gilinther, Danny, Jeannette Wapler, Robert Langern, Sebastian Helmling, Marek
Miara, David Fischer, Dirk Zimmermann, Tobias Wolf, and Bernhard Wille-
Hausmann (2020). Abschlussbericht: Warmepumpen in Bestandsgebiuden -
Ergebnisse aus dem Forschungsprojekt WPsmart im Bestand. Tech. rep., p. 258.
URL: https://shorturl.at/7HPiP (cit. on p. 193).

IEA (2024). Fiz Up Grandma’s House Program — Policies. URL: https://www.iea.
org/policies/21075-fix-up-grandmas-house-program (cit. on pp. 61, 142).

185


https://www.ehpa.org/news-and-resources/news/110000-new-heat-pumps-installed-in-2022-in-the-netherlands/
https://www.ehpa.org/news-and-resources/news/110000-new-heat-pumps-installed-in-2022-in-the-netherlands/
https://www.ehpa.org/news-and-resources/press-releases/heat-pump-sales-falling-risking-e7-billion-in-investments/
https://www.ehpa.org/news-and-resources/press-releases/heat-pump-sales-falling-risking-e7-billion-in-investments/
https://www.ehpa.org/news-and-resources/news/which-countries-are-ending-fossil-fuel-heaters/
https://www.ehpa.org/news-and-resources/news/which-countries-are-ending-fossil-fuel-heaters/
https://www.ehpa.org/news-and-resources/press-releases/dutch-heat-pump-industry-responds-to-cancellation-of-2026-legislation/
https://www.ehpa.org/news-and-resources/press-releases/dutch-heat-pump-industry-responds-to-cancellation-of-2026-legislation/
https://www.ehpa.org/news-and-resources/press-releases/dutch-heat-pump-industry-responds-to-cancellation-of-2026-legislation/
https://www.ehpa.org/market-data/
https://www.ehpa.org/market-data/
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Degree_of_urbanisation
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Degree_of_urbanisation
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Degree_of_urbanisation
https://ec.europa.eu/eurostat/web/interactive-publications/housing-2023
https://ec.europa.eu/eurostat/web/interactive-publications/housing-2023
https://ec.europa.eu/eurostat/databrowser/explore/all/envir?lang=en&subtheme=nrg.nrg_price&display=list&sort=category
https://ec.europa.eu/eurostat/databrowser/explore/all/envir?lang=en&subtheme=nrg.nrg_price&display=list&sort=category
https://ec.europa.eu/eurostat/cache/digpub/housing/bloc-1a.html?lang=en
https://ec.europa.eu/eurostat/cache/digpub/housing/bloc-1a.html?lang=en
https://plusenergiequartier.ch/konzept/
https://energy.ec.europa.eu/system/files/2020-04/nl_2020_ltrs_en_0.pdf
https://energy.ec.europa.eu/system/files/2020-04/nl_2020_ltrs_en_0.pdf
https://shorturl.at/7HPiP
https://www.iea.org/policies/21075-fix-up-grandmas-house-program
https://www.iea.org/policies/21075-fix-up-grandmas-house-program
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Institut Wohnen und Umwelt (2016). TABULA WebTool. URL: https://webtool.
building-typology.eu/#bm (cit. on p. 113).

International Energy Agency (2016). Energy efficiency: Market report 2016. Tech.
rep. URL: https://www.oecd.org/en/publications /energy- efficiency- market-
report-2016_9789264266100-en.html (cit. on p. 12).

International Energy Agency (2022a). Renovation of near 20% of existing building
stock to zero-carbon-ready by 2030 is ambitious but necessary — Analysis. URL:
https://www.iea.org/reports/renovation-of-near-20-of-existing-building-stock-
to-zero-carbon-ready-by-2030-is-ambitious-but-necessary (cit. on p. 14).

International Energy Agency (2023). Energy Efficiency 2023. Tech. rep. URL: https:
/ /www .iea.org/reports/energy-efficiency-2023 (cit. on pp. 14, 20).

Intuis (n.d.). What is the lifespan of a heat pump ? URL: https://intuis.fr/en/info/
lifetime-of-a-heat-pump-when-to-replace-it (cit. on pp. 117, 196).

JPI Urban Europe (n.d.). Positive Energy Districts (PED). URL: https://jpi-
urbaneurope.eu/ped/ (cit. on p. 69).

Kabinetsformatie (2024). Outline agreement between the PVV, VVD, NSC and BBB
factions | Publication. URL: https://www.kabinetsformatie2023.nl/documenten/
publicaties /2024 /05/16 /hoofdlijnenakkoord- tussen-de- fracties- van- pvv-vvd-
nsc-en-bbb (cit. on p. 19).

Milieu centraal (2022). In 4 steps solar panels for small VoE | Environment Cen-
tral. URL: https://www.milieucentraal.nl / energie- besparen / zonnepanelen /
zonnepanelen-voor-kleine-vve/ (cit. on p. 55).

Milieu centraal (2023). Alles over je huis verduurzamen | Verbeterjehuis (Everything
about making your home more sustainable | Improvement house). URL: https:
/ /www.verbeterjehuis.nl/ (cit. on p. 62).

Minergie (2024). Minergie Systemerneuerung: Einfach sanieren. URL: https://www.
minergie.ch/de/standards/modernisierung/systemerneuerung,/ (cit. on p. 13).

Ministerie van Binnenlandse Zaken en Koninkrijksrelaties (BZK); and Centraal Bu-
reau voor de Statistiek (CBS) (2016). WoON2015: release 1.0 - WoonOnderzoek
Nederland 2015. Dutch. DOI: doi:10.17026 /dans-xbt-gcbe (cit. on p. 38).

Ministerie van Binnenlandse Zaken en Koninkrijksrelaties (Rijk) (2022). WoON
(Woononderzoek Nederland). URL: https:/ /data.overheid.nl /dataset / woon
(cit. on p. 33).

Nationaal Warmtefonds (n.d.). Energiebespaarlening voor particulieren. URL: https:
//shorturl.at/gV9Sh (cit. on p. 135).

Nové zelenéd Usporam (2024). Dotace Oprav dim po babicce. URL: https: / /
novazelenausporam.cz/rodinne-domy /oprav-dum/ (cit. on p. 61).

Nowtricity (2024). CO2 emissions per kWh in Netherlands. URL: https://www.
nowtricity.com/country/netherlands/ (cit. on pp. 138, 192).

186


https://webtool.building-typology.eu/#bm
https://webtool.building-typology.eu/#bm
https://www.oecd.org/en/publications/energy-efficiency-market-report-2016_9789264266100-en.html
https://www.oecd.org/en/publications/energy-efficiency-market-report-2016_9789264266100-en.html
https://www.iea.org/reports/renovation-of-near-20-of-existing-building-stock-to-zero-carbon-ready-by-2030-is-ambitious-but-necessary
https://www.iea.org/reports/renovation-of-near-20-of-existing-building-stock-to-zero-carbon-ready-by-2030-is-ambitious-but-necessary
https://www.iea.org/reports/energy-efficiency-2023
https://www.iea.org/reports/energy-efficiency-2023
https://intuis.fr/en/info/lifetime-of-a-heat-pump-when-to-replace-it
https://intuis.fr/en/info/lifetime-of-a-heat-pump-when-to-replace-it
https://jpi-urbaneurope.eu/ped/
https://jpi-urbaneurope.eu/ped/
https://www.kabinetsformatie2023.nl/documenten/publicaties/2024/05/16/hoofdlijnenakkoord-tussen-de-fracties-van-pvv-vvd-nsc-en-bbb
https://www.kabinetsformatie2023.nl/documenten/publicaties/2024/05/16/hoofdlijnenakkoord-tussen-de-fracties-van-pvv-vvd-nsc-en-bbb
https://www.kabinetsformatie2023.nl/documenten/publicaties/2024/05/16/hoofdlijnenakkoord-tussen-de-fracties-van-pvv-vvd-nsc-en-bbb
https://www.milieucentraal.nl/energie-besparen/zonnepanelen/zonnepanelen-voor-kleine-vve/
https://www.milieucentraal.nl/energie-besparen/zonnepanelen/zonnepanelen-voor-kleine-vve/
https://www.verbeterjehuis.nl/
https://www.verbeterjehuis.nl/
https://www.minergie.ch/de/standards/modernisierung/systemerneuerung/
https://www.minergie.ch/de/standards/modernisierung/systemerneuerung/
https://doi.org/doi:10.17026/dans-xbt-qc5c
https://data.overheid.nl/dataset/woon
https://shorturl.at/gV9Sh
https://shorturl.at/gV9Sh
https://novazelenausporam.cz/rodinne-domy/oprav-dum/
https://novazelenausporam.cz/rodinne-domy/oprav-dum/
https://www.nowtricity.com/country/netherlands/
https://www.nowtricity.com/country/netherlands/
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

P.J. Zijlema (2020). The Netherlands: list of fuels and standard CO2 emission factors
version of January 2020. Tech. rep. January, pp. 3-4. URL: https://shorturl.at/
YGafM (cit. on p. 192).

Passivhaus Institut (n.d.). EnerPHit - certified retrofits with Passive House compo-
nents. URL: https://passiv.de/en/03_ certification/02_ certification__buildings/
04__enerphit/04__enerphit.htm (cit. on p. 13).

Plumbing Force (2020). How Long Do Boilers Last? URL: https:/ / www .
plumbingforce.co.uk /how-long-do-boilers-last/ (cit. on pp. 115, 117).

REHVA Journal (2019). The new EN ISO 52000 family of standards to assess the
energy performance of buildings put in practice. URL: https://www.rehva.eu/
rehva-journal / chapter / the- new- en-iso- 52000- family- of- standards- to- assess-
the-energy- performance-of-buildings- put-in-practice (cit. on p. 14).

Revelle, William (2022). psych: Procedures for Psychological, Psychometric, and Per-
sonality Research. R package version 2.2.9. Northwestern University, Evanston,
Nlinois. URL: https://cran.r-project.org/web/packages/psychTools/vignettes/
factor.pdf (cit. on p. 41).

Rijkdienst voor Ondernemend Nederland (2021). Monitor FEnergiebesparing
Gebouwde Omgeving. Tech. rep. URL: https://www.rvo.nl /sites / default /
files/2021 /12 /monitor-energiebesparing-gebouwde-omgeving-2021.pdf (cit. on
p. 32).

Rijksdienst voor Ondernemend Nederland (RVO) (2022). Voorbeeldwoningen 2022
bestaande bouw In opdracht. Tech. rep. URL: https://www.rvo.nl/sites/default/
files/2023-01 /brochure- voorbeeldwoningen- bestaande- bouw-2022.pdf (cit. on
pp. 112, 114, 192).

Rijksdienst voor Ondernemend Nederland (RVO) (2024a). ISDE: Isolatiemaatrege-
len woningeigenaren. URL: https://www.rvo.nl/subsidies- financiering /isde /
woningeigenaren /isolatiemaatregelen (cit. on p. 126).

Rijksdienst voor Ondernemend Nederland (RVO) (2024b). ISDE: Warmtepomp
woningeigenaren. URL: https: / / www .rvo.nl / subsidies - financiering / isde /
woningeigenaren /warmtepomp (cit. on p. 126).

Rijksoverheid (2023). Warmtepomp de norm vanaf 2026: goed voor klimaat en de
energierekening | Nieuwsbericht. URL: https://www.rijksoverheid.nl/actueel /
nieuws,/2023/05/01 /warmtepomp- de-norm-vanaf-2026- goed-voor-klimaat-en-
de-energierekening (cit. on p. 18).

Rijksoverheid (2024). Warmtepomp verwarmt vanaf 2026 veel woningen en andere
gebouwen | Energie thuis. URL: https://www.rijksoverheid.nl /onderwerpen /
energie-thuis/warmtepomp (cit. on pp. 18, 126).

Ruyssenaars, P.G. et al. (2021). Greenhouse gas emissions in the Netherlands 1990-
2018. URL: https://www.rivm.nl/bibliotheek /rapporten,/2021-0007.pdf (cit. on

p. 31).

187


https://shorturl.at/YGafM
https://shorturl.at/YGafM
https://passiv.de/en/03_certification/02_certification_buildings/04_enerphit/04_enerphit.htm
https://passiv.de/en/03_certification/02_certification_buildings/04_enerphit/04_enerphit.htm
https://www.plumbingforce.co.uk/how-long-do-boilers-last/
https://www.plumbingforce.co.uk/how-long-do-boilers-last/
https://www.rehva.eu/rehva-journal/chapter/the-new-en-iso-52000-family-of-standards-to-assess-the-energy-performance-of-buildings-put-in-practice
https://www.rehva.eu/rehva-journal/chapter/the-new-en-iso-52000-family-of-standards-to-assess-the-energy-performance-of-buildings-put-in-practice
https://www.rehva.eu/rehva-journal/chapter/the-new-en-iso-52000-family-of-standards-to-assess-the-energy-performance-of-buildings-put-in-practice
https://cran.r-project.org/web/packages/psychTools/vignettes/factor.pdf
https://cran.r-project.org/web/packages/psychTools/vignettes/factor.pdf
https://www.rvo.nl/sites/default/files/2021/12/monitor-energiebesparing-gebouwde-omgeving-2021.pdf
https://www.rvo.nl/sites/default/files/2021/12/monitor-energiebesparing-gebouwde-omgeving-2021.pdf
https://www.rvo.nl/sites/default/files/2023-01/brochure-voorbeeldwoningen-bestaande-bouw-2022.pdf
https://www.rvo.nl/sites/default/files/2023-01/brochure-voorbeeldwoningen-bestaande-bouw-2022.pdf
https://www.rvo.nl/subsidies-financiering/isde/woningeigenaren/isolatiemaatregelen
https://www.rvo.nl/subsidies-financiering/isde/woningeigenaren/isolatiemaatregelen
https://www.rvo.nl/subsidies-financiering/isde/woningeigenaren/warmtepomp
https://www.rvo.nl/subsidies-financiering/isde/woningeigenaren/warmtepomp
https://www.rijksoverheid.nl/actueel/nieuws/2023/05/01/warmtepomp-de-norm-vanaf-2026-goed-voor-klimaat-en-de-energierekening
https://www.rijksoverheid.nl/actueel/nieuws/2023/05/01/warmtepomp-de-norm-vanaf-2026-goed-voor-klimaat-en-de-energierekening
https://www.rijksoverheid.nl/actueel/nieuws/2023/05/01/warmtepomp-de-norm-vanaf-2026-goed-voor-klimaat-en-de-energierekening
https://www.rijksoverheid.nl/onderwerpen/energie-thuis/warmtepomp
https://www.rijksoverheid.nl/onderwerpen/energie-thuis/warmtepomp
https://www.rivm.nl/bibliotheek/rapporten/2021-0007.pdf
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

8. References

Sunikka-Blank, Minna and Ray Galvin (2013). TABULA Calculation Method — En-
ergy Use for Heating and Domestic Hot Water — Reference Calculation and
Adaptation to the Typical Level of Measured Consumption. Tech. rep. (cit. on
p. 113).

Tabula (2016). Overview. URL: https://episcope.eu/iee-project /overview/ (cit. on
pp. 112, 113).

TermoPlus Heat Pumps (n.d.). What is the life expectancy of heat pumps? URL:
https://termo-plus.com/blog/life-expectancy-of-heat-pumps/ (cit. on p. 196).

The Sunshine Company (n.d.). Prijs Warmtepomp. URL: https://shorturl.at/zYDKH
(cit. on p. 193).

UNEP - UN Environment Programme (2019). 2019 Global Status Report for Build-
ings and Construction Sector. URL: https:/ / www . unep . org / resources /
publication /2019- global-status-report- buildings- and- construction-sector (cit.
on p. 68).

Vaillant (2024). How Long Does A Boiler Last? URL: https://www.vaillant.co.uk/
advice /understanding- heating- technology /boilers / how-long- do- boilers-last/
(cit. on p. 115).

Viessmann UK (2022). How Long Does a Combi Boiler Last? URL: https://www.
viessmann.co.uk /en /heating-advice /boilers /how- long- does- a- combi- boiler-
last.html (cit. on p. 115).

Wood, Frank (2009). Principal Component Analysis (Lecture Notes, Columbia Uni-
versty). Tech. rep. URL: http://www.stat.columbia.edu /~fwood / Teaching /
w4315 /Fall2009/pca.pdf (cit. on p. 43).

188


https://episcope.eu/iee-project/overview/
https://termo-plus.com/blog/life-expectancy-of-heat-pumps/
https://shorturl.at/zYDKH
https://www.unep.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
https://www.unep.org/resources/publication/2019-global-status-report-buildings-and-construction-sector
https://www.vaillant.co.uk/advice/understanding-heating-technology/boilers/how-long-do-boilers-last/
https://www.vaillant.co.uk/advice/understanding-heating-technology/boilers/how-long-do-boilers-last/
https://www.viessmann.co.uk/en/heating-advice/boilers/how-long-does-a-combi-boiler-last.html
https://www.viessmann.co.uk/en/heating-advice/boilers/how-long-does-a-combi-boiler-last.html
https://www.viessmann.co.uk/en/heating-advice/boilers/how-long-does-a-combi-boiler-last.html
http://www.stat.columbia.edu/~fwood/Teaching/w4315/Fall2009/pca.pdf
http://www.stat.columbia.edu/~fwood/Teaching/w4315/Fall2009/pca.pdf
https://www.tuwien.at/bibliothek

189

Appendices

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoielnassiq Jasalp uoisianfeulbliO apponipab ausiqoidde aig V_QF_H.O__B__M


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

Appendix A.

Supporting materials for Chapter 5

A.1l. Input parameters

A short description of the retrofitting packages included in the ABM are
demonstrated in Table Al. The values of heating energy need after the ren-
ovation and the costs of these packages are provided in the Excel calculation
tool, provided as a supplementary material.

Some input parameters used for the simulation are presented in Table A2.

L Air exchange by infiltration, h~1
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Table Al.: Resume of the retrofit packages
Retrofit package (RP) Insulation Heating system Infiltration®
Heat pump (HP) only none Electric heat pump (EHP) 04
SCOP = 2.5
HP-+deep full ins. deep EHP, SCOP = 3.8 0.1
HP+deep walls&floor ins. deep EHP, SCOP = 34 0.1
HP+deep walls&double-glazing deep EHP, SCOP = 3.7 0.2
HP+deep walls&roof ins. deep EHP, SCOP = 3.4 0.2
HP-+deep floor&double-glazing deep EHP, SCOP = 3.6 0.2
HP-+deep floor&roof deep EHP, SCOP = 3.3 0.2
HP+deep roof&double-glazing deep EHP, SCOP = 3.5 0.2
HP+deep walls deep EHP, SCOP = 2.9 0.2
HP+deep floor deep EHP, SCOP = 2.6 0.2
HP+deep roof deep EHP, SCOP = 2.8 0.2
HP+mod. full ins. moderate EHP, SCOP = 3.7 0.2
HP+ mod. walls & floor ins. moderate EHP, SCOP = 2.7 0.2
HP+mod. walls & double glazing moderate EHP, SCOP = 3.0 0.2
HP+mod. walls & roof ins. moderate EHP, SCOP = 2.6 0.2
HP+mod. floor & roof ins. moderate EHP, SCOP = 3.1 0.2
HP+mod. floor & double glazing moderate EHP, SCOP = 3.2 0.2
HP+mod. roof & double glazing  moderate EHP, SCOP = 3.2 0.2
HP+double glazing moderate EHP, SCOP = 2.9 0.2
Gas boiler (GB) only none Gas boiler 0.2
GB+deep full ins. deep Gas boiler 0.2
GB+deep walls&floor ins. deep Gas boiler 0.1
GB+deep walls&double-glazing deep Gas boiler 0.2
GB+deep walls&roof ins. deep Gas boiler 0.2
GB+deep floor&double-glazing deep Gas boiler 0.2
GB+deep floor&roof deep Gas boiler 0.2
GB+deep roof&double-glazing deep Gas boiler 0.2
GB+deep walls deep Gas boiler 0.2
GB+deep floor deep Gas boiler 0.2
GB+deep roof deep Gas boiler 0.2
GB+mod. full ins. moderate Gas boiler 0.2
GB+ mod. walls & floor ins. moderate Gas boiler 0.2
GB+mod. walls & double glazing moderate Gas boiler 0.2
GB+mod. walls & roof ins. moderate Gas boiler 0.2
GB+mod. floor & roof ins. moderate Gas boiler 0.2
GB+mod. floor & double glazing  moderate Gas boiler 0.2
GB+mod. roof & double glazing  moderate Gas boiler 0.2
GB+double glazing moderate Gas boiler 0.2
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Appendix A. Supporting materials for Chapter 5

Table A2.: Parameters

Parameter Value Reference

Number of agents 100

Number of detached + semi-detached

houses / terraced houses 0-2

Value Added Taxes (VAT) 21%

Gas boiler efficiency 95%
(Rijksdienst voor

Heat pump full load hours 1640 Ondernemend Neder-
land (RVO), 2022)

Insulation depreciation time 30 years

Discount rate 5%

Investment timeframe 20 years

Consideration time (Teons) 3 years

Weight of the attitude parameter (wqe) 0.47

Weight of the SN parameter (wgz)
Weight of the PBC parameter (wq:)

Opinion dynamics rate (p)

Number of contacts of each agent i

(Ncontact)

0.19
0.34

Emission factor of natural gas (gaseous) 0.203

Emission factor of electricity in the

Netherlands

0.421

Conradie et al., 2023
Conradie et al., 2023
Conradie et al., 2023

(P.J. Zijlema, 2020)

(Nowtricity, 2024)
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A.2. Heating system assumptions

Depending on the level of insulation, the heat pump’s seasonal coefficient of
performance (SCOP) changes (i.e. the better the insulation, the higher the
SCOP). The values are estimated based on the work by Giinther et al., 2020.
We assume that the old central heating radiators are kept, hence there are
no additional costs for heat infrastructure acquisition. The nominal power
of the heat pump for each house ¢ an retrofit option 7, P/ip7 ;» is calculated by
dividing the annual thermal energy need of agent i, Q7 nq,; after retrofit j by
the full load hours of operation Hp, (see Eq. A.1) provided in Table A2.

I
; Hond,j
P/’ZLP,J' = H:p ’ (A'l)

The specific cost of the heat pump, ¢y j, is based on the local market prices
for the heat pumps The Sunshine Company, n.d. and is derived as a function
of its nominal (thermal) power P,om ; (see Eq. A.2). The overall costs are
provided in the supplementary Excel file. All costs include the Dutch Value
Added Tax (VAT) rate of 21% and are real prices, i.e. after it has been
adjusted for inflation.

Cth = 7000 + 567 * (Pnom,j — 4) (AQ)

A.3. Heating system lifetime calculation

The lifetime of an old gas boiler (i.e. condensing, combi gas boiler is a default
heating system for all agents at the start) is assumed to be different for each
agent and is drawn from the Weibull distribution in Eq. A.3.
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where k is the shape parameter, A is the scale parameter, and fpye, is the
random variable representing the boiler lifetime. As we expect the boiler
life expectancy to peak around 15 years, k = 15 and A = 15. With these
parameters, the initial boilers’ total lifetimes are spread as shown in Figure
Al

Empirical Density
157 == Weibull PDF k=14.92
A =15.49
2 1.0
[}
c
9]
[a)
0.5 A
’f——-N\
—-———”” \\\
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Service Life (years)

Figure A.1.: A Weibull distribution of condensing gas boilers’ service lifetimes

In this model, an agent’s current heating system breaks down at some time
step. This time is calculated using the assumption that after being con-
structed, the houses had initially a non-condensing, also known as conven-
tional or low-efficiency, combi gas boiler. This type of system was a standard
heating system in the Netherlands between 1960s and 1990s (Weiss et al.,
2009). Since the houses we consider were built between 1965 ad 1991, we
assume that all of them had non-condensing boilers first and then switched
to condensing or high efficiency boilers after the first boiler broke down (i.e.
current heating system at the simulation start). To calculate the time of
breaking of the current condensing boiler, we need to make following as-
sumptions.
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Construction years of agent’s houses are set from a random uniform distri-
bution as shown in Eq. A.4. Here a and b are parameters that define the
lower and upper bounds of the distribution (i.e. a=1965 and b=1974 for older
buildings, a=1975 and b=1991 for newer buildings); tyoyse is any value within
these bounds.

1
— fora <z <b,
f(thouse; a, b) = bma . (A4)
0 otherwise.

Service life of a non-condensing boiler is taken from the Weibull distribution
similar to the condensing boiler (see Eq. A.3), but with different parame-
ters. According to Atlantic Refrigeration and Air Conditioning, Inc., n.d.,
non-condensing boilers last around 20 years (slightly longer than condensing
boilers). Hence, non-condensing boilers’ total lifetimes are spread as shown
in Figure A.2.

EEE Empirical Density
157 == Weibull PDF = 23 71
= 24. 51
2 1.0
[}
c
9]
[a)
0.5 A
—”I
0.0 Lm===
21 22 23 25 26

Service Life (yea rs)

Figure A.2.: A Weibull distribution of non-condensing gas boilers’ service lifetimes
Based on these three parameters - construction year of a building, service
lives of a non-condensing and of a condensing boilers - we can estimate the

breaking time of an agent ¢’s current heating system.

In the simulations, some heating systems break already at the initial time
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steps. Thus, some agents must replace their boilers second time. The time
of second replacement is calculated similarly, just by adding the estimated
service life of a previously adopted heating system. Another Weibull distri-
bution is created for heat pumps, with the assumption that air-water heat
pumps’ average service lives are about 15-20 years (Intuis, n.d.; TermoPlus
Heat Pumps, n.d.). This distribution is as depicted in Figure A.3.

Empirical Density
159 —— wWeibull PDF k=18.83
A =19.50
2 1.0
[}
C
9]
a
0.5 A
’f—_—N\
-————”” \\\
0-0 —ﬁ___ T T T T T

Service Life (years)

Figure A.3.: A Weibull distribution of air-water heat pumps’ service lifetimes

A.4. Price trigger assumption

As Achtnicht and Madlener, 2014 demonstrate, present and expected energy
costs are one of the most frequently stated drivers for heating system replace-
ments. However, we assume that it is subject to the current operation year of
the boiler. That is, if the current heating system is new enough, e.g. 5 years
old, then a very high growth in gas prices would be needed to make an agent
replace it upon a price spike. Conversely, if a current heating heating system
is older, e.g. more than 10 years, an agent considers replacing it upon even
a smaller price growth. This relationship between gas price growth AP and
threshold age xp,- of a current heating system is modelled as in Equation A.5.
Upon a price spike, the current age of a boiler is compared against the thresh-
old lifetime x4, and if it is higher than that, an agent considers retrofitting.
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The equation is calibrated with the values of AP = 54%, zot = 15, Ty, = 11,
which results in ¢ = 180.

—AP

(A.5)

Tthr = Ttot * €XP

If none of this conditions are true, an agent is not adopting anything in this
time step.

A.5. Attitude parameterisation and opinion dynamics
Beta distribution is used to parameterise attitude parameter.

zo (1 — x)ft
B(a, B)

f(Atti(t = 0); 0, B) =

where
o Att;(t = 0) is the random variable,
e a > 0and f > 0 are the shape parameters of the distribution,

e B(a,p) is the Beta function, defined as

1

Bla,) = [ 71— 0t
0

which serves as a normalization constant to ensure that the area under

the PDF curve equals 1.

Opinion dynamics sub-model describes how attitude of an agent ¢ changes
over time in the simulation. According to Zarei and Maghrebi, 2021, Def-
fuant’s Relative Agreement (RA) model Deffuant et al., 2000 showed superior
outcomes, which were very close to the results of the field observations on
energy savings derived from eco-feedback program.
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Appendix A. Supporting materials for Chapter 5

In a population of N agents eV = 1,2, ..., n, each agent has a continuous (real-
valued) opinion z(t) € (—1,1) and its uncertainty u € (0,2). The "Relative
Agreement" (RA) model governs how these opinions and uncertainties are
modified upon pairwise interaction of agents. Let us consider that each agent
has an opinion segment s; = [z; — u;, z; + u;] and s = [z — up, Tk + ug).
The "relative agreement" of agent ¢ with k£ (not symmetric) is defined as the
overlapping part (Eq. A.7) of s; and s minus the non-overlapping part (Eq.
A.8) divided by s; (see Eq. A.9). The overlap h;; is defined as:

hik = min(x; + u;, v + ug) — maz(x; — ui, T — ug) (A7)

The non-overlapping part is:
2u; — g, (A.8)

The relative agreement of agent ¢ with k is expressed as:

RA:hik—(Qui—hik):%_l (A.9)

2ui Ug

At each time point t = 0,1,2,...,inf, two randomly chosen agents i, keV
interact and ¢ modifies k’s opinion and uncertainty as follows:

o+ - RA - (b — b)), if bl > ul

i~

zhtl = (A.10)
0, if otherwise
bt = up, +p - RAY - (2§ — xp), if hiy > uf (A.11)

0, if otherwise

where p is a constant parameters that controls the rate of the dynamics.
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A.6. Complexity of retrofit packages

Complexity indices are shown in Table A3

Table A3.: Complexity of the retrofit packages

Insulation Complexity indices
Heat pump (HP) Gas boiler (GB)

None 0.60 0.20
deep full ins. 0.95 0.70
deep walls & floor ins. 0.90 0.65
deep walls & double glazing 0.85 0.60
deep walls & roof ins. 0.90 0.65
deep floor & double glazing 0.80 0.55
deep floor & roof ins. 0.85 0.60
deep roof & double glazing 0.80 0.55
deep walls ins. 0.80 0.50
deep floor ins. 0.75 0.45
deep roof ins. 0.75 0.45
mod. full ins. 0.95 0.70
mod. walls & floor ins. 0.90 0.65
mod. walls & double glazing 0.85 0.60
mod. walls & roof ins. 0.90 0.65
mod. floor & roof ins. 0.80 0.55
mod. floor & double glazing 0.85 0.60
mod. roof & double glazing 0.80 0.55
double glazing 0.60 0.30

A.7. Calculation of C'O, emissions

For each agent ¢, the amount of CO, emissions reduction e,.q from switching
from natural gas-based heating to electricity-based heating is calculated by
the Equation A.12.
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Appendix A. Supporting materials for Chapter 5

e:‘ed = e%)efore - ezzfter = Q6 ’ fgas - QZSE,]’/T/]' ’ ffil (A12)

where fgqs and f,; are emission factors of natural gas (gaseous) and electricity
in the Netherlands. The values of the emission factors and the sources are
included in Table A2.
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