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SUMMARY

One of the possible approaches to enlarge the share of renewable energy resources at the
local level is the establishment of community initiatives for renewable energy technolo-
gies (RETs), namely energy communities. As an overarching term, ’energy community’
is a term that encapsulates all local joint efforts and collective action of individuals for
renewable energy generation, distribution and consumption. The recent academic liter-
ature and real-world practices on energy communities are mainly dominated by studies
on speci�c renewable electricity technologies, namely solar photovoltaic (solar PV) and
wind turbines. However, the community energy literature largely neglected thermal en-
ergy, which covers 75% of non-transport energy consumption for applications such as
space heating, cooling, bathing, and showering. Given this large share, establishing re-
newable thermal energy communities (TECs) could drastically impact the energy tran-
sition.

Renewable thermal energy technologies which can be used in a community setting
(e.g. geothermal wells, heat pumps and bio boilers) are well developed. Yet, it is un-
clear whether these technologies and their applications would result in different insti-
tutional and behavioural dynamics in collective and community settings when com-
pared with their electricity-driven counterparts. Neglecting the unique characteristics
of thermal communities may result in energy supply shortages, institutional misalign-
ment and con�ict, high energy prices for community members, and low social partic-
ipation. These issues undermine the energy security for the communities, which has
also received minimal attention in the energy community literature. As one of the focal
points in the energy-related literature and a concerning point for different actors of en-
ergy communities, the energy security of energy communities requires further investiga-
tion, given the collective action and decentralised nature of these local systems. In this
line, this research aims to support the design and implementation of energy-secure
thermal energy communities by investigating their technical, behavioural and insti-
tutional settings through a collective action perspective.

Different technical, behavioural and institutional settings, including the TEC initia-
tives’ characteristics as a collective energy system and the surrounding (exogenous) con-
ditions that affect and shape the establishment and functioning of such initiatives, are
investigated in this study. This study approaches TEC initiatives through the collective
action perspective, using theoretical frameworks such as the Institutional Analysis and
Development (IAD) framework, the institutional layers coined by Williamson and So-
cial Value Orientation (SVO) theory as the theoretical basis. The study uses agent-based
modelling and simulation (ABMS) and Dutch data to investigate the energy security
of thermal energy communities through a collective action perspective. The following
paragraphs summarise the main �ndings of this research.
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Technical, behavioural and institutional characteristics of thermal energy commu-
nities

A comprehensive literature review was conducted to outline the technical, behavioural
and institutional TEC initiatives’ characteristics and their surrounding conditions. Ac-
cording to the state-of-the-art literature, seven categories of characteristics are particu-
larly associated with TEC initiatives. From a technical point of view, these were thermal
energy resources (e.g. geothermal) and associated technologies (e.g. district heating
and thermal insulation). Also, ambient temperature and indoor air quality were dis-
tinctive criteria when establishing TEC initiatives compared to electricity-driven com-
munities. Typical behavioural and institutional characteristics were consumers’ norms
for �nal thermal application (e.g. heating and cooling), heat regulations and heat mar-
ket analysis (e.g. natural gas price reforms, cost reduction by thermal insulation, and
other thermal energy policies). Also, trade-offs between health issues and thermal ap-
plications (e.g. trade-off between indoor/ outdoor air pollution and using bio-energy
heaters) were identi�ed as in�uential in decision-making processes for establishing TEC
initiatives. Finally, thermal performances and heat costs were the main criteria for eval-
uating the performance of TEC initiatives.

Thermal energy communities’ establishment and functioning processes
Using agent-based modelling, the impact of identi�ed characteristics from the previ-

ous research step on the establishment and functioning of TEC initiatives is explored.
The results demonstrate the considerable importance of behavioural and institutional
settings on the establishment and functioning of TEC initiatives. Similar to electricity-
driven communities, empowering the community-board as a project leader, allocating
available subsidies based on the projects’ degree of environmental friendliness, and in-
cluding the environmental and social considerations along with economic concerns have
a considerable positive impact on the establishment and functioning of TEC initiatives.

Modelling the energy security of a collective energy system
An agent-based model is developed to explore the energy security of energy commu-

nities and simulate the collective decision-making processes of individual households.
This model is the �rst of its kind to investigate and measure collective energy security by
considering the heterogeneity of actors’ motivations and the complexities of decision-
making processes within a community energy system. The energy security dimensions
considered in this modelling exercise are availability, affordability, accessibility and ac-
ceptability, referred to as the 4As. To explore the energy security of a collective energy
system, four parameters are selected from the literature that are potentially in�uential
for energy security, namely: natural gas prices, energy demand, investment size and will-
ingness to compensate. The modelling results demonstrate that all energy communities
have a high energy security performance overall. The results substantiated the potential
of energy communities to reduce CO2 emissions while being affordable and accessible
over a long time horizon. The amount of investment showed the most signi�cant in�u-
ence on the collective energy security of energy communities, while energy communi-
ties’ performance did not show considerable sensitivity to changes in natural gas prices.
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Establishment and functioning of energy-secure thermal energy communities
The �ndings from previous research steps are combined to investigate the energy se-

curity of TEC initiatives. An agent-based model capturing the technical, behavioural
and institutional settings (including characteristics and surrounding conditions) of TEC
initiatives is built to explore the energy security of such collective energy systems. This
modelling exercise conceptualises energy security based on seven dimensions: energy
availability, infrastructure, energy price, environment, societal effects, governance, and
energy ef�ciency. The simulation results con�rm that TEC initiatives can contribute to
the energy security of individual households. Similar to the previous model that used a
different de�nition of energy security and community energy system in general (rather
than focusing particularly on TEC initiatives), the simulation results demonstrate the
substantial potential of TEC initiatives in CO2 emissions reduction (60% on average)
while being affordable in the long run. However, unlike the previous model results,
project leadership (particularly municipality leadership), available subsidy and connec-
tion to a national natural gas grid are factors that substantially in�uence the energy se-
curity of TEC initiatives. Individual households’ thermal energy demand reduction also
positively impacted the establishment and functioning processes of energy-secure TEC
initiatives.

Conclusions and contributions
This thesis aims to support the design and implementation of energy-secure thermal

energy communities by investigating their technical, behavioural and institutional set-
tings through a collective action perspective. The thesis concludes that energy-secure
TEC initiatives are collective energy systems with particular characteristics and surround-
ing conditions. Considering insights from all research questions, the thesis demon-
strated that behavioural and institutional settings (e.g. role of the leadership, environ-
mentally friendly behaviour and subsidy allocation strategies) are relatively more in-
�uential than technical settings (e.g. available renewable thermal technologies and re-
sources) for establishing and sustained functioning of energy-secure collective thermal
energy systems. Particular RETs combinations, namely aquifer thermal energy storage
with heat pumps, showed a positive impact on TEC initiatives’ energy security. The most
crucial technical requirement, as might be anticipated for the energy security of TEC
initiatives, is a connection to a natural gas grid. Reducing the individual households’
thermal demand also positively in�uences TEC initiatives’ energy security. The thesis
recommends that individual households initiate their own (thermal) energy communi-
ties, and policy-makers support such initiatives.





SAMENVATTING

Een van manieren om het aandeel hernieuwbare energiebronnen op lokaal niveau te
vergroten is het oprichten van duurzame energiecoöperaties. De term �energiecoöpe-
ratie� betreft alle lokale gezamenlijke inspanningen en collectieve acties van individuen
voor de opwekking, distributie en het gebruik van hernieuwbare energie. De recente
academische literatuur over en de praktijk van energiecoöperaties worden hoofdzake-
lijk gedomineerd door hernieuwbare elektriciteits technologieºn, namelijk fotovoltaï-
sche zonne-energie (PV) en windturbines. In de literatuur over energie in coöperaties
wordt echter nauwelijks aandacht besteed aan thermische energie, die 75% van het niet
transportgebonden energieverbruik uitmaakt voor toepassingen als ruimteverwarming,
koeling, baden en douchen. Gezien dit grote aandeel zou de oprichting van hernieuw-
bare thermische energiecoöperaties (Thermal Energy Communities, TECs) een drasti-
sche impact kunnen hebben op de energietransitie.

Hernieuwbare thermische energietechnologieºn die in een coöperatie kunnen wor-
den gebruikt (b.v. geothermische bronnen, warmtepompen en biobrandstofketels) zijn
goed ontwikkeld. Toch is het onduidelijk of deze technologieºn en hun toepassingen lei-
den tot een andere institutionele en gedragsdynamiek in coöperaties in vergelijking met
hun door elektriciteit aangedreven tegenhangers. Het verwaarlozen van de unieke ken-
merken van thermische coöperaties kan leiden tot tekorten in de energievoorziening,
institutionele scheefgroei en con�icten, hoge energieprijzen voor de leden van de coö-
peratie, en geringe sociale participatie. Deze kwesties ondermijnen de energiezekerheid
voor de coöperaties, die ook in de literatuur over energiecoöperaties minimale aandacht
heeft gekregen. Energiezekerheid is tot nu toe vooral bestudeerd voor gecentraliseerde
systemen, en de energiezekerheid van energiecoöperaties vraagt verder onderzoek, ge-
zien de gedecentraliseerde aard van deze lokale systemen. In deze lijn beoogt dit onder-
zoek het ontwerp en de implementatie van energiezekere thermische energiecoöpe-
raties te ondersteunen door hun technische, gedragsmatige en institutionele settings
te onderzoeken vanuit een collectief actieperspectief.

Verschillende technische, gedragsmatige en institutionele kenmerken, met inbegrip
van de kenmerken van de TEC-initiatieven als een collectief energiesysteem en de om-
ringende (exogene) omstandigheden die de oprichting en het functioneren van derge-
lijke initiatieven beïnvloeden en vormgeven, worden in deze studie onderzocht. Deze
studie benadert TEC-initiatieven vanuit het perspectief van collectieve actie, waarbij
theoretische kaders zoals het ‘Institutional Analysis and Development (IAD)’ raamwerk
van Ostrom, het institutionele-lagen-model van Williamson en ‘Social Value Orienta-
tion (SVO)’ theorie als theoretische basis worden gebruikt. De studie maakt gebruik van
agent-based modelling en simulatie (ABMS) en van Nederlandse data. De volgende pa-
ragrafen vatten de belangrijkste bevindingen van dit onderzoek samen.
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Technische, gedragsmatige en institutionele kenmerken van thermische energiecoö-
peraties

Er is een uitvoerig literatuuronderzoek verricht om de technische, gedragsmatige en
institutionele kenmerken van TEC-initiatieven en hun randvoorwaarden in kaart te bren-
gen. Volgens de meest recente literatuur kunnen hierin zeven categorieºn worden on-
derscheiden die in het bijzonder met TEC-initiatieven worden geassocieerd. Vanuit tech-
nisch oogpunt waren dit thermische energiebronnen (b.v. geothermische energie) en
bijbehorende technologieºn (b.v. stadsverwarming en thermische isolatie). Ook de om-
gevingstemperatuur en de kwaliteit van de binnenlucht waren onderscheidende ken-
merken bij het opzetten van TEC-initiatieven in vergelijking met coöperaties die wer-
ken op elektriciteit. Typische gedrags- en institutionele kenmerken waren de normen
van de consument voor de uiteindelijke thermische toepassing (b.v. verwarming en
koeling), de warmteregelgeving en de warmtemarkt (b.v. hervormingen van de aard-
gasprijs, kostenvermindering door thermische isolatie, en ander beleid inzake thermi-
sche energie). Ook de afweging tussen gezondheidskwesties en thermische toepassin-
gen (bv. afweging tussen luchtvervuiling binnenshuis/buitenshuis en gebruik van bio-
energieketels) werd als invloedrijk aangemerkt in besluitvormingsprocessen voor het
opzetten van TEC-initiatieven. Ten slotte waren thermische prestaties en warmtekos-
ten de belangrijkste criteria voor de evaluatie van de prestaties van TEC-initiatieven.

Oprichting en werking van thermische energiecoöperaties
Aan de hand van ‘agent-based modeling’ wordt nagegaan welk effect de in de vorige

onderzoeksfase vastgestelde kenmerken hebben op de totstandkoming en het functi-
oneren van TEC-initiatieven. De resultaten tonen het aanzienlijke belang aan van ge-
dragsmatige en institutionele kenmerken op de totstandkoming en werking van TEC-
initiatieven. Net als bij elektriciteitscoöperaties hebben het versterken van het coöpera-
tiesbestuur als projectleider, het toekennen van beschikbare subsidies op basis van de
mate van milieuvriendelijkheid van de projecten, en het opnemen van milieu- en soci-
ale overwegingen naast economische overwegingen een aanzienlijk positief effect op de
totstandkoming en het functioneren van TEC-initiatieven.

Modellering van de energiezekerheid van een collectief energiesysteem
Er is een agent-based model ontwikkeld om de energiezekerheid van energiecoöpe-

raties te onderzoeken en de collectieve besluitvormingsprocessen van individuele huis-
houdens te simuleren. Dit model is het eerste in zijn soort dat collectieve energiezeker-
heid kan onderzoeken en meten waarbij rekening wordt gehouden met de heterogeniteit
van de motivaties van de actoren en de complexiteit van de besluitvormingsprocessen
binnen een coöperatie. De energiezekerheids‹dimensies die in deze modellering aan
bod komen zijn beschikbaarheid, betaalbaarheid, toegankelijkheid en aanvaardbaar-
heid, ook wel de 4A’s genoemd. Om de energiezekerheid van een collectief energiesys-
teem te onderzoeken, werden uit de literatuur vier parameters geselecteerd die poten-
tieel van invloed zijn op de energiezekerheid, namelijk: aardgasprijzen, energievraag,
investeringsomvang en bereidheid tot compensatie. De modelresultaten tonen aan dat
alle energiecoöperaties over het algemeen een hoge energiezekerheid hebben. De resul-
taten staven het potentieel van energiecoöperaties om de CO2-uitstoot te verminderen
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en tegelijk betaalbaar en toegankelijk te zijn over een lange tijdshorizon. De omvang
van de investeringen bleek de grootste invloed te hebben op de collectieve energieze-
kerheid van energiecoöperaties, terwijl de prestaties van energiecoöperaties niet erg ge-
voelig bleken voor veranderingen in de aardgasprijzen.

Oprichting en werking van energiezekere coöperaties voor thermische energie
De bevindingen van de vorige onderzoeksstappen werden gecombineerd om de ener-

giezekerheid van TEC-initiatieven te onderzoeken. Met behulp van een agent-based
model dat de technische, gedragsmatige en institutionele kenmerken (inclusief omge-
vingsfactoren) van TEC-initiatieven simuleert, werd de energiezekerheid van dergelijke
collectieve energiesystemen onderzocht. In deze modelleringsexercitie werd energieze-
kerheid geconceptualiseerd op basis van zeven dimensies: beschikbaarheid van energie,
infrastructuur, energieprijs, milieu, maatschappelijke effecten, governance en energie-
ef�ciºntie. De simulatieresultaten bevestigen dat TEC-initiatieven kunnen bijdragen tot
de energiezekerheid van individuele huishoudens. Vergelijkbaar met het vorige model,
dat een andere de�nitie van energiezekerheid en het energiesysteem van de coöperatie
hanteerde (in plaats van speci�ek te focussen op TEC-initiatieven), tonen de simula-
tieresultaten het substantiºle potentieel van TEC-initiatieven aan voor de vermindering
van de CO2-uitstoot (gemiddeld 60%), terwijl ze op lange termijn betaalbaar zijn. In
tegenstelling tot de vorige modelresultaten zijn projectleiderschap (met name leider-
schap van de gemeente), beschikbare subsidie en aansluiting op een nationaal aardgas-
net factoren die de energiezekerheid van TEC-initiatieven aanzienlijk beïnvloeden. De
vermindering van de vraag naar thermische energie van individuele huishoudens had
ook een positieve invloed op de totstandkoming en het functioneren van energiezekere
TEC-initiatieven.

Conclusies en bijdragen
Deze dissertatie beoogt het ontwerp en de implementatie van energiezekere thermi-

sche energiecoöperaties te ondersteunen door hun technische, gedragsmatige en insti-
tutionele kenmerken te onderzoeken vanuit een collectief handelingsperspectief. De
dissertatie concludeert dat energiezekere TEC-initiatieven collectieve energiesystemen
zijn met bijzondere kenmerken en omgevingscondities. Rekening houdend met de in-
zichten uit alle onderzoeksvragen, toonde het proefschrift aan dat gedragsmatige en
institutionele kenmerken (bijv. de rol van het leiderschap, milieuvriendelijk gedrag en
subsidietoewijzingsstrategieºn) relatief meer invloed hebben dan technische kenmer-
ken (bijv. beschikbare hernieuwbare thermische technologieºn en hulpbronnen) voor
het opzetten en duurzaam functioneren van energiezekere collectieve thermische ener-
giesystemen. Bepaalde combinaties van duurzame energietechnologieºn, namelijk op-
slag van aquifer thermische energie met warmtepompen, bleken een positief effect te
hebben op de energiezekerheid van TEC-initiatieven. De meest cruciale technische ver-
eiste is een aansluiting op een aardgasnet. Het terugdringen van de warmtevraag van in-
dividuele huishoudens heeft ook een positieve invloed op de energiezekerheid van TEC-
initiatieven. De dissertatie beveelt aan dat individuele huishoudens hun eigen (thermi-
sche) energiecoöperaties initiºren, en dat beleidsmakers dergelijke initiatieven onder-
steunen.





1
INTRODUCTION

1.1. LOCAL THERMAL ENERGY TRANSITION
Today, the energy transition is one of the main challenges for the energy sector world-
wide [1]. The energy transition’s main goal is to reduce greenhouse gas (GHG) emissions
[2]. The deployment and installation of renewable energy technologies (RETs), such as
solar panels, geothermal wells and wind turbines, could facilitate and lead to achieving
the energy transition goals [2]. In order to drive the energy transition and speci�cally
to support the deployment of RETs, various plans and actions have been executed on
different scales: international (e.g. Paris climate agreement), transitional (e.g. European
Commission targets on renewable energy consumption), national (e.g. Dutch renew-
able energy policies) and at the local level [3]. Community initiatives for RETs, or energy
communities, are considered key elements of the energy transition at the local level [4].

An ‘energy community’ is an overarching term used to represent initiatives that aim
to generate, distribute and consume renewable energy collectively for locally involved
participants [5]. Although there are various de�nitions for energy communities in the
literature (e.g. the ones presented in [6], [7], [8], [9], [10], [11], [12]), in a broad sense, en-
ergy communities are de�ned as a group of individual local actors in a neighbourhood,
who invest in RETs jointly and consume the energy they generate 1 (with energy-saving
measures) [13], and/or sell excess energy to stakeholders outside the community. Such
collective energy systems are gaining momentum [14], and the number of established
energy communities is increasing [15], [16]. The main reasons for this momentum of
energy communities are:

� (Inter)national targets and incentives to increase the share of renewable energy
generation and consumption [3], speci�cally for the built environment and among
individual households [17];

� improvements in the technical and institutional system design of decentralized
renewable energy systems [18] (mainly due to developments in decentralized re-
newable energy systems [19], [20]);

1Energy generation and energy production are used as synonyms in the literature and they refer to processes
related to transformation of different energy forms to each other (e.g. heat and electricity).
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� recognizing the importance of stakeholder participation in the decision-making
processes (mainly due to new governance arrangements for decentralized renew-
able energy systems) [21];

� attempts of different stakeholders to preserve energy in the residential area [22],
especially policy-makers and individual households [11] (due to different reasons
such as the energy crisis in the 1970s [23], [24]).

The number of energy communities is increasing, and the majority of the established
energy communities use renewable electricity technologies (e.g. solar photovoltaic and
wind power) [15]. This is also re�ected in the academic literature, as recent literature on
the establishment and governance of community energy systems is dominated by stud-
ies on speci�c renewable electricity technologies, namely solar photovoltaic (solar PV)
and wind turbines (e.g. [11], [25], [26]). However, thermal energy systems, which are
used for heating, cooling, bathing, and showering [27], are understudied within the en-
ergy communities context [28], [29], [30]. This knowledge gap contrasts with the impor-
tance of thermal energy at the community level, as heat and cold cover approximately
75% of households’ non-transport related energy consumption [31], [32]. This contrast is
problematic, as to foster local energy transition and reduce CO2 emission, it is essential
also to include energy communities for thermal energy applications [33], [34].

To facilitate the establishment of thermal energy communities (TEC), some lessons
can be learned from the energy community literature as a whole. However, due to some
unique characteristics of TEC initiatives as compared to electricity initiatives, such as
higher energy demand (approximately 75%) [31], [32], different consumption patterns
(e.g. due to building occupation and seasonal changes) [31], [32], and more consider-
able required investment (e.g. investment on collective district heating) [35], [36], and
considering their technological differences (e.g. geothermal, bioenergy, heat pump and
solar thermal) [27], there is a need to study TEC initiatives, in detail. Zooming into the
scarce literature body on TEC initiatives reveals that this literature is dominated by stud-
ies that focus on technological aspects (e.g. [32], [37], [38], [39]). However, according
to [30] and [40], this is problematic because the adoption of local heating renewable
energy systems is challenged by the current institutional context, stakeholder interac-
tions, and behavioural attitudes. These barriers are not only blocking the establishment
of TEC initiatives processes but are also potentially undermining their energy security,
which is a crucial consideration for energy communities, like any other energy system
[41], [42]. In the broader context of the (thermal) energy transition, in which (thermal)
energy communities are seen as key local components, energy security is also a crucial
consideration [43], [44].

Energy security (loosely de�ned in this introduction as uninterrupted access to afford-
able and acceptable energy), is a very fundamental issue as it is one of the main concerns
of participants in any kind of energy community, including TEC initiatives [45], [46]. In
this line, studies such as [47] and [48] argued that energy security concerns become more
crucial in the context of energy communities, as such decentralised energy systems are
based on individuals’ collective action for energy generation and distribution based on
RETs. Thus, the behaviour and institutional settings become more in�uential for the
energy security of energy communities. Therefore, to understand and facilitate the es-
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tablishment of energy-secure TEC initiatives, these community energy systems and their
technical and institutional conditions need to be studied, as the further establishment
of TEC initiatives would contribute to the energy transition as a whole.

1.2. ENERGY SECURITY OF THERMAL ENERGY COMMUNITIES
In the energy community literature, various topics such as technological design (e.g.
[32], [49], [50], [51], [52]), integration of technologies (e.g. [20], [53], [54]), social accep-
tance (e.g. [18], [21], [26], [29], [55]), willingness to participate (e.g. [56], [57], [58]), and
institutional design (e.g.[4], [59]), are explored. Nevertheless, discussions around energy
security and how to study and measure the energy security of energy communities are
very limited.

As one of the focal points in the energy-related literature, energy security is a complex
concept [60]. Different disciplines such as economics, engineering and public policy
contribute to the literature and the de�nition of energy security [61], [62]. There are
more than 45 de�nitions for energy security. For instance, one of the most used de�-
nitions, the Asia Paci�c Energy Research Center (APERC) de�nition is: �The ability of
an economy to guarantee the availability of energy resource supply in a sustainable and
timely manner with the energy price being at a level that will not adversely affect the
economic performance of the economy� [63].This de�nition and other ones in the liter-
ature (e.g. the de�nitions presented in [64], [65], [66], [67]), availability [68], affordability
[69], and sustainability [70], to de�ne and assess energy security.

However, these de�nitions, mainly focus on conventional energy systems, namely cen-
tralized, fossil-fuel-based and (inter)national energy systems [60], [64]. In this vast body
of literature, there are only a few studies (e.g. [71], [72], [73]) with a focus on the energy
security of energy communities. These studies mainly take into account the traditional
notion of security of supply to study energy security (e.g. [74], [75]). Nonetheless, as
mentioned earlier in this chapter, this is different from the current energy security lit-
erature, which has shifted and has adopted a more comprehensive approach and has
included more diverse dimensions, such as ef�ciency [76], acceptability [69], and af-
fordability [77].

The traditional notion of security of supply is useful for studying conventional energy
systems; however, it is not capable of capturing the key characteristics of energy com-
munities, such as decentralized renewable energy generation [12], a collective action
approach [12], [13], participatory decision-making processes and �nancial distribution
[14]. More speci�cally, energy may not be available in the community at all times, es-
pecially when the system is not connected to the national grid [73], and energy may
not be accessible at all times, given the intermittent nature of renewable energy sys-
tems [74]. Community energy may not be affordable for everyone given the upfront in-
vestment costs, among other factors [14]. At the same time, the energy ef�ciency and
environmental-friendliness of energy communities are also other challenges in this con-
text [78]. There are few studies (e.g. [79], [80], [81]) that considered such topics to study
energy security of energy communities; however, they analyse these topics in isolation
rather than in integration and combination with each other.

To summarize, the literature does not provide any particular de�nition or approach
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to studying and investigating the energy security of collective energy systems, such as
TEC initiatives. Also, the technical, institutional and behavioural settings that in�u-
ence the establishment and functioning of TEC initiatives are not very well understood.
In this line, understanding such settings, along with studying the dynamics, decision-
making processes, and trade-offs related to energy security, is essential for (thermal) en-
ergy communities. As the establishment and functioning of energy-secure TEC initia-
tives lead to enlarging the share of renewable energy and fostering the energy transition
as a whole, it is essential to bridge these knowledge gaps. Especially considering the no-
ticeable thermal energy demand at the community level, energy security concerns are
becoming more critical in the TEC initiatives context [65].

1.3. RESEARCH OBJECTIVE
The current literature on community energy systems does not focus on thermal energy
applications (i.e. TEC initiatives) nor on the energy security of such collective energy sys-
tems. To overcome these gaps, as explained in Section 1.1 and Section 1.2, the objective
of the research is to support the design and implementation of energy-secure thermal en-
ergy communities by investigating their technical, behavioural and institutional settings
through the collective action perspective.

Given the decentralized nature of these systems, a collective action perspective pro-
vides an opportunity to look at energy-secure TEC initiatives from behavioural and in-
stitutional angles and allows one to pay attention to how members arrange and manage
these decentralized systems [82]. Therefore, this research investigates different tech-
nical, behavioural and institutional settings related to energy-secure TEC initiatives to
facilitate their establishment and functioning. This research entails integrating insights
from two separate scienti�c �elds: community energy systems and energy security.

To ful�l this objective, several research gaps will be addressed. First, TEC initiatives as
the underlying collective energy system will be studied. This step includes identifying
and conceptualising TEC initiatives’ technical, behavioural, and institutional settings.
Second, methods and approaches will be deployed to study and investigate these set-
tings and their in�uence on TEC initiatives’ establishment and functioning processes.
Lastly, the study will study and propose an approach to explore and measure the energy
security of collective energy systems and then apply such an approach to TEC initia-
tives’ context. This step entails capturing the collective decision-making processes and
investigating the in�uence of technical, institutional and behavioural settings on the es-
tablishment and functioning of energy-secure TEC initiatives.

1.4. RESEARCH QUESTIONS
In order to investigate and achieve the goal of this research, different technical, be-
havioural and institutional settings and their in�uence on the establishment and func-
tioning of energy-secure TEC initiatives will be investigated. These technical, behavioural
and institutional settings include the characteristics of the TEC initiatives as a collective
energy system and the surrounding (exogenous) conditions that affect and shape the
establishment and functioning of such energy-secure TEC initiatives.
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The following research questions are formulated:
Research question 1: What technical, behavioural and institutional characteristics set

thermal energy communities apart from electricity-driven communities? Although ther-
mal energy community is a type of energy community, its differences from electricity-
driven communities are not clear yet. Therefore, an overarching view of the particular
characteristics of TEC initiatives and their surrounding (exogenous) conditions is essen-
tial to address the main research objective. Answering this research question helps to
identify and understand the technical, institutional and behavioural settings that could
potentially in�uence thermal energy communities’ establishment and functioning pro-
cesses, which may have been missed in the general literature on energy communities.
Desk research and a comprehensive literature review are conducted to answer this re-
search question.

Research question 2: How and to what extent do the identi�ed technical, behavioural
and institutional characteristics affect thermal energy communities’ establishment and
functioning processes? After identifying the technical, behavioural, and institutional char-
acteristics of TEC initiatives and their surrounding conditions in the previous research
stage, the impact of such settings on TEC initiatives’ establishment and functioning pro-
cesses are needed to be investigated. Therefore, various complex technical, behavioural
and institutional settings need to be studied over time. Since the real-world data is lim-
ited, simulation modelling, such as agent-based modelling, is used in this step (see Sec-
tion 1.5).

Research question 3: How can energy security of a collective energy system be modelled?
There are various optimization models for the energy supply security of energy commu-
nities. However, no model captures the multi-dimensional nature of energy security and
the collective action towards the collective energy security of an energy system. As col-
lective energy systems are based on the collective actions of individuals with different
motivations and values, it is meaningful to investigate collective energy security. This
approach is also in line with energy security literature, where energy security concepts
are included in dimensions such as acceptability, affordability and availability. In order
to capture such collective action in energy systems and study their energy security over
time, simulation modelling, such as agent-based modelling, was used.

Research question 4: How do technical, behavioural and institutional settings affect the
establishment and functioning of energy-secure thermal energy communities? After cap-
turing the energy security of an energy community in a model, the concept of energy
security can be expanded into a model of thermal energy communities. For thermal en-
ergy communities, collective energy security could be a potential consideration to assess
their overall performance. The prevailing energy security concept should be expanded
and include other dimensions of energy security, such as governance, energy ef�ciency
and social effects. Therefore, by simulation approaches such as agent-based modelling,
the energy security of thermal energy communities is investigated. Figure 1.1 illustrates
the relationships between the research sub-questions.
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Figure 1.1.: Relationship of research questions

1.5. RESEARCH APPROACH
To capture the complexities of energy-secure thermal energy communities, they have
been approached by agent-based modelling and simulation (ABMS). In order to have a
conceptually rich representation of social structures and other components and method-
ologically analytical ABMS, institutional analysis is used as the theoretical backbone of
this research.

1.5.1. ABMS AS THE COMPUTER SIMULATION APPROACH

Computational social simulation is a well-established �eld of research at the crossroads
between technical design, social sciences, computer sciences, and mathematics [83],
[84]. As performing real-world experiments would be time-consuming and costly, com-
puter simulation is often used to conduct experiments in a virtual simulation environ-
ment [85], [86]. ABMS is speci�cally promising for this research as it facilitates the ex-
ploration of arti�cial societies of autonomous agents as representatives of the real-world
[87], [88].

Like other modelling practices, ABMS represents a simpli�ed version of reality [88].
In an ABMS, �An agent is the software representation of some entity that completes an
action or takes a decision, by which it effectively interacts with its environment� [89].
Agents are heterogeneous, autonomous and individual decision-making entities (such
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as individual households) that can learn and interact with each other and their environ-
ment [87], [90]. In addition, to studying and capturing the behavioural choices of indi-
viduals, using ABMS also provides the opportunity to explore the emergent behaviour of
the system [91]. Emergence relates to the idea of �the behaviour of the system�, which
results from individual actors’ behaviour on lower levels and their interactions [91]. In-
stitutional changes and policy interventions can also be analysed in ABMS by comparing
different scenarios [30], [88]. This would help study different system levels’ complexities
(e.g. macro-level and meso-level). Moreover, ABMS provides the ability to add the tem-
poral scale, which allows for examining different scenarios throughout time [88], [91].

For these reasons, ABMS is considered a suitable approach for studying the dynamics
and interactions within energy-secure renewable thermal energy communities. Given
the bottom-up nature of (thermal) energy communities and the importance of individ-
ual characteristics, decision-making processes and interactions for measuring energy
security of such collective energy systems, we use ABMS instead of other simulation
approaches such as Equilibrium Modelling [92], System Dynamics [93], and Discrete
Event Simulations [94]. Different studies argue for and use ABMS for studying differ-
ent topics in the energy transition’s context, although considering the complexity of the
real world, an ABMS cannot represent all the details of real-world decision-making pro-
cesses. Studying value con�icts for acceptance of decentralized energy systems [95],
simulating behavioural attitudes [96], and leadership in the energy communities [97],
studying local heating systems [30], [98], indoor heating and cooling and built envi-
ronment systems [99], [100], [101], modelling and simulating zero energy communities
[102], [103], and studying renewable energy technology adoption [104], [105], renewable
energy market design and price reforms [106], [107], are examples of these studies.

Besides computer simulation methods, approaches such as questionnaires, interviews,
focus groups, and serious gaming were also possible as research approaches. However,
using such methods relies heavily on high numbers of participants, and due to the slow
thermal energy transition, there are not many experts with knowledge on both thermal
energy transition (and TEC initiatives particularly) and energy security who are willing
to participate in these methods. Furthermore, TEC initiatives are relatively new systems,
and the real-world data lack their establishment and functioning processes. As only a
few TEC initiatives were recently established, their data is insuf�cient to explore many
technical, institutional, and behavioural characteristics over a more extended period.

1.5.2. INSTITUTIONAL ANALYSIS FOR STUDYING COLLECTIVE
SOCIO-TECHNICAL ENERGY SYSTEMS

In social systems, institutions are human-constructed rules which shape social, political
and economic interactions [108], or, more loosely, rules that govern the system [4], [109].
Institutions can be divided into two main categories: formal and informal institutions
which together lead to the system’s governance [108]. Institutional analysis is commonly
used to study socio-technical systems (e.g. [108], [110], [111]). Speci�cally in the con-
text of energy communities, topics related to formal rules such as energy policies (e.g.
[14], [112]), regulatory design (e.g. [4], [113], [114]), incentive mechanisms (e.g. [10],
[8], [115]), pricing strategies (e.g. [98], [116], [117]), stakeholders’ behaviour and their
indications (e.g. [85], [113], [118], [119]), are studied.
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Among various frameworks (as are elaborated in studies such as [108], [120], [121],
[122], [123]), the institutional analysis and development framework (the IAD framework)
by Nobel Laureate Elinor Ostrom [110] describes various components of a socio-technical
system and explains how they are related to institutions [124]. Even though the IAD
framework has conventionally been applied for the study of traditional common pool
resource management, such as irrigation and �shery, it has lately been extensively ap-
plied to energy systems (e.g. [125], [126]) and especially energy communities (e.g. [127],
[128]). Therefore, the IAD framework aligns with our research objective and is an appro-
priate starting point to study thermal energy communities as a collective socio-technical
system.

THEORETICAL BACKBONE OF SYSTEM DESCRIPTION FOR ABMS
Institutional analysis, particularly the IAD framework, is used as a theoretical backbone
of the system description for our ABMS. Besides its analytical power for studying energy
communities from a collective action perspective, the IAD has also been proven use-
ful for building agent-based models [129], [130], as it can provide an opportunity (i) to
explore the in�uence of institutions on enabling or restricting agents behaviours [88],
[108], (ii) and to develop more tangible and structured assumptions about agent deci-
sion making processes and behaviour [88], [131]. Table 1.1 summarizes the overview of
research questions and their related research methods.

Table 1.1.: Research questions and their methods

Research
questions

Research questions’ objective Research methods

R.Q.1 Identifying technical, institutional and
behavioural characteristics of TEC initia-
tives

Literature review
and analysis

R.Q.2 Investigating the in�uence of technical,
institutional and behavioural character-
istics on TEC initiatives establishment

ABMS and institu-
tional analysis

R.Q.3 Capturing and modelling collective en-
ergy security

ABMS

R.Q.4 Investigating and measuring collective
energy security of TEC initiatives

ABMS and institu-
tional analysis

1.5.3. THE NETHERLANDS AS A RESEARCH CONTEXT

In order to parameterize the ABMS, delineate reliable results and derive practical recom-
mendations, we focus on the Netherlands. The country-level analysis is chosen because
(i) the characteristics of energy systems differ per country, (ii) national statistical data
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are readily available, and (iii) it allows the study of institutions (both formal and informal
rules) and behavioural attributes which are typically de�ned at a national level. For the
thermal energy transition studied in this study, The Netherlands was selected because of
the following reasons: the

� presence of a high number of energy communities as compared to other EU coun-
tries [11];

� presence of well-developed energy and speci�cally heating infrastructure [132];

� Dutch national ambitious CO2 reduction targets which in�uence the heating sec-
tor [133];

� national norms for environmental concerns and sustainable development [134],
[135];

� the sense of urgency for the heat energy transition due to natural gas-induced
earthquakes [136].

In addition, energy security is an essential topic in the Dutch energy policy debates [24],
[137]. Historically, the Netherlands has a strong performance in energy supply secu-
rity [70], resulting from the Groningen natural gas �eld. However, as energy security
has adopted more diverse dimensions, various studies have evaluated Dutch energy se-
curity differently (e.g. [24], [67], [70]). Furthermore, particularly in the thermal energy
context, topics such as gas quakes [138], the geopolitics of natural gas imports/ exports
[139], and energy prices [117], [140], contribute to the importance of energy security
within the Dutch thermal energy context. The needed data on available renewable tech-
nologies, policy mechanisms and energy demand is collected through desk research
(e.g. [141]) and Dutch national data sources such as Statistics Netherlands (CBS), and
Netherlands Environmental Assessment Agency (PBL), "Stimuleringsregeling Duurzame
Energie" (SDE++). The data from a survey among 599 Dutch citizens about their motiva-
tions for joining an energy community (i.e. [58]) is also used. In each chapter, the details
of the data used are presented. The generalisability of the �nal results is discussed in
Chapter 6.

1.6. AUDIENCE
This study addresses audiences in academia, practitioners and individual households.
Firstly, in academia, this study offers insights for researchers that study the heat/thermal
energy transition, particularly academics focusing on TEC initiatives, institutional de-
sign, collective action, technical, behavioural and institutional characteristics. Further-
more, academics with interest in energy security, particularly those interested in bottom-
up and collective energy security, would also bene�t from the �ndings of this research.
Social simulation researchers, mainly agent-based modellers and institutional modellers,
would also potentially draw valuable insights from this work, as it offers new conceptu-
alizations and applications for such approaches.

The outcomes of this research can be bene�cial for practitioners in the energy transi-
tion, speci�cally for policy-makers, municipalities and energy consultants. The results
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can assist them on subjects related to the institutional design of energy-secured TEC
initiatives and the facilitation of their establishment process. These practitioners can
gain insights into the impacts of various related institutions, behavioural attitudes and
technological choices on the establishment process of energy-secured TEC initiatives.
Finally, as the core participants in a (thermal) energy community, individual households
and energy community’s boards can bene�t from this research. Individual households
who need to act collectively for generating, distributing, and consuming renewable ther-
mal energy can gain insights into different technical, behavioural and institutional con-
ditions to coordinate themselves and establish their TEC initiatives more smoothly.

1.7. THESIS OUTLINE
Chapter 2 provides an overview of the thermal energy community concept. Also, it struc-
tures and dives into particular characteristics of TEC initiatives through literature analy-
sis. Based on the results of the literature analysis, an ABMS model is developed to study
these technical and institutional characteristics, which is presented in Chapter 3. Chap-
ter 4 is dedicated to exploring and proposing an approach to model collective energy
security of energy communities through an ABMS modelling process. Chapter 5 dis-
cusses an ABMS model for measuring and investigating the collective energy security of
TEC initiatives. Answers to this study’s research questions, re�ections, conclusions, and
contributions are presented in Chapter 6.



2
THERMAL ENERGY COMMUNITIES

Energy communities are decentralized socio-technical systems where energy is jointly
generated and distributed among a community of households locally. As the energy that
is shared among the community is commonly electricity, the energy community’s liter-
ature is dominated by electricity-systems and mostly neglects collective thermal energy
as an alternative energy carrier for heating and cooling. The aim of this chapter is to
organise the existing research on �community-based initiatives for heating and cooling�
by using the Institutional Analysis and Development (IAD) framework, and based on
this analysis, identify a future research agenda. The analysis reveals that the number of
publications in this area has been growing fast recently, focusing on technological chal-
lenges. Fewer papers take an institutional point of view, in which they cover policies,
price reforms and values. The institutionally oriented papers focus on solar thermal en-
ergy and bio-based thermal energy. Other thermal technologies, such as geothermal
wells, are largely neglected in the literature, but are known to have different institutional
constraints. Informal rules and values are mainly researched from a consumer perspec-
tive. Since energy communities often consist of consumers and prosumers, additional
research is warranted into this area. Evaluative criteria for such communities are lim-
ited to economic aspects and greenhouse gas emissions, while indicators such as soil-
pollution and spatial planning that may play an equally important role are neglected.
The chapter explores the need for studying thermal energy communities as distinctive
entities with their own unique characteristics, and it develops a research agenda for this
purpose. 1

1This chapter has been published as J. Fouladvand, A. Ghorbani, N. Mouter, and P. Herder, �Analysing
community-based initiatives for heating and cooling: A systematic and critical review,� Energy Res. Soc.
Sci., vol. 88, p. 102507, 2022. It has been slightly modi�ed textually for alignment in this study. The �rst
author has conceptualised and performed the research. The other authors have performed an advisory
role.

11

https://www.sciencedirect.com/science/article/pii/S2214629622000147
https://www.sciencedirect.com/science/article/pii/S2214629622000147
https://www.sciencedirect.com/science/article/pii/S2214629622000147
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2.1. INTRODUCTION
The effects of the global temperature rise on human and natural systems, such as the
sea-level rise and the increase of the intensity and frequency of extreme weather events
like droughts and �oods, are well recognised [142]. According to the IPCC report, �world-
wide, numerous ecosystems are at risk of severe impacts� [143]. Greenhouse gases (GHG)
mitigation is essential in order to limit the consequences of these impacts [133], and spe-
cial attention is being placed on transition in the energy sector since it is one of the main
sources of GHG emissions worldwide [28]. The energy transition is executed at differ-
ent scales: international, national, regional and local [144]. Energy communities (inter-
changeably also used as community energy systems (CES) in the literature) are consid-
ered key elements of the energy transition at the local level as they aim to locally generate
and distribute renewable energy resources in order to meet the demands of local stake-
holders [145].

Although there are many different de�nitions for CES in the literature (e.g. [5], [7], [9],
[10], [11], [146], [147],[148]), in a broad sense, CES are de�ned as a community of actors
in a local area, with renewable energy technologies that they have jointly invested on
to generate, consume and/or sell renewable energy [13]. CES promote collective citizen
action to address various aspects of the transition to a low carbon energy sector [12].

CES can be based on the generation of renewable electricity (e.g. [15], [149]), the gen-
eration of renewable heat (e.g.[27], [30]) or on a combination of the two energy carriers
(e.g. [150], [151], [152]). However, the literature on CES does not address how differences
in the energy carrier and the technologies that accompany them impact the social, insti-
tutional, and economic attributes of such collective energy communities. As electricity-
generating communities seem to be currently mainstream in many countries (e.g. [146],
[15], [149], [153]), this leads to more publications of often case-driven research. Despite
the importance of heating and cooling [33], which covers approximately 75% of the non-
transport related energy consumption among households [31], [32], community-based
initiatives for heating and cooling, namely thermal energy communities (TEC), have re-
ceived less attention in the literature.

In TECs, households collectively invest in renewable thermal energy systems (e.g. so-
lar thermal, geothermal, bio-energy or heat pumps) to jointly generate and consume
thermal energy [27]. Many of these thermal technologies are quite mature but are differ-
ent from electricity-generating technologies [39], which leads to differences in the dis-
tribution and storage infrastructure (e.g. district heating instead of micro-grids [154],
[155], and thermal storage systems instead of electrical batteries), consumption pat-
terns [31], [39], initial investment costs [35], behavioural characteristics and collective
arrangements [36], [156], among many other differences. For example, indoor air quality
[157], and thermal comfort level [158], [159], along with speci�c biophysical character-
istics of the community (e.g. ambient temperature, geographical place, level of urban-
ization, building characteristics and insulation) [158], [113], are issues unique to TEC
initiative.

Our goal in this chapter is to outline the existing research on TEC initiatives in order to
identify distinctive features of TEC initiatives that distinguish them from their electricity-
generating counterparts, and propose areas for further research that require speci�c at-
tention for this type of energy community. We do this by reviewing the existing body of
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literature on TEC initiatives. TEC initiatives can theoretically be seen as a form of collec-
tive action where actors join efforts to achieve shared goals on a common-pool resource
dilemma [160]. Therefore, to provide a theoretical basis to analyse the existing literature
and to be able to identify aspects that have not yet been addressed systematically, we use
the Institutional Analysis and Development (IAD) framework of Ostrom [108]. The IAD
framework is speci�cally designed for collective action problems [108] and has already
been applied to study CES (e.g. [126], [161]). It has proven to be highly instrumental in
this domain in particular because it explicitly addresses the formal and informal institu-
tional challenges for such collective initiatives [162].

The structure of the chapter is as follow. The next section presents the theoretical
background. Section 2.3 presents the methods that were used in this research. Sec-
tion 2.4 discusses the literature. The literature analysis using the IAD framework is pre-
sented in Section 2.5. Further analysis and discussions are elaborated in Section 2.6.
Finally, conclusions and research agenda are presented in Section 2.7.

2.2. THEORETICAL BACKGROUND
The Institutional Analysis and Development (IAD) framework (Figure 2.1) was speci�-
cally developed to study collective action in socio-ecological systems [108], particularly
their related institutions. Institutions are human-constructed rules which shape social,
political and economic interactions [120] or, more loosely, rules that govern the system
[123], in this case, the (thermal) energy communities. Institutions can be discerned into
formal and informal rules [108].

Figure 2.1.: IAD framework [110]

At the centre of the IAD framework is the �action situation� building block, where par-
ticipants’ actions take place [123]. The action situation is �a conceptual space in which
actors inform themselves, consider alternative courses of action, make decisions, take
action, and experience the consequences of these actions� [108]. The action situation
is described by variables such as the characteristics of the individual actors, their roles
(position), the range of actions they can take and the potential outcomes, the cost and
bene�ts of those actions and outcomes, the available information they have, the level of
control over their decisions and choice/ participation mechanisms [120].

What happens in the action situation is in�uenced by a series of exogenous variables
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(biophysical conditions, community attributes and rules) and leads to patterns of inter-
actions and outcomes that can be assessed on the basis of evaluative criteria [109]. In the
end, there is feedback connecting the outcome of the action situation to the exogenous
variables. The description of each exogenous variable is as follow:

� Biophysical conditions: natural surrounding and human-made infrastructure [161],
including the physical and material resources and capabilities available within the
system’s boundaries [163];

� Attributes of community: informal rules and public perception [127], including
the cultural norms accepted by the community. In other words, the values, beliefs
and preferences about the potential outcomes of the action situation [123];

� Rules in use: formal rules and policies [127] that de�ne what actions are allowed
and which are not in an action situation [123].

Even though the IAD framework has conventionally been used to study traditional com-
mon pool resource management (e.g., irrigation and �shery), it has lately been applied
to energy systems (e.g. [126], [125], [164]) and especially to CES (e.g. [161], [127], [128]).
Since the framework is speci�cally aimed at analysing collective action settings such as
those found in TEC initiatives, we also use it to analyse the literature in this research.
By basing our analysis on this framework, we aim to address the literature with a focus
on the social and institutional settings for these systems, given their highlighted impor-
tance [5], [30], [113]. Furthermore, using the IAD framework also adds value to studies
such as [28] and [165], which studied CES literature from integration and sustainability
angles.

2.3. RESEARCH METHODS
An extensive literature search was conducted on thermal energy communities (TEC).
This literature review was based on material collected from www.webofknowledge.com
and www.scopus.com that are published until the end of 2020, using combinations of
keywords as presented in Table 2.1:

Table 2.1.: Used keywords

Combination of the keywords Number of articles

�heating� AND �energy community� 55
�heating� AND �energy cooperative� 7
�heating� AND �energy initiative� 110
�thermal� AND �energy community� 65
�thermal� AND �energy cooperative� 7
�thermal� AND �energy initiative� 106
�cooling� AND �energy community� 25
�cooling� AND �energy cooperative� 6
�cooling� AND �energy initiative� 29

www.webofknowledge.com
www.scopus.com
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As the goal of the current study is to provide a critical overview and propose a research
agenda for studying TEC initiatives (and as the literature on TEC initiatives is relatively
small), the collected materials cover all different types of documents, including peer-
reviewed articles and conference proceedings. The choice of keywords is to cover all re-
search about thermal energy applications (�heating�, �thermal� and �cooling�) with col-
lective action and bottom-up organizational structures (�energy initiative�, �energy com-
munity�, and �energy cooperative�). Since the goal of this study is to provide an overview
of research on community-based initiatives that collectively invest in thermal technolo-
gies rather than thermal technologies themselves, we deliberately left out research that
does not address the bottom-up and collective nature of these systems or only focus on
speci�c technologies (e.g. solar energy, geothermal, and district heating). The keywords
in Table 2.1 appeared in 410 documents. However, only 134 of them actually referred to
the energy community as a local scale, collective action and bottom-up energy system.
For instance, in some of these 410 documents, �energy initiative� referred to an of�cial
part of the government (energy initiative of�ce/ plan), but not to the community-based
energy initiatives (e.g. [166], [167], [168]). �EU energy community�, �international en-
ergy community�, �atomic energy community�, and �East Asia energy community� are
other examples of using the �energy community� keyword with a different meaning. Fig-
ure 2.2 elaborates on the processes of including and selecting documents.

Figure 2.2.: Prisma Flow diagram literature search

Next, in order to provide a descriptive analysis of this literature, the dominating topics
(i.e. common repeating words) in these 134 documents were explored using Vosviewer
[169] with co-occurrence analysis of all keywords with minimum co-occurrence of 5.
Vosviewer is a software tool for creating, visualizing and exploring maps based on net-
work data (e.g. scienti�c publications and scienti�c journals), where these networks can
be connected by co-authorship, co-occurrence, citation, bibliographic coupling, or co-
citation links [169]. Therefore, in our study, any word in the abstracts, titles, and articles’
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suggested keywords, that has been repeated in at least �ve different articles is reported.
Lastly, we analysed and structured the literature in detail using the IAD framework. In

order to do so, along with using the Vosviewer (i.e. common repeating words) for this
purpose, careful discussion and extraction of the topics studied in each of the 134 docu-
ments also contributed. Therefore, all the topics that are discussed in the TEC initiatives
literature are aligned with different building blocks of the IAD framework.

2.4. OVERVIEW OF THE TEC INITIATIVES’ LITERATURE
This section presents an overview of articles on TEC initiatives (details of these 134 arti-
cles are presented in the Appendix A). The number of studies related to TEC initiatives
has grown rapidly in recent years. As Figure 2.3 demonstrates, around 50% of all studies
(66 studies) were published in the last 4 years from 2017 onwards.

Figure 2.3.: Timeline of published documents

Although the focus of this study is limited to TEC initiatives and thermal applications,
only 53 solely focus on heating and cooling energy generation. The other 81 studies also
consider electricity generation in addition to thermal energy. These articles can be fur-
ther divided into two categories: (i) those where electricity is generated and then used
for thermal application purposes, such as for heat pumps (e.g. [170]), and (ii) the energy
generation for both thermal energy and electricity, such as community-based (bio-)gas
combined heat and power systems (e.g. [171]). Even in communities with both gen-
eration of heat and electricity (which is for thermal purposes), district heating remains
the main technology for distributing the thermal energy among the households. Differ-
ent thermal energy storage systems (e.g. thermal buffers), built environment ef�ciency
(e.g. buildings’ energy label) and thermal energy applications (e.g. space heating, air-
conditioning and hot water) are also studied in the literature. These are unique topics
for TEC initiatives and are discussed in detail in Section 2.5

Concerning the scienti�c discipline of these existing studies, following [28], �ve groups
have been identi�ed: technical, economic, environmental, behavioural/ institutional,
and literature reviews. The technical discipline with 55% of the total share of these stud-
ies is the dominant discipline, including topics such as the technical design of renewable
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heat generation and distribution (e.g. district heating systems), optimization of heating
energy systems, and integration of different renewable heating systems. For instance,
[172], [173], [174] and [175] study different types of smart systems and their in�uence on
thermal energy consumption at the community level. The relation between increasing
domestic energy ef�ciency and thermal energy consumption in energy communities is
presented in [176] and [177].

The second-largest discipline is the economic discipline (16%). Articles with a purely
economic focus (e.g. [178], [179]), including topics such as market design, economic
feasibility and cost-bene�t analysis, cover 12% of the studies. Also, broader topics are
addressed, such as [180], which explores socio-economic factors for small rural commu-
nities, while [181] studies technical and economic factors for renewable energy technol-
ogy retro�ts to single-family homes.

Environmental studies cover 14% of the literature. Different topics such as the in�u-
ence of climate change on buildings’ thermal energy consumption (e.g. [182], [183]) and
the environmental sustainability of thermal energy systems (e.g. [184]) are related to this
category. 9% of studies focus on behavioural and institutional aspects (e.g. stakeholder
analysis, policy analysis and consumer behaviour). Bio-energy policy in Finland [185],
the in�uence of institutional reforms on environmental aspects related to both the heat-
ing and electricity sector in Montenegro [186] and bio-energy policy in Chile [187] are
examples of such studies. Lastly, 6% of studies provide a literature analysis, review, or
opinion about a particular topic (e.g., thermal technology, policy, or economic consider-
ation). Figure 2.4 illustrates the overview of research disciplines and approaches in the
TEC initiatives literature.

Figure 2.4.: Overview of research disciplines and approaches

Before going into the analysis, we �rst look at the geographical location of the studies.
The geographical location of the studies can in�uence the research results, as different
regions have their own background and exogenous variables (i.e. biophysical conditions,
attributes of community and rules in use in the IAD framework). As Figure 2.5 shows,
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in the TEC context, most case studies are conducted in Asian and European countries,
whilst the literature offers only a relatively small number of case studies in North Amer-
ica. This is relatively similar to the CES literature, dominated by studies focusing on
European countries [153]. Figure 2.5 demonstrates the percentages of worldwide distri-
bution of the case studies present in the literature.

Figure 2.5.: Percentages of worldwide distribution of case studies of articles

Given the important level of geographical urbanization, namely differences between
rural and urban settings (e.g. space availability) [128], we also investigate the distribu-
tion of the studies with this categorization. For instance, [180], [188] show that rural TEC
initiatives have less (thermal) energy demand and make a smaller investment in com-
parison with urban TEC initiatives. However, 39% of the TEC initiatives’ literature (52
studies) does not clearly distinguish between the urban and rural contexts. As Figure 2.6
shows, more studies investigated TECs in an urban context than in a rural context.

Figure 2.6.: Level of geographical urbanization

As a �nal part of the overview, we extracted the commonly repeated words of these re-
search articles using Vosviewer [169], meaning words with minimum co-occurrence of 5
in all articles (more detail can be found in Appendix A). In total, the results of the analysis
by Vosviewer showed 91 common repeated words, where we grouped them in suggested
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categories presented in Table 2.2 to provide a more abstract overview, which would po-
tentially help the next steps of analysing and organizing the literature. The suggested
categories have emerged from commonly repeated words themselves while considering
studies such as [189] and [190]. These commonly repeated words and their overarching
suggested categories could be used in organizing and analysing the literature further.
Moreover, they bring more context to the literature disciplines (see Figure 2.4), as the
repeated words are related to a certain discipline. For instance, the following �ve cate-
gories are associated with the technical discipline: (i) energy resources, (ii) energy gen-
eration technology, (iii) energy storage technology, (iv) energy distribution technology,
and (v) �nal energy application.

Table 2.2.: Overview of topics in the studied literature

Categories Keywords

Energy re-
sources

Solar power, Renewable energy resources, Biomass, Solar energy, Renewable energy,
Fuels, Fossil fuels, Biogas, Solar radiation, Renewable energy source, Natural gas, Nat-
ural resources, Energy resources, Renewable resource, Alternative energy

Energy
generation
technology

Electricity generation, Solar water heaters, Photovoltaic system, Water heaters, Solar
heating, Renewable energy technologies, Solar water heating, Power generation, Com-
bustion, Photovoltaic cells, Heat pump systems, Solar collectors, Combined heat and
power, Solar power generation, Electric power generation

Energy stor-
age technol-
ogy

Energy storage, Heat storage, Electric energy storages, Energy conservation

Energy dis-
tribution
technology

District heating, Hot water distribution systems, Electric power transmission network,
Smart power grids, Smart grid

Final energy
applications

Cooking appliance, Air conditioning, Domestic Hot water, Heating equipment, Heat-
ing, Cooling

Formal in-
stitutions

Energy market, Energy policy

Environmental
aspects

Water, Atmospheric pollution, Greenhouse gas, Carbon emission, Carbon dioxide, Gas
emissions, Emission control, Greenhouse gases, Environmental impact

Buildings Housing, Residential energy, Buildings, Residential building, Intelligent buildings

Research
Approach

Design, Integer programming, Modeling, Cost bene�t analysis, Optimization, Eco-
nomic analysis

Economic
and �nan-
cial

Economics, Commerce, Costs, Investments

General key-
words

Energy systems, Multi-energy systems, Multi energy, Thermal energy, Thermal power,
Energy ef�ciency, Energy utilization, Heating system, Cooling systems, Sustainability,
Sustainable development, Digital storage, Climate change, Household energy
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2.5. ORGANISING THE LITERATURE USING THE IAD
FRAMEWORK

As elaborated in Section 2.2 and Section 2.3, we use the IAD framework to analyse the
current literature on TEC initiatives. The keyword categories in Table 2.2 are also to de-
termine which papers focus on which building block of the IAD framework.

2.5.1. BIOPHYSICAL CONDITIONS

For this building block of the IAD framework, we address the biophysical attributes of
these systems and the technological and infrastructure attributes [124]. Therefore, the
keywords related to energy resource, energy generation, energy storage and energy dis-
tribution technology fall within this building block of the IAD framework. This covers 40
out of 91 of all keywords identi�ed and presented in Table 2.2, which shows the domi-
nation of this building block in the TEC initiatives’ literature. Figure 2.7 illustrates the
distribution of energy resources and technologies for heating purposes within the 134
documents.

Figure 2.7.: Distribution of energy sources and carriers in the body of literature

Among the resources and generation technologies, solar energy plays a major role.
Topics related to design of solar energy communities (e.g. [152], [150], [191], [192], [193],
[194], [195]) and (technical, economical) feasibility study of solar energy communities
(e.g. [196], [197], [198], [199], [200], [201]) are researched extensively. Both types of so-
lar energy technologies, i.e., solar photovoltaic systems (e.g. [202]) and solar collectors
(e.g. [191]), are explored in the TEC literature. However, unlike the mainstream CES
literature, which is focused on available solar irradiation as a determining factor for so-
lar photovoltaic electricity communities (e.g. [203], [102], [104]), TEC initiatives’ liter-
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ature also considers environmental surrounding factors such as ambient environment
and seasonal temperature (e.g.[150], [191]), as these determine the performance of solar
heating technologies, such as solar collectors. In addition to solar energy, various studies
(including [204], [205], [206], [207], [208], [209], [210], [211], [113], [212], [213], [214]) ad-
dress bio energy. [205], [207], [208], provide technical designs and models for bio-based
energy communities. Studies such as [211], [213] and [214] study domestic availability
of bio-energy (e.g. fuel wood and wood chips) and environmental surroundings (e.g.
climate and temperature) as crucial factors for bio-based TEC initiatives.

These two speci�c RETs, solar and bio-energy, are by far the most studied sources of
heat-generation in the literature, which is probably due to their considerable share in lo-
cal renewable energy generation overall (see articles such as [10], [215]). Although there
are few studies in our set (e.g. [216], [217], [218]) that perform research on geothermal
energy, all of them also study other RETs in that same study (except [217] that only fo-
cuses on geothermal energy). For both solar and bio TEC initiatives, institutional de-
sign and economic topics, including market design, [219], [220], business models, [221],
[222], [223], and socio-economic aspects [180], [210], [224], [225] are studied in the lit-
erature (elaborated in Section 2.5.2 and Section 2.5.3.As presented in Figure 2.7, other
energy technologies, such as heat pumps (5% of studies), electricity (13% for both con-
ventional and renewable electricity) and wind turbines (1% of studies), are also studied
in the literature.

There are also a considerable number of articles (30% of the literature approximately)
that study TEC initiatives without specifying the energy source or carrier. In these stud-
ies, the main focus is on district heating, as the distribution system (e.g. [226], [227],
[228]) or on thermal applications (e.g. [229], [230]). District heating design is the focal
point of many articles such as [217], [231], [232], [232], [233], [234]. The in�uence of stor-
age systems on TEC initiatives is studied in [152], [188], [150], [191], [235], [236], [237].
[226] and [228] study integration of energy systems (e.g. electricity, heating, and cooling)
for TEC initiatives, while [227] focuses on developing an integrated design approach for
sustainable energy communities. [229] explores thermal applications (e.g. chillers, boil-
ers and heat pipes) within TEC initiatives, and [173] studies monitoring households’ en-
ergy consumption as an essential factor for TEC initiatives establishment. These topics,
particularly district heating and thermal storage design, are only speci�c to TEC initia-
tives.

Regarding energy consumption technologies speci�cally, the TEC initiatives literature
elaborates mainly on the optimal design and consumer interaction/ behaviour with the
consumption technologies (e.g. [177], [184], [238]). In line with this, the literature’s focus
could be divided in three groups: (i) �nal consumption, such as providing hot water, air
conditioning, and cooking (e.g. [238], [239]), (ii) control systems (e.g. [173], [174]), and
(iii) ef�ciency and insulation (e.g. [177], [181], [240], [241], [242]). These consumption
technologies are studied within the context of different kinds of buildings (e.g. residen-
tial, commercial, social, intelligent buildings, and smart homes). These applications and
technologies are also speci�c to TEC initiatives and are different from the CES main body
of literature that mainly focuses on electrical applications, such as lighting and house-
hold appliances.

Finally, it is worth highlighting that many biophysical and environmental surround-
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ing attributes are speci�c to TEC initiatives and have been extensively studied in the
literature. These include indoor air quality (e.g. [157]), and ambient temperature (e.g.
[150], [191], [229], [243]). Speci�cally, studies such as [9], [170], [205], [244] focus on
analysing the impact of climate, temperature, or location on TEC initiative establish-
ment. These factors are important conditions for TEC initiatives’ performance, as they
in�uence system design, thermal ef�ciency, and indoor comfort. They also in�uence
TEC initiatives institutional settings [245], [246], as we will study further in Section 2.5.4
and Section 2.5.6.

2.5.2. ATTRIBUTES OF COMMUNITIES

The ‘attributes of communities’ is one of the main building blocks of the IAD framework
as it greatly in�uences the behaviour of the actors and, therefore, the action situations
[123]. In this context, community attributes (such as norms, values and culture) in�u-
ence motivations and behaviour towards the (thermal) energy communities. However,
as it appears in the literature, minimal attention is given to this part of collective action
in TEC initiatives (14 articles out of 134). Although there are no identi�ed keywords re-
lated to this building block of the IAD framework in Table 2.2, a number of articles have
studied some aspects related to the community attribute.

In this building block, two main lines of research stand out: 1) norms and values 2)
community behaviour. Norms and values (e.g. environmental concerns and lifestyle) are
mainly studied in relation to the �nal application and consumption side of TEC initia-
tives such as the ones related to cooking stoves and indoor air pollution [157], norms re-
lated to income level and energy consumption [247], and norms of single-family homes
and relation to energy demand [181]. This is different from the mainstream literature of
CES, where norms and values are commonly studied in relation to general motivations
such as environmental concerns and �nancial bene�ts for participating and investing
in CES initiatives (e.g. [14], [97]). Therefore, the norms and values of prosumers that
received considerable attention in CES literature are missing from TEC initiatives’ liter-
ature.

Secondly, the users’ common behaviour in a speci�c community has been highlighted
by several studies (e.g. [170]). The in�uence of users’ behaviour on biogas generation
(e.g. [210], [248]) and the impact of home ef�ciency upgrades on residents and tenants
(e.g. [177]) are studied in the TEC literature. These studies explore the behaviour of
households related to thermal energy applications. Furthermore, [249] observed and
modelled social dynamics to explain uptake in energy-saving measures. This research
line is similar to the CES body of literature, where studies such as [104], [97], [250], [251]
also explore the overall behaviour and attributes of actors in CES initiatives.

In addition to the speci�c characteristics of TEC initiatives, other overall behavioural
attributes of a community have also been studied in our TEC body of literature. Par-
ticularly [247] is focused on environmental and social impacts of solar water heaters in
South Africa, and [252] dived into the in�uence of housing cooperatives and households
attributes on buildings’ heating systems and their costs. These attributes and the ap-
proach for studying them are similar to the ones studied in CES literature, such as will-
ingness to pay (e.g. [253], [57]), awareness ( e.g. [58], [254]) and trust (e.g. [255], [256]).
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2.5.3. RULES-IN-USE

In this building block of the IAD framework, we address the formal institutions (i.e., poli-
cies, regulations) that in�uence TEC initiatives [163]. Informal institutions (i.e. norms)
were already discussed in Section 2.5.2 Within this building block, studies are mainly
dominated by TEC initiatives’ energy market and energy policy. Studies such as [219],
[220] and [222] performed market analyses on solar and biomass energy resources. [219]
speci�cally focused on solar water heaters, while [220] explores the biomass market.
[178] also explored market diffusion of solar photovoltaic systems. Furthermore, [244]
researched the in�uence of residential aggregators on market �exibility.

Price reforms [185], [186], bio-energy policy [185], [187], [224], and cost reduction
[212], are examples of studies on energy policies related to TEC initiatives. [185] exten-
sively elaborated on bio-energy in Finland and how policies and regulations evolve in
this regard. Furthermore, studies such as [187], [212] and [224] also focus on policies
related to bio-energy in other countries. Assessment of related energy policies is also
studied in different researches (e.g.[225], [257]).

Another line of research, in addition to the ones that are mainly technology-driven, is
about the relationship between policies, social and environmental aspects. For instance,
[186] explains the environmental impacts of energy price reforms, and [258] studied the
impact of energy exchange cost on TEC initiatives. [113] explored the role of institutional
entrepreneurship in emerging TEC initiatives. However, these studies can be generalized
to CES research, as they do not have dived into speci�cities of thermal energy applica-
tions of these communities.

The overall number of studies covering institutions is limited in our studied TEC lit-
erature (15 articles out of 134). However, we conjecture that the technological speci�ci-
ties of thermal energy may require speci�c institutional arrangements and regulations
(such as institutions for district heating and underground thermal storage to avoid en-
vironmental impacts, including soil pollution) other than the ones that are extensively
studied in CES literature. Examples of institutional research in CES include regulations
and policies (e.g.[113] [37]), (self) governance (e.g. [78], [259]) and ownership (e.g. [260],
[119]).

2.5.4. ACTION SITUATION

In the action situation building block, the focus is on the participants, their positions, re-
sponsibilities, possible actions, trade-offs, and participation rules [123]. Nevertheless, it
has not received much attention in the CES literature as a whole, and particularly within
TEC initiatives literature. There are only a few studies that are speci�cally related to
this building block, and they can be divided into two main groups (i) participants, their
roles and the participation rules (e.g. [214], [261], [262]), and (ii) trade-offs and decision-
making processes (e.g.[212], [217]) in TEC initiatives.

For instance, [262] investigated sustainable energy project development (waste-to-
energy initiative) with a public-private partnership organizational form in Nigeria. Along
with the position of participants and their responsibilities, the study elaborates on tech-
nological, economic and environmental factors as well as the project’s �nancial and
work schedule data, which are related to the trade-offs and participation of actors. So-
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cial, economic and environmental aspects related to the fuelwood value chain in Burkina
Faso are elaborated extensively in [214] and responsibilities and participation rules.

Regarding the trade-offs and decision-making processes, [157] focuses on trade-offs
between human health and biomass usage for households. Therefore, health consideration-
heating energy trade-offs are particularly related to TEC initiatives, as the households
burn biomass (e.g. wood) indoors for heating and cooking purposes in their accommo-
dation, which is different from electricity-driven communities. Studies about the trade-
offs and decision-making processes related to living conditions, energy access and eco-
nomic aspects are elaborated in [263]. Users’ behaviour on biogas production through
a technical and a social approach is the focus of [210]. Furthermore, [180] elaborately
studied the in�uence of socio-economic pro�les and level of development on energy
consumption.

The current body of literature on TEC initiatives is limited to either households (as
participants and prosumer/ consumer) or policy-makers (as government/ municipal-
ity who execute formal institutions). In contrast, in CES literature, the importance of
other actors, such as prosumers, energy companies and community leaders/ coopera-
tive committees, and their roles are highlighted. In addition to such actors, waste com-
panies, farmers (i.e. manure production) [248] and building insulation companies [264]
are also important actors that need further inclusion in TEC initiatives analysis given
their importance in thermal energy provision. On top of this, further research on other
topics in the action situation building block, such as possible actions (e.g. dropping-out
process based on participants’ satisfaction), need to be studied.

2.5.5. INTERACTIONS AND OUTCOMES

In the IAD framework, the �Action situation� leads to �Interactions� and �Outcomes�
building blocks [108]. Considering the thermal technology speci�cations, topics dis-
cussed in these two building blocks have the most similarities with the main CES body
of literature. In our literature on TEC initiatives, we found that interactions are diverse
and include the ones that take place when developing a new energy community (e.g.
[243], [265]), member and board settings (e.g. [266], [40]), and general participation in
TEC initiatives (e.g. [244]). [243] is focused explicitly on geometric variables correlated
with energy performance and providing guidelines for buildings in hot climates. It also
explores the possible impacts and outcomes of such buildings and communities. An
optimization model for home energy management systems focusing on internal inter-
actions of energy technologies and users is presented from an aggregator’s standpoint
[244]. [229] explored the network synergies within energy communities and [265] devel-
oped a method to explore the energy cooperatives networks. Studies such as [30] and
[132] suggest that there are 4 phases for (thermal) energy communities’ establishment
(namely: idea phase, feasibility phase, procurement and construction phase and expan-
sion phase), where each phase has its own speci�c interactions and outcomes. These
topics are similar to discussions within CES’ literature.

The TEC initiatives’ literature discussed that possible outcomes of TEC initiatives could
be reduction of CO2 emission (e.g. [9], [267]), more supportive structured policies for
thermal energy transition (e.g. [185], [187]) and sustainable and healthy life-style (e.g.
[247]). There are other studies, such as [217], [225] and [262], that took an integrated as-
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sessment approach (with emphasis on environmental impact) for measuring outcomes
of energy communities in developing countries. Key performance indicators for energy
communities and TEC in particular are addressed in most literature, but hardly system-
atically and explicitly. These indicators are input to the evaluative criteria to assess the
performance of TEC, which will be elaborated on next.

2.5.6. EVALUATIVE CRITERIA

Evaluative criteria for TEC initiatives include technical feasibility measures, environ-
mental performance measures, individual consumer satisfaction and economic bene�t
measures. Although various studies could potentially be related to evaluative criteria, 27
articles particularly explore and assess the performance of TEC initiatives. In this part of
the literature, studies with a focus on measuring the environmental performance of TEC
initiatives stand out (e.g. [9], [257], [262], [268]). These studies focus speci�cally on the
greenhouse gas emission reduction by the establishment of TEC initiatives. [257], [262],
and [268] and [165] used greenhouse gas emission reduction as the main indicator for
analysing infrastructure for (thermal) energy communities, while [9] explored the green-
house gas emission reduction potential for TEC initiatives. However, the environmental
evaluation performance is more inclusive in the CES literature. In addition to green-
house gas emission, the CES literature also evaluates CES based on community’s waste
and spatial issues [28], [149]. This is an essential consideration in the context of TEC
initiatives as they could potentially have more signi�cant environmental impacts due to
their larger consumption share [145], [31], [32] in comparison with electric-generating
communities. Furthermore, due to the technical design of TEC initiatives (e.g. district
heating as distribution system, and geothermal energy and ground-source heat pump
as generation systems), topics related to water and soil pollution could also become rel-
evant.

In addition to the environmental oriented evaluation, there are also other ongoing
discussions in the literature for evaluating TEC initiatives. Studies such as [198], [218],
[227], and [269], investigate the energy performance of TEC initiatives. [218] speci�cally
studies the energy performance of buildings within energy communities. The study pre-
sented an approach to achieve a nearly zero-energy community by assessing the energy
performance of building design solutions and renewable energy systems. The literature
also conducts various feasibility studies, which can be divided into 2 main categories,
(i) technical and environmental feasibility measures (e.g. [182], [198]), and technical
and economic feasibility measures (e.g. [196], [197]). Furthermore, [220] evaluated and
explored the economic feasibility and market opportunities for thermal energy tech-
nologies. [258] studied the impact of internal energy exchange cost on TEC initiatives,
while [184] and [270] assessed the techno-economic and economic-environmental per-
formance of TEC initiatives. Finally, studies such as [217] [225], [226], and [271] have an
integrated approach for evaluating TEC initiatives. Social, economic and environmen-
tal impacts of small scale bio-energy systems are elaborated in [225]. [217] developed a
dashboard to support the decision making processes regarding the implementation of
(thermal) energy communities.
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2.6. ANALYSIS AND DISCUSSION
Energy communities or community energy systems (CES) are key entities in the energy
transition. The body of literature on CES is dominated by electricity-based technologies,
such as solar PV and wind turbines, but since thermal energy consumption in the built
environment makes up a large portion of the transition challenge, thermal communities
were the topic of our study. Given the technological differences between thermal energy
and electricity, energy communities established on either of the two energy carriers are
also expected to be different in institutional and social design. Hence in this study, a
systematic literature review and analysis was conducted in order (i) to make a compre-
hensive overview of research on TEC initiatives and (ii) to identify key differences of TEC
initiatives and electricity-based energy communities in order to build a research agenda
for the future of TEC initiatives.

The literature review revealed that most of the papers in the TEC literature had been
published within the last few years. The majority of articles in this literature (72 articles)
focus on technical topics, with design, optimization and system integration approaches.
District heating is the main distribution technology discussed in the literature. Renew-
able gas, a micro grid for direct electrical heating and individual renewable thermal en-
ergy systems are the alternatives that need further studies. Furthermore, in TEC initia-
tives’ literature, considerable attention is given to the energy consumption of different
types of buildings. This is particularly contextual in the TEC initiatives’ literature, as dif-
ferent studies discuss how different building’ types in�uence the thermal demand (e.g.
heating, cooling and cooking).

In contrast, few studies on actor/ participants’ analysis and institutional design. It can
be concluded that institutions (both formal and informal rules) are largely neglected in
this body of literature. Apart from providing a systematic literature review and a research
agenda, this study provided an opportunity to dive into details of TEC initiatives based
on the different building blocks of the IAD framework. Using the IAD framework for our
literature review analysis revealed that, among exogenous variables, �Attribute of com-
munity� is neglected the most, in contrast to general CES literature, where �Attributes of
community� gets relatively more considerable attention. This is problematic as TEC ini-
tiatives are formed when individuals act collectively, and therefore their attributes (e.g.
values and norms) are in�uential in how TECs form and function. Thus, this hinders the
deployment and implementation of TEC initiatives which may consequently hamper the
energy transition as a whole. The literature on policies and regulations is dominated by
research on speci�c technologies and resources (namely solar energy and bio-energy),
focusing on pricing as an incentive mechanism. As discussed, research on policies and
regulations that speci�cally address TEC initiatives needs to be expanded as they are
substantially different from electricity-based communities in terms of land usage, in-
vestment, technology, building ef�ciency, among other factors.

Although the literature on �evaluative criteria� is well developed, it is dominated by
technical and economic analyses and CO2 emission reduction assessments. However,
other important topics (e.g. soil pollution and public welfare) need to be included as
evaluative criteria for TECs. The literature on building blocks �action situation�, �inter-
actions� and �outcomes� is relatively limited (and also different from mainstream litera-
ture on CES), and there is a need for further research on topics related to these building
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blocks in TEC initiatives context. For further elaboration, see Section 2.5.4, Section 2.5.5
and Section 2.5.6.

The current study sheds light on the TEC literature; however, it does not address cer-
tain technologies, locations or system designs. We deliberately excluded keywords re-
lated to speci�c thermal energy technologies (e.g. geothermal and district heating). For
further work, as our analysis showed, there is considerable attention to particular tech-
nologies, such as solar energy, bio-energy and district heating. This is probably due to
the historical maturity of such renewable thermal energy technologies compared to rel-
atively new technologies such as geothermal wells and heat pumps. However, it would
also be meaningful to focus on the literature of speci�c thermal energy technology, and
while considering the collective nature of TEC initiatives, investigate the new insights,
if any. Furthermore, the results showed that the number of studies focusing on TEC
initiatives is increasing fast; therefore, it is also meaningful to add more recent studies
(e.g. published 2021 onwards) in future reviews. It would also be meaningful to consider
other keywords, such as thermal energy system, renewable thermal energy, collective ac-
tion and collective decision-making, to collect a larger number of documents to validate
and generalize current �ndings.

As TEC initiatives are based on the collective action of individuals, the collective ac-
tion perspective and the IAD framework that we used in our analysis were highly instru-
mental in mapping out the current research and identifying gaps. As a future research
avenue, it is meaningful to investigate the relationships and interactions between the
building blocks of the IAD framework in the TEC initiatives context. Studies such as [272]
hired such an approach. Other lenses (e.g. urban resilience) and other frameworks (e.g.
innovation management and multi-level perspective) may provide additional insights
related to resilience and different stages of technological diffusion of TEC initiatives.

2.7. RESEARCH AGENDA AND FUTURE WORK
This research aimed to study the body of literature on Thermal Energy Communities
(TEC) to highlight state of the art and propose areas for further research. By taking a
collective action perspective in our literature analysis, we paid special attention to the
institutional and community attributes of these community-based initiatives. This per-
spective is less highlighted in the general body of literature on CES and even more so
in the TEC literature. We used the IAD framework to map out areas of research that are
relevant in the study of TEC initiatives from a collective action point of view. This is yet
another contribution of the current study, as despite the IAD framework’s proven instru-
mental analytical power for studying collective action resources and systems, this frame-
work has not been used previously to analyse and structure energy communities’ liter-
ature. Figure 2.8 summarizes the current, published, state-of-the-art in TEC initiatives
research. We conjecture, in addition, that TEC initiatives have several unique character-
istics, suggesting that these initiatives need to be studied speci�cally in addition to the
general CES studies. These differences stem from the technological and infrastructure
differences but are also related to differences in consumption behaviour of consumers
and prosumers in addition to other types of institutions and behavioural attributes.

Below we discuss areas for future research in TEC:
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Figure 2.8.: Overview of �ndings on TEC initiatives literature

� Solar and bio energy are the main energy resources for TEC initiatives; however,
several other heat resources can be shared and used on a community level and
are worth further investigation. These include resources and technologies such as
geothermal, heat pumps, and waste heat. Furthermore, different thermal energy
applications (e.g. space heating and hot tap water) needs further investigation.
Therefore, technical design and feasibility studies of other thermal technologies
and resources are required.

� Unlike electricity-generating communities, biophysical conditions such as ambi-
ent temperature and indoor air quality in the context of TEC initiatives are es-
sential factors in�uencing the establishment of these communities and their suc-
cess (see Section 2.5.1). Speci�c thermal energy technologies such as geothermal
energy and ground heat pumps in�uence the soil and ground water quality and
would therefore need to be included in environmental assessments of TEC ini-
tiatives. Although there are a limited number of studies addressing these factors,
more substantial inclusion in TEC research is needed. Performing life cycle assess-
ments(e.g.[273], [274], [275]) could be useful in this regard.

� Institutions are essential in studying TEC initiatives to allow these community-
based initiatives to �ourish to the extent of their electricity-based counterparts.
The institutional factors are both high level and formal such as the ones related to
market mechanisms, but also informal, such as the ones that determine the inter-
nal functioning mechanisms of these initiatives and in�uence the type of interac-
tion among community members. Particularly in TEC initiatives literature, there
are few studies in this �eld. Conducting surveys and interviews with the assist of
computer modelling (e.g. agent-based modelling [276]) could be helpful further to
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investigate institutions, both formal and informal rules. For instance, studies such
as [245] that use behavioural attributes data to populate an agent-based model for
studying the establishment of electricity-based energy communities could be an
example for studying institutions in the TEC initiatives’ context.

� The interactions’ network (e.g. interactions between different actors), internal dy-
namics (e.g. dynamics and information exchange between households), desirable
and possible outcomes (e.g. the number of participants) need to be explored for
TEC initiatives. As presented in Section 2.4 it is also critical to study other actors.
In this regard, as studies such as [134] and [118] suggest, approaches such as study-
ing focused groups and organizing workshops of involved actors would bring new
insights. Q-methodology [277] and serious gaming [278] would bene�t such ap-
proaches.

� A methodological observation from this literature review was that the papers re-
ported mainly mono-disciplinary studies focusing on the technical design or eco-
nomic assessment. However, in order to facilitate TEC initiatives establishment,
there is a need for multi-disciplinary research. Studies such as [30] and [34] [178]
also argued for the need for multi-disciplinary in the heat energy transition as a
whole.

In conclusion, substantial differences were identi�ed between the TEC initiatives lit-
erature and electricity-generating energy communities. Their differences are in genera-
tion sources, distribution systems, and consumption applications from a technological
standpoint. Furthermore, unlike the CES mainstream literature, studies related to at-
tributes of community do not play a signi�cant role in TEC literature, and the few studies
in this regard are mainly focused on attributes related to thermal consumption applica-
tions. Due to all the differences, this study studied TEC initiatives as distinctive entities
with their own unique characteristics.





3
SIMULATING THERMAL ENERGY

COMMUNITIES

Energy communities are key elements for local energy transitions, collectively generat-
ing, distributing and consuming energy using renewable energy technologies. As one
type of energy community, thermal energy communities focus on thermal energy appli-
cations, such as heating, cooling, bathing, showering, and providing hot tap water. As
thermal energy applications and systems receive increasing academic and policy atten-
tion, there is a need to understand better the formation processes they undergo. This
chapter explores various technical, behavioural and institutional conditions that in�u-
ence thermal energy community formation processes by using an agent-based mod-
elling approach. The results show that technology selection is not the most crucial and
determining factor for the success of thermal energy communities, yet the surrounding
institutional conditions are. Key factors that in�uence these formation processes per-
tain to providing training so that the thermal energy community leaders become more
skilled and allocating subsidies based on the projects’ degree of environmental friend-
liness. For all stakeholders, �nding the balance between all decision-making criteria is
key to success. The results are useful for practitioners - and especially for policy mak-
ers - to develop more impactful policies and strategies to support the expansion of local
thermal energy communities. 1

1This chapter has been published as J. Fouladvand, M. Aranguren, T. Hoppe, and A. Ghorbani, �Simulating
thermal energy community formation: Institutional enablers outplaying technological choice,� Appl. En-
ergy, vol. 306, p. 117897, 2022. It has been slightly modi�ed textually for alignment in this study. The �rst
author has conceptualised and performed the research. The other authors have performed an advisory
role.
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3.1. INTRODUCTION
Among the multiple approaches to greenhouse gas mitigation in energy transition, the
deployment of renewable energy technologies (RETs) is considered the primary strat-
egy [2]. Energy transition has been discussed at different levels, namely, supranational,
national, regional, and community [28], [144].

At the community level, in particular, energy communities are considered a key ele-
ment for the deployment of RETs, as they contribute to their own energy generation, dis-
tribution and consumption [28]. Since households are responsible for around 25-30%
of total energy consumption [279], [280], energy communities could potentially play a
signi�cant role in energy transitions. There are different de�nitions for the energy com-
munity in academic literature. This term can be de�ned, for instance, as �people in a
neighbourhood, who invest in renewable energy technologies jointly and generate the
energy they consume� [13]. Another de�nition works around installing one or more re-
newable energy technologies in or close to a rural community where community partic-
ipation is a key factor [7], [8]. Schram et al. de�ne an energy community as �a group of
consumers and/or prosumers, that together share energy generation units and electric-
ity storage� [9]. While energy communities are usually built on norms and values such
as trust and the environmental and �nancial concerns of their participants [255], the
more formal organisational-legal version of energy communities, i.e. energy coopera-
tives, are characterised as commercial organizations operating in a market environment
[10], [281]. Overall, we conclude that the concept of energy community in the academic
literature encapsulates initiatives that focus on collective generation, distribution and
consumption of renewable energy for all community members [5], [147].

In the literature about energy communities, thermal energy applications are under-
studied [27]; however, thermal energy covers no less than 75% of total non-transport
related energy consumption among households [33], [32]. Discussions mainly address
either energy communities in the general sense of the concept (e.g. [28], [8], [29]) or,
more particularly, electric energy communities (e.g. [25], [26], [53]). Within the scarce
literature on thermal energy communities, studies are mainly focused on technologi-
cal aspects (e.g. [32], [37],[38], [39]), and in particular, on district heating technology
(e.g. [140], [117], [282]). For example, in Sweden, [283] and [284] have studied heat load
patterns and the technical design of district heating. Studies such as [285] and [286]
also provide an overview of Swedish district heating status and its bene�ts and risks. In
this context, [287] and [288] discuss the overview of technical developments in Danish
district heating. However, these studies do not explicitly focus on the thermal energy
community and its collective action nature. Yet, according to [30] and [40], this is key
to changing the institutional context, which is currently hindering the potential to over-
come economic and technological challenges related to adopting local heat technology
and the related infrastructure (e.g. high capital investment requirements and long in-
stallation time).

Overall, there is a lack of understanding about thermal energy community (TEC) ini-
tiatives, what their formation process entails and the institutional conditions needed for
TEC initiatives to thrive. This hinders the deployment and implementation of TEC initia-
tives, which consequently hampers the energy transition as a whole. This study aims to
explore and gain insights into the potential impact of various institutional and techno-
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logical conditions on the formation process of TEC initiatives. In this regard, an Agent-
Based Modelling (ABM) approach [91], [88] is considered to be a suitable tool for study-
ing the complex dynamics and interactions within (thermal) energy community initia-
tives. ABM allows the exploration of the complexities of decision-making processes of an
energy community and experimentation with alternative strategies within a virtual sim-
ulation environment. In fact, because of their usefulness in studying bottom-up social
processes, several researchers have already used ABM for modelling community energy
systems. For example, [102] uses ABM for studying zero-energy communities. Using
ABM and considering the leadership role, the emergence of local energy initiatives for
solar and wind energy is explored [104] use this approach for investigating the adoption
of residential solar photovoltaic systems. [95] also developed an ABM for studying the
con�ict of values within local energy systems. [289] uses ABM to analyse local heating
systems in the built environment in thermal energy applications. Policy interventions
and business models related to heat network development in UK cities are studied in
[30]. Although all these studies explore speci�c aspects of energy communities, none
have explored the technical and institutional conditions for the formation of thermal
energy communities.

The ABM model developed in this chapter is about technical (thermal) energy inno-
vation that goes hand in hand with social innovation (in the form of energy commu-
nity formation). It is used to look at how certain combinations of technical, behavioural
and institutional conditions in�uence the formation of thermal energy communities.
Furthermore, it proposes recommendations about the institutional changes required to
foster the establishment of Dutch thermal energy communities. The model itself has the
potential to serve as a simpli�ed tool for stakeholders to explore how to foster thermal
energy transitions in their local context. The results of this chapter exemplify how the
model can be applied in the Dutch energy context, but this tool can be used in other
contexts by adjusting the data.

The structure of this chapter is as follows: Section 3.2 provides insights into thermal
energy communities. The theoretical background of the research is presented in Sec-
tion 3.3. Research methods are introduced in Section 3.4. A model description, which
entails the development and implementation of an agent-based model, is presented in
Section 3.5. Section 3.6 then discusses model implementation and assumptions. Next,
model results are presented in Section 3.7. Section 3.8 then presents the academic dis-
cussion. And �nally, conclusions, implications and suggestions for further research are
presented in Section 3.9.

3.2. THERMAL ENERGY COMMUNITIES ( TEC)
To contextualise the modelling exercise of this study, the relevant literature on commu-
nity energy systems in general, and TEC initiatives in particular, is presented in this sec-
tion.

TEC initiatives, in particular, focus on providing sustainable energy for thermal appli-
cations, such as heating, cooling, bathing, showering and cooking [27]. As a sub-category
of energy communities, TEC initiatives consist of three main components: (thermal) re-
newable energy technology, stakeholders involved and related institutions [27]. As elab-
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orated in studies such as [42], [290], [291], these components interact with each other
within the TEC initiatives system boundaries and with the environment outside the TEC
initiatives system’s boundaries.

3.2.1. THE THERMAL TECHNOLOGY COMPONENT

TEC initiatives involve the implementation of common local RETs which are used for
thermal energy applications. In the existing literature, the technological component
of TEC initiatives has been studied relatively more than the other two components (i.e.
stakeholders and institutions) [30]. Regarding the technology, topics such as energy sys-
tem design (e.g. [229], [292]), energy system integration (e.g. [293], [227]), demand-side
management (e.g. [294], [51], [295]), and thermal storage (e.g. [296]), have received aca-
demic attention. According to [39], [152], [297], the technology components of TEC can
be decoupled into three main elements: (i) generation (input); (ii) distribution (transi-
tion); and (iii) consumption (output).

� Generation: This encompasses the heat source and the thermal energy generat-
ing technology [39]. In addition to the renewable thermal energy resources and
technologies, such as biomass, biogas, geothermal, solar thermal, and waste heat
[298], [299], renewable electricity for thermal purposes (e.g. heat pumps) is also
included in TEC initiatives [299].

� Distribution: This entails making the generated heat available for consumption
through transportation from the heat source to the end-user [282], [50]. It consists
of connections, heat exchangers, and the network of pipelines [38], [50].

� Consumption: This focuses on the thermal applications inside the households,
such as space heating or cooling and hot tap water [39]. Therefore, besides demand-
side management, studies such as [300] and [22] explore the in�uence of energy-
saving measures for heat consumption. Energy labelling is another topic that is
touched upon in the literature on thermal energy consumption (e.g. [280], [301]).

3.2.2. THE STAKEHOLDER’S COMPONENT

The second component of energy communities comprises participants within any en-
ergy community, e.g. TEC initiatives, their roles and responsibilities [27]. The role of dif-
ferent stakeholders on the level of social acceptance of community energy systems [118],
the in�uence of leadership [97], [302], and vision building [302] on the establishment of
energy communities are examples of topics explored in this regards. The division of �-
nancial responsibilities has also been studied as a key success factor in TEC initiatives
[14], [11].

Recent research, however, has focused on exploring the participation motives [303],
[304], willingness to invest [14], and trust [255], [58]. In this context, [144], [305], [306],
focus on stakeholder involvement and engagement, [144], [119], discuss participants’
norms and values, and [244], study participants’ characteristics, such as willingness to
participate.
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3.2.3. THE INSTITUTIONAL COMPONENT

Institutions are human-constructed rules that shape social, political and economic in-
teractions or, more loosely, rules that govern the system, the local (thermal) energy sys-
tem [123]. Institutions can be discerned into formal and informal rules [108], [120].

Research into formal rules in�uencing community energies looks into topics such as
energy policies (e.g. [14], [112]), regulations (e.g. [307], [113], [114]), and incentive mech-
anisms (e.g. [8], [10], [115]). More particularly in the context of TEC initiatives, regula-
tory design [308], [309], [132], [310], and market design and pricing strategies [140], [117],
[116] have received considerable academic attention.

On the other hand, informal institutions include norms and values that in�uence the
behaviour of stakeholders [118], [311], [119] and interaction structures between them
[113], [85]. In other studies, the role of values and behaviour in energy communities is
addressed (e.g. [104], [161], [127], [312]). Other issues that have to do with public values,
but also tap into informal rules held by community members and stakeholders, include
trust [58], psychological factors [313], environmental concerns [314], [251], [315], and
local energy autonomy [316].

3.2.4. SOCIAL AND GOVERNANCE SETTINGS

Following the meta categorisation developed in [146] for solar energy communities on
organisational and governance drivers that positively in�uence local energy initiatives,
factors in�uencing community energy performance and their relative success can be
divided into three different groups: (i) intra-organizational characteristics of an energy
community ; (ii) interaction with the local community; and (iii) governance setting and
linkage to government [146].

INTRA-ORGANIZATIONAL CHARACTERISTIC OF TEC INITIATIVES

Key factors in�uencing community energy performance include:

� The presence of especially committed actors to the project effectively provides di-
rection to the group (i.e., ‘project champions’) [146].

� Having the required knowledge and expertise to overcome impediments and take
the required actions to establish the energy communities [146], [317].

� Having access to funds [146], such as subsidies to cover (a fraction of) the required
investment and increase the project’s affordability [11], [305].

THE INTERACTION WITH THE LOCAL COMMUNITY

Frequent interaction between project champions and the local community is essential to
ensure a high level of local community involvement, which translates into a high willing-
ness to participate and invest in the project [146]. This can be achieved through the early
direct participation of the neighbourhood and open decision-making processes [318].
Active engagement of the local community could be ensured by aligning the needs, ex-
pectations and values of different stakeholders, including the local community and lead-
ers [305]. The importance of other related factors, such as a high level of cohesion [245]
and trust [255], [58], is also addressed in academic literature.
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GOVERNANCE AND THE INVOLVEMENT OF EXTERNAL STAKEHOLDERS

It is critical to connect the external stakeholders to the project champions and local com-
munity [146] to achieve external support and complete the overall set of skills, capaci-
ties, information, and expertise required for the establishment of an energy community
[305], [146]. Creating such a network facilitates information sharing, which is essen-
tial for enhancing learning from the experience of other energy communities [317]. De-
veloping supportive policy frameworks that ease the provision of planning permits and
provide external funding is another example of external stakeholders’ in�uence on es-
tablishing an energy community [144], [114], [146]. Nevertheless, all these interactions
and networks will only be successful if the different discourses and visions held among
stakeholders are shared and aligned [245].

3.2.5. THE FORMATION PROCESS OF TEC INITIATIVES

The development of viable local heating networks requires the main actors to navigate
through a series of project stages which are elaborated as follows [30], [233]:

� The idea phase: This phase focuses on the initial mobilization of TEC initiatives
participants. The outcome of this phase is typically the shared approval of a vision
and a �rst plan. Key issues in this phase concern: a vision, a new technology, a
new partnership between the actors around the TEC initiative.

� The feasibility phase: This phase focuses on building consensus about the project’s
characteristics, considering that this is technically and �nancially feasible. An es-
sential requirement is that the project is linked to both the region’s spatial char-
acteristics and the residents’ socio-economic features. Additionally, the TEC ini-
tiative members need to agree on the �nancial and organisational arrangements
during this phase.

� The procurement and construction phase: Once the consensus about the local
heat network project has been reached, �nance needs to be secured, customers
contracts arranged, and the infrastructure built.

� The expansion phase: Lastly, this phase includes the daily operation of the local
heat network once it is in place and its expansion to involve a larger share of the
community.

3.3. THEORETICAL BACKGROUND
This section introduces the theories used as the backbone of our modelling exercise. We
also use these theories to analyse our simulation results, as discussed in the following
sections. While the four-layer model of Williamson [319] and the Institutional Analysis
and Development framework [108] support the structuring of the elements of thermal
energy communities, the Behavioural Reasoning Theory [320] supports the understand-
ing of how these elements relate to each other.
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3.3.1. THE FOUR-LAYER MODEL OF WILLIAMSON

The four-layer model of Williamson categorises institutions into four different layers
[319], as presented in Figure 3.1. These four layers interact, provide feedback to each
other, and have a temporal aspect since each level operates at its own pace [319], [321].

Figure 3.1.: The four-layer model of Williamson [319]

� Level 1: Social embeddedness: The highest layer includes the informal institu-
tions of cultures and values, which operate at the lowest pace and require hun-
dreds of years to change. However, they have a signi�cant in�uence on the other
layers. These institutions mainly have a spontaneous origin and have a lasting grip
on society’s behaviour.

� Level 2: Institutional environment: This level comprises the political, legal and
governmental, more formal arrangements that shape the activities in the other
levels. Changes in this level occur when there are windows of opportunity, such
as a hard economic crisis. These formal rules are in the form of laws and regula-
tions, which can come from a (supra)national and regional level. The time horizon
of change in these institutions is in the order of a decade to a hundred years.

� Level 3: Governance: This layer looks into the modes of formal organisations with
contracts and agreements that describe the division of roles and responsibilities
across stakeholders. However, informal agreements based on trust and reciprocity
can also be analysed on this level. The time horizon of change in these institutions
is in the order of one year to a decade.

� Level 4: Individual analysis: This level accounts for the analysis of the operation
and management of the system. It looks at what individuals take into consid-
eration when making decisions and how they make these decisions. This is the
fastest-changing level, continuously developing [319], [322].
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The key element of Williamson’s four-layer model concerns feedback loops [319], [110],
illustrating the interconnectedness of institutions within a speci�c system using a sys-
tem’s perspective [322]. These loops show how developments and changes at a lower
level are, on the one hand, steered and restricted by the institutional arrangements at
higher levels. On the other, they open up paths for new arrangements at higher institu-
tional levels [322].

The four-layer model of Williamson has traditionally been used to understand com-
plex environmental issues. However, [59], [323], [324] argue that the four-layer model of
Williamson also provides a useful platform to study and analyse energy systems.

In the present study, the four-layer model of Williamson is used to represent the stake-
holders and their decision-making hierarchy in the ABM (See Section 3.5). The high-level
meta-conceptualisation of the four-layer model of Williamson provides the structure to
identify the key action situations within the decision-making processes of thermal en-
ergy communities’ formation processes. Additionally, it supports the classi�cation of
these action situations into the different institutional layers. We leave the �rst layer out
in the simulation to look at shorter time horizons.

3.3.2. THE INSTITUTIONAL ANALYSIS AND DESIGN (IAD) FRAMEWORK

The IAD framework developed by Ostrom (2005) enables the dynamic analysis of decision-
making processes in a system by breaking them down and organising them into simpler,
more manageable parts [123], [108] (see Figure 3.2).

Figure 3.2.: The IAD framework [110]

The action situation is the main component of the IAD framework [108]. [163] de-
scribes the action situation as: �a conceptual space in which actors inform themselves,
consider alternative courses of action, make decisions, take action, and experience the
consequences of these actions�. What happens in the action situation is in�uenced
by exogenous variables classi�ed into three main components: biophysical conditions,
community attributes, and rules-in-use.

� The biophysical conditions include the physical and material resources and ca-
pabilities available within the system’s boundaries. Resources include technology
options, �nance, population and available labour, for instance, [123], [163].
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� The attributes of the community include the cultural norms accepted by the com-
munity. In other words, the values, beliefs and preferences about the potential
outcomes of the action situation [123], [127].

� Lastly, there is the rule-in-use component, which is about the formal rules that
govern the system. Ostrom categorises them into seven rules which in�uence the
action situation: boundary, aggregation, scope, pay-off, position, information and
choice [322], [110].

These exogenous variables and action situation components lead to patterns of in-
teraction that generate speci�c outcomes. Based on evaluation criteria, these outcomes
can be objectively assessed [108], [110]. In the end, there is a feedback loop that connects
the outcome to the action situation and the exogenous variables [322], [110].

Even though the IAD framework has conventionally been applied to the study of tra-
ditional, common pool resource management, it has lately been extensively applied to
energy systems (e.g. [125], [164], [126]) and the community energy system, in particular
(e.g. [161], [127], [128]). In our simulation, the IAD framework will be used to model the
interactions and decision-making processes of stakeholders in each layer of the four-
layer model of Williamson. Once the key actions for forming thermal energy commu-
nities have been identi�ed, the IAD framework supports a more in-depth analysis of
these actions by identifying the components that shape them and the important external
and internal conditions that in�uence them. This provides the required depth of under-
standing for adequately representing the action within the ABM model presented in this
paper.

3.3.3. BEHAVIOURAL REASONING THEORY

The Behavioural Reasoning Theory (BRT) is used to analyse and guide how actors make
decisions and behave [320], [325]. BRT focuses on understanding the personal factors
that in�uence sustainable behaviour [326], [327].

As presented in Figure 3.3, BRT postulates that intentions are strong predictors of be-
haviour and that attitudes are a key antecedent of the adoption of these intentions [320],
[250]. BRT then theorises that attitudes are a key antecedent of adopting behavioural
intentions [320]. BRT includes the relevance of context-speci�c reasons for and against
a decision as a key predictor of the attitudes, as well as of the �nal decision [320], [328].
In addition, BRT proposes that, most importantly, resulting from a desire for simpli�ed
information processing, people’s processing of value information directly affects the rea-
soning for their expected behaviour. In this line, BRT argues that project leaders, when
searching to make the right decision, scan their values and belief systems and �nd the
action that aligns best [329].

Figure 3.3.: BRT [320]
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In the energy transition-related literature, several studies, such as [250], use BRT to
analyse the deployment of RET. This study uses BRT to capture individuals’ values, rea-
sons, and attitudes concerning participation in TEC initiatives. BRT connects variables
that are de�ned according to the two aforementioned frameworks: (i) how the com-
munity attributes within the IAD framework in�uence the action situation and, (ii) how
the informal rules in the �rst layer of the Williamson framework in�uence the decisions
made by the individuals in the fourth layer.

By building our ABM model on the theoretical grounding provided in this section,
we aim to, �rstly, analyse the way in which a particular combination of technical and
institutional conditions in�uences the formation of thermal energy communities, and
secondly, provide recommendations on the institutional change required to foster the
establishment of TEC initiatives.

3.4. RESEARCH METHODS
3.4.1. AGENT-BASED MODELLING (ABM)
In ABM, agents are heterogeneous, autonomous and individual decision-making enti-
ties (e.g. any stakeholder, such as households, municipalities, companies and policy
makers) that are able to learn and interact with each other and their environment [87],
[90]. This allows the capture of individual behavioural choices while also allowing the
understanding and analysis of the emergent behaviour of the system as a whole [91].
Moreover, institutional changes and policy interventions can be analysed in ABM by us-
ing different scenarios and comparing the emergent behaviours of agents that arise from
them [30], [88].

For these reasons, ABM is considered a suitable approach for studying the behaviour
of stakeholders, their decision-making process, and dynamics within a TEC initiative. In
addition, ABM has the following key bene�ts:

� ABM creates a simpli�ed representation of reality, easing the research while break-
ing free the constraints imposed by obtaining analytical solutions and mathemat-
ical formulations [88], [91].

� ABM can be applied to situations where the study of macro-level complexities is
required, looking at the interaction of simple system components, which prompts
the emergence of complex behaviour(s), using a bottom-up approach [131], [322].

� ABM provides the ability to add the time variable, allowing the examination of dif-
ferent scenarios to understand inputs, variables, and outputs with little effort, en-
hancing the investigative power [88], [91].

Considering the complexity of the real world, an ABM cannot represent all of the de-
tails of a real-world decision-making process. However, ABM can facilitate decision-
making processes by equipping decision-makers with insights about crucial variables
affecting such a process. In this research, ABM is used to approach and explore the tech-
nical and institutional conditions that in�uence the formation of TEC initiatives in urban
districts.
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3.4.2. CASE STUDY: THE NETHERLANDS

To parameterize the model, delineate reliable results and derive practical recommenda-
tions, we have used data from the Netherlands. A country-level of analysis has been cho-
sen for the following reasons: (i) the characteristics of energy systems differ per country,
(ii) the availability of national statistical data at the country level, and (iii) it allows the
study of institutions (both formal and informal rules) with a broad view. The Netherlands
was selected as the country for the case study in this research because of the following:

� Presence of a high number of energy communities as compared to other EU coun-
tries [11];

� Presence of a well-developed energy/heating infrastructure [132], [141];

� Ambitious Dutch national CO2 reduction targets which have in�uenced the heat-
ing sector [133];

� National norms for environmental concerns and sustainable development [134],
[135];

� Urge for (heat) energy transition due to gas quakes [136].

The Netherlands is used as a case study to populate the model based on real-world
data. The data was collected from the ‘Stimuleringsregeling Duurzame Energie’ (SDE++)
(in English: the Sustainable Energy Incentive Scheme; translation by the authors) and
the Netherlands Environmental Assessment Agency (PBL).

3.5. MODEL DESCRIPTION
This section explains the agent-based model used to study institutional and technologi-
cal factors that affect the formation of TEC initiatives.

3.5.1. MODEL CONCEPTUALIZATION

The model represents a city with multiple neighbourhoods. It assumes each neighbour-
hood can implement one thermal energy community. In each community, individual
households collectively decide whether they are willing to generate and consume re-
newable thermal energy. As a government representative, the municipality has a limited
budget per year (e.g. a subsidy) to facilitate the implementation of thermal energy com-
munities in the city. The model conceptualization is based on the IAD framework as
follows.

PARTICIPANTS: AGENTS

The agents included in the model are households, the board of energy communities and
the municipality, each representing one of the four layers in Williamson’s model (see
Section 3.3.1).
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� Social embeddedness. Each agent has a particular value system that guides their
decision-making processes and level of involvement in forming thermal energy
communities.

� Institutional environment: the municipality. This layer comprises the political,
legal and governmental, formal arrangements, the �rules of the game� that shape
the activities in the lower layers. In the model, the municipality, which represents
the government departments responsible for the energy transition, is responsible
for de�ning the formal institutions available to support the neighbourhoods’ tran-
sition from gas. Their tasks include setting eligibility requirements for subsidies
and providing training for the energy community boards.

� Governance: the TEC board. This layer looks into the modes of organization
that are formalised through contracts and agreements that describe the division
of roles and responsibilities. In the model, it is assumed that, right from the start,
there is already a group of people interested in leading the transition to a natural
gas-free area in each neighbourhood that will take ownership of the project. The
TEC board is responsible for gaining suf�cient household support, organising the
individuals who participate in TEC, the initial decision-making regarding collec-
tive technology, negotiating, and applying for subsidies as representatives of TEC.
The TEC board also has a speci�c set of values that de�ne its vision. It can partic-
ipate in training courses to learn how to persuade more individuals to participate
in the project.

� Individual analysis: households. These are the individual households forming
the neighbourhood that initially use natural gas to cover the demand for thermal
energy in the houses and hold a speci�c set of value preferences. At a later stage,
they can adapt their value preferences when in�uenced by the preferences of their
neighbours, and they can decide to participate in the TEC initiative by supporting
the technology scenario, making the required investment and installing the tech-
nology.

ACTION SITUATION AND INTERACTIONS: MODEL NARRATIVE

As representatives of participants, agents interact with each other and make decisions
that follow a narrative based on the establishment process of the TEC initiatives. There
are action arenas in which agents interact with each other based on various exogenous
variables.

Idea phase:

� Individual households decide whether they support the TEC board in their role
of leading and owning the TEC initiative, based on whether their visions align.
Before the initiation of the community, the household agents use natural gas to
cover their heating demand.
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Feasibility phase:

� If training is available for the TEC boards and the TEC board has not yet had this
training, the TEC board will take it to gain skills and learn how to better commu-
nicate and connect with the households within the neighbourhood.

� When the TEC board has suf�cient household support, it goes through a value-
based multi-criteria decision-making process (MCDM) to select the collective sys-
tem that will be implemented in the neighbourhood. In MCDM, different criteria,
such as �nancial gain and environmental concerns, will be used to make the �-
nal decision. The MCDM results are reported to the TEC board supporters (�rst
MCDM).

� When TEC board supporters receive the information about the TEC board’s MCDM,
they evaluate this option through an individual MCDM process. Individuals might
value criteria such as �nancial gain and environmental concerns differently than
the TEC board. If households have the same perception of the collective system,
they will support it (second MCDM).

� Once there is suf�cient support for the collective technology, households go through
a second MCDM process to select their preferred individual technology option to
complement the collective system (third MCDM).

The details of the three MCDMs are presented in Section 3.6 and Appendix B.

Procurement and building phase:

� The TEC board considers which scenario has the most support and conducts a
technical and investment feasibility analysis for the collective and individual com-
ponents of the selected scenario. For the technical feasibility, energy generation
(input energy), CO2 intensity technology, and average capacity and load hours are
used. For the investment feasibility, criteria such as lifetime, investment costs, op-
eration costs and availability of subsidies are used.

� Based on the investment required and the total amount the technology support-
ers are willing to invest, the TEC board calculates how much subsidy they need to
request to cover the entire investment. If this amount does not exceed the max-
imum amount the government is willing to give to one neighbourhood, the TEC
board sends the request.

� The municipality receives the subsidy requests and considers the TEC initiatives
that have applied for the subsidy once a year. The municipality ranks the requests
based on their own subsidy distribution strategy and provides the subsidy to those
that meet their criteria until all the funding has been used.

� After receiving the subsidy, the thermal energy community goes into the construc-
tion phase for half a year. Once the infrastructure is in place, the community is
considered to be set up.
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Expansion phase:

� After the initial set-up of the community, �non-supporters� can re-evaluate their
participation: check if they support the TEC board and the selected energy sce-
nario. If their willingness to pay is equal to or lower than the investment required
per person in the neighbourhood, they will be willing to make the changes and
connect to the community.

� Depending on the participation policy of the TEC board, households will be able to
make the required changes at any time (i.e. under individual participation policy),
or they will have to wait until they have gathered enough neighbourhood support
for the expansion of the TEC initiative to connect to the district heating infrastruc-
ture (i.e. under a collective participation policy).

BIOPHYSICAL CONDITIONS TECHNOLOGY

As described in Section 3.2, biophysical conditions include natural surroundings and
human-made infrastructure, which, in this study, has focussed on thermal energy tech-
nologies. There are several technology scenarios from which the households, TEC boards,
and the municipality can choose. For simpli�cation, although in reality, the district heat-
ing (DH) infrastructure can be of low or medium heat, in this ABM, it is assumed that
only one alternative is possible. The Heat Expertise Centrum (ECW, 2020) has identi�ed
eight key sustainable heat sources for the Netherlands: aqua thermal energy storage,
geothermal, residual heat from surface water, green gas, bioenergy, residual heat, hydro-
gen and solar heat. Among all these sustainable heating technology alternatives, aqua
thermal energy storage (ATES), residual heat from surface water (TEA), and bioenergy
are the heat sources included in this ABM modelling exercise of the present study. This
was done for the following reasons:

� They are the alternatives that are currently more readily available and the ones that
need to overcome the least barriers for implementation;

� In currently used top-down implemented district heating systems, these are the
dominating sustainable thermal technologies; moreover, these technologies �t well
with neighbourhood size heating systems and are already used successfully or are
tested in pilots with the aim to scale them in the short term;

� The scope and scale of the model (i.e. one community in one neighbourhood) do
not allow for the generation and consumption of green gas and hydrogen; hydro-
gen is technologically not ready yet for use in neighbourhoods; green gas is not
feasible to deploy in most neighbourhoods (with a few exceptions) for logistic and
�nancial-economic reasons;

� Residual heat is often troublesome because of dependence on residual heat sup-
pliers that are privately owned. The owners �nd it too risky to commit themselves
to long-term heat supply contracts. Moreover, residual heat is not a 100% renew-
able energy source in practice.
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Solar thermal (ST) and individual heat pumps (HP) are considered for individual appli-
cations. Therefore, among the eight sustainable heat sources, four of them are included
in this modelling exercise. The information and data regarding these technologies are
presented in Section 3.6.1. Limitations regarding these choices are also explained in
detail in Section 3.8.2. Besides the technology, another condition would be the size of
the city, which is translated as the number of neighbourhoods in the model. Accord-
ing to Netherlands Environment Assessment Agency (PBL) [330], [331], on average, each
neighbourhood has 660 households, and the majority of Dutch municipalities have 7
neighbourhoods or less. Although this scale is relatively small (as it does not represent
the metropolitan areas), it is insightful to explore the municipality’s size in the context of
TEC initiatives.

ATTRIBUTES OF COMMUNITY

It is assumed that the neighbourhoods are not connected to each other. As a result, each
neighbourhood forms a network independent of each other. To simulate the social struc-
ture of each neighbourhood, the model uses a small-world network [332], [333]. Within
this approach, the nodes represent households, and the edges connect households that
interact with each other.

Following the BRT, norms and values are at the core of the factors that in�uence the
�nal intention and decision-making of an actor. [58] concluded that the key values to
consider when studying energy community systems are environmental concern, energy
independence, and sense of community. To these, a fourth one has been included, which
is �nancial concern [8], [21]. As a result, all agents in the model have a perception of their
own internal values and how they are ranked with respect to each other.

Regarding the dynamics within the neighbourhood, the ABM assumes that all house-
holds in one neighbourhood can interact with each other. It is assumed that households
interact in monthly residents’ meetings, where it is assumed that 10% of the neighbour-
hood participate. The dynamics occur based on the following principle as argued in [97]:
When two households interact, one will tend to slightly lean towards the opinion of the
another, attempting to simulate peer pressure. Lastly, it is assumed that households with
very extreme values (either high or low) will not be peer pressured and hence will not be
in�uenced by the interaction. presents the data related to the attributes of the commu-
nities used in the simulation.

3.5.2. RULES-IN-USE

The regulations and subsidies related to each technology are implemented in accor-
dance with the ‘Stimuleringsregeling Duurzame Energie’ (SDE) and the Netherlands En-
vironmental Assessment Agency (PBL).

As studies already mentioned, such as [302] and [146], training leadership skills is con-
sidered a municipality’s policy. If the municipality provides training �nances for the TEC
initiative’s boards, then as skilled boards, they will persuade more households to join
the TEC initiative. Also, it is essential to �nd out the participation policy for individual
households who will join the community after it has been created. The two options for
participation policy are: (i) participating instantly after the household decides to join, (ii)



3

46 3. SIMULATING THERMAL ENERGY COMMUNITIES

household will join a buffer (i.e. a waiting list), and when the buffer is full (i.e. enough
households are willing to join), all of them will join the TEC initiative. These two options
represent the individuals’ joining processes for energy community initiatives, which are
discussed in studies such as [40], [6], [334].

As the municipality’s budget is limited each year, one of the most important rules for
decision making is how the municipality will decide to allocate the available subsidy.
Further to studies such as [30], [297], [172], the model has four available policies for
community initiatives: economy (least economic burden for the municipality), environ-
ment (most CO2 reduction option), social (most participants) and trade-off (a balance
between the three). Lastly, the amount of the municipality’s budget is essential. For PBL,
the limit is 4 million Euros per municipality.

3.5.3. EVALUATION CRITERIA AND OUTCOMES (KPI MODELS)
To understand and measure the performance of the simulations, key performance indi-
cators (KPIs) are de�ned, and presented in Table 3.1.

Table 3.1.: Key performance indicators used to evaluate the model outcomes

KPI Unit Description

Cumulative CO2
emission reduction

% Percentage reduction of the total CO2 emissions after 10 years com-
pared to the reference scenario where 100% of the neighbourhood
uses natural gas for heating the houses

Final share of neigh-
bourhood TEC board
support

% Percentage of the neighbourhood households that supports the ther-
mal energy community after 10 years, irrespective of whether they are
connected or not

Final share of neigh-
bourhood participa-
tion in TEC initiative

% Percentage of the neighbourhood households that are connected to
the district heating infrastructure after 10 years

Duration of the for-
mation process

months The time that it takes from the moment the TEC board is established
to when the thermal energy community starts generating

Collective technol-
ogy selection

- The collective technology that the neighbourhood has selected and
installed in the neighbourhood (biogas, ATES, heat recovery from
wastewater)

Individual technol-
ogy selection

- The individual technology that the neighbourhood has selected and
installed in the neighbourhood (nothing, heat pump, solar thermal)

Average household
investment

" The average amount a household in the neighbourhood is willing to
invest in establishing a thermal energy community

Share of community
investment

% Share of total investments covered by the neighbourhood. The rest is
assumed to be covered by the subsidy granted by the municipality

Table 3.2 summarises the key characteristics of the agents in the model, as well as the
essential tools they have to in�uence the decision-making process simulated in the ABM.
Figure 3.4 also illustrates the model’s narrative.
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Table 3.2.: Agents, their roles and characteristics

Municipality TEC board Households

Role CO2 emissions
monitoring and
policy imple-
mentation

TEC project decisions
and leadership

Level of project participa-
tion and investment

Biophysical
conditions

Municipality size Skills Annual heat consump-
tion and CO2 emissions

Attributes of
the commu-
nity

Heat vision ob-
jective: cost
minimisa-
tion, autonomy
maximisation,
participation
maximisation,
and emission
minimisation

Values ranking: environ-
mental concern, energy
independence and �nan-
cial concern

Values ranking: environ-
mental concern, energy
independence, and �-
nancial concern. Social
value orientation: Pay-
back time and willingness
to pay

Rules-in-use Subsidy
schemes, Sub-
sidy allocation
strategy, Provi-
sion of work-
shops, CO2 tax

Technology decision
policy, Minimum neigh-
bourhood participation
policy,Process duration
policy, Expansion policy,
Household persuasion

Technology decision pol-
icy, Investment decision
strategy

Figure 3.4.: Overview model structure
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3.6. MODEL PARAMETERS AND INPUT DATA
In this section, �rst, the assumptions and data from the case study in the Netherlands
are presented. Next, the sensitivity analysis results are explained. Finally, all the inputs
for the simulation experiment are summarised.

3.6.1. DATA FOR BIOPHYSICAL CONDITIONS - TECHNOLOGY

In this section, we provide data on the technological choices that are included in the
model. As mentioned above, the technology is divided into two categories: (i) collective
technologies: bio energy, aqua thermal energy storage (ATES) and residual heat from
surface water (TEA), and (ii) individual technologies: Solar thermal and heat pump.

COLLECTIVE HEATING TECHNOLOGY

For the collective thermal energy technology, stakeholders choose one of the three op-
tions according to their own values (see Appendix B). Information about each of these
technologies is summarised in Table 3.3. The information is provided based on the
‘Stimuleringsregeling Duurzame Energie’ (SDE++) (PBL, 2020). The SDE++ provides �-
nancial incentives to renewable energy projects, either community energy initiatives
or via other organisations, improving the energy price for generating energy. Follow-
ing studies such as [335], [336] and [337], in this modelling exercise, the three collective
thermal technologies are bio wood pellet boilers, ATES and TEA technologies. Table 3.3
provides an overview of the data related to collective heating technologies.

Table 3.3.: Data for collective technology

Investment
costs

("/kW)

Operation
costs

("/kW/year)

CO2
intensity of
technology
(kg/kWh)

Average
capacity

(kW)

Electricity
consump-

tion
(kWh/year)

Load hours
(hour/year)

Bio pellet
boiler

415 25 0.26 - - 3000

ATES 2401 113 0.152 800 994000 3500
TEA 2364 170 0.138 10000 1935000 6000

According to [338], for all three collective technologies, the peak energy demand is
considered to be 10%, and the CO2 intensity of electricity consumption is 0.429 Kg/kWh.
Furthermore, the lifetime of the technologies is 30 years. For further information on
collective heating technologies, see Appendix B.

INDIVIDUAL HEATING TECHNOLOGY

As mentioned in Section 3.5.1, after choosing and agreeing on the collective technology,
households have three options: (i) use the collective technology to cover 100% of their
consumption; (ii) combine the chosen collective technology with an individual ground-
source heat pump (i.e. brine to water), and (iii) combine the chosen collective technol-
ogy with individual solar thermal (i.e. �at plate solar collector). Information about each
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of these individual technologies are extracted from [102], [339] and [340] is summarized
in Table 3.4. For further information on heating technologies see Appendix B.

Table 3.4.: Data on individual heating technology

Investment
costs ("/kW)

Operation
costs

("/kW/year)

Average
capacity

(kW)

Lifetime
(years)

Load hours
(hour/year)

Total cost (")

Ground-
source heat
pump

1770 35.4 1 20 1500 4602

Flat plate
solar
collector

1666 22.5 2 30 700 4680

According to [341], CO2 intensity is assumed to be 0.14 kgCO2/ kWh for the heat pumps.
For calculating the CO2 intensity of the solar thermal systems, it was assumed that a so-
lar water heater would supply hot water 80% of the time, and the remaining 20% would
be supplied by an electric water heater. By calculating 20% of the grid’s CO2 intensity, we
arrive at a CO2 intensity for the water heater systems of 0.086 kg CO2/kWh.

3.6.2. DATA FOR THE ATTRIBUTES OF THE COMMUNITY

As presented in Table 3.5, the following criteria are used in a MCDM process by stake-
holders to make decisions about the TEC initiatives, as described in Section 3.5.

Table 3.5.: Criteria for attributes of the community

Criteria Sub-criteria Unit Description Reference

Financial
criteria

CAPEX " Investment costs [342]

OPEX " Operational and maintenance costs during
the lifetime of the system

[343]

Payback time Years Years for the investment and maintenance
cost to equal the accumulated energy sav-
ings from the change

[344]

Subsidy coverage % Percentage of the capital costs covered
by the subsidy (in the present study, this
would be the SDE++ subsidy)

[343]

Environmental
criteria

CO2 emissions kg
CO2eq

The CO2 emission intensity of technology,
based on capacity

[345]

Land use HA Amount of land use required for technol-
ogy, based on capacity

[342]

Social accep-
tance

1 to 10 The degree to which that technology is ac-
cepted, recognized and implemented

[343]

Independence
criteria

The energy input
to the system

kWh Amount of energy input required for the
technology to produce the heat to cover the
neighbourhood heat demand

[345]
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3.6.3. NATURAL GAS PRICE AND CO2 PRICE

As studies such as [133], [346] and [347] explain, the price of natural gas is in�uential for
the deployment of renewable thermal energy technologies and district heating systems.
A policy that will have a signi�cant impact on the future gas price if it �nally gets imple-
mented is the application of a CO2 tax. [348] states that a CO2 tax set at 50 Euros will
increase the gas price by 30%. Therefore, the following prices have been chosen for the
model (pertaining to the Dutch context) (see Table 3.6).

Table 3.6.: Data for Natural gas price and CO2 price

Price ("/kWh) Growth ("/kWh/year)

Gas 0.096 0.003
CO2 tax (22 EUR + 2.5 EUR/yr) 0.106 0.004

3.6.4. MODEL INPUT PARAMETERS

Table 3.7 presents an overview of all parameters and the data used in the model.

Table 3.7.: Model’s parameters and data

Parameter Type Value

Months Numeric 120
Number of neighbourhoods Range 1-7
Minimum neighbourhood participation % 10
Number of households per neighbourhood Numeric 660
Household interactions % 10
Environmental concern Distribution 1-10
Cost concern Distribution 1-10
Energy independence concern Distribution 1-10
Sense of community Distribution 1-10
Social Value Orientation Range 1-4
Payback time Range 5-20
Annual heat demand per household Numeric 13510
Insulation heat demand reduction % 50
Hot water heat demand share % 16.5
Municipality subsidy Numeric 4000
Municipality subsidy policy Options Environment, social, eco-

nomic, trade-off
Municipality subsidy dispatch frequency Numeric 1
Gas price Numeric 0.0965
CO2 price Numeric 22
Gas price increase Numeric 0.003
CO2 price increase Numeric 2.5
TEC board value ranking: environment Random 1-3
TEC board value ranking: social Random 1-3
TEC board value ranking: economic Random 1-3
Collective technology decision time limit Numeric 12
Individual technology decision time limit Numeric 6
Technology installation time Numeric 6
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3.6.5. SENSITIVITY ANALYSIS AND EXPERIMENTATION ANALYSIS

A sensitivity analysis [349], [350] was conducted to explore different experimental con-
�gurations for various model parameters. This was done by following the one-factor-at-
a-time (OFAT) approach [350], [351]. All the parameters were �xed at a speci�c value,
and only the value of the study was altered [351], [352]. For each parameter, the model
was run 30 times. The sensitivity analysis is presented in Appendix B.

3.6.6. EXPERIMENTATION SETTINGS

The experiments include a total number of 96 different combinations of institutional
conditions (3*2*2*2*4=96), as presented in Table 3.8. Each combination was repeated
100 times; hence, the experimentation resulted in a total number of 9600 runs. Table 3.8
summarises the experimentation settings for the simulation. The duration of the exper-
iments is 10 years.

Table 3.8.: Experimentation settings

Parameter Value Unit

Number of neighbourhoods per municipality 1, 4, 7 -
Participation policy A/B -
Training availability No/Yes -
Municipality subsidy amount per neighbour-
hood

3, 4 M"

Municipality subsidy policy Environment, social,
economy, trade-off

-

3.7. RESULTS
In this section, we present the results of the simulation analysis. These results are dis-
cussed at three levels: (i) KPIs, (ii) the impact of institutional conditions, (iii) successful
and unsuccessful neighbourhoods.

3.7.1. KPIS AT THE NEIGHBOURHOOD LEVEL

In the simulation, the size of a municipality is the number of neighbourhoods per mu-
nicipality (1, 4, 7). In this part, the results are discussed for all of the neighbourhoods,
regardless of the size of their municipality.

CO2 EMISSION REDUCTION

Figure 3.5 presents the CO2 emission reduction in the neighbourhoods. The neighbour-
hoods with 0% are the ones that had not formed a thermal energy community by the end
of the simulation time.

As Figure 3.5 presents, although in the majority of simulation runs, the neighbour-
hoods reduced their CO2 emissions, few of them (less than 5% of all simulation runs)
achieved more than 20% CO2 emission reduction.
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Figure 3.5.: Accumulated CO2 emission reduction

FORMATION PROCESS DURATION

Figure 3.6 presents the duration of TEC initiative formation. The red line represents the
average duration of establishment, and the blue line the share of neighbourhoods (Y-
axis) that successfully formed a TEC initiative before the month indicated in the X-axis.

Figure 3.6.: The duration of forming TEC initiatives

The average duration for forming a TEC initiative is 37 months (roughly 3 years), and
around 40% of all neighbourhoods have formed a TEC initiative within less than two
years. These results show that stakeholders can quickly reach a consensus and establish
thermal energy community projects.

NEIGHBOURHOOD SUPPORT AND PARTICIPATION

While neighbourhood support accounts for the share of households that agree with the
project plans, neighbourhood participation only accounts for those households that �-
nally invest and connect to the district heating system. Figure 3.7 and Figure 3.8 show
the distribution of neighbourhoods, based on the level of neighbourhood support and
participation, respectively.
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Figure 3.7.: Neighbourhood distribution for share of support from households

Figure 3.8.: Neighbourhood distribution for share of participating households

The average level of neighbourhood support for established TEC initiatives is around
50%, and the maximum is 85%. Concerning neighbourhood participation (i.e. connec-
tion to the thermal energy community), the average level is 22%, the maximum level is
77%. The results for neighbourhood support are quite positive, yet participation can be
considered low since only 30% of the neighbourhoods achieve the participation of more
than 25%. In other words, the gap between the number of supporters and participants is
signi�cant. This means that a large share of homeowners are interested and supportive
of the project, but the project does not meet their �nancial expectations, and they end up
not participating in the TEC initiative. The zero-value gaps in Figure 3.7 and Figure 3.8
are the model’s assumptions. The modelling exercise assumes that for a community to
be considered established, at least 10% of the households are required to participate. If
the community is not formed, the participation is zero. Therefore, the runs with zero
value in Figure 8 present the communities that were not established.
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COLLECTIVE AND INDIVIDUAL TECHNOLOGY SELECTION

Figure 3.9 presents the frequency distribution of each selected technology scenario. The
bars indicate the collective heating technology and the colour the individual heating sys-
tems.

Figure 3.9.: Neighbourhood distribution for technologies

It can be observed that agreement over the technology scenario can be reached fairly
easily since a decision is reached in almost every run. Regarding the collective genera-
tion technologies, residual heat from surface water (TEA) systems are preferred over the
others (50% TEA, 30% aqua thermal energy storage (ATES), 20% biogas). In addition, re-
garding the combination of collective technologies with individual technologies, there is
a clear preference for combining the ATES and TEA systems with solar thermal systems
and the biogas system with heat pumps. As combinations of ATES and TEA with solar
thermal systems are the most environmentally-friendly options among the combina-
tions of technologies, these are the options that are most targeted by environmentally-
friendly neighbourhoods. However, the most environmentally-friendly options, which
are the fully collective systems (e.g. fully collective ATES), were not very popular and
were only selected around 5% of the time. This is mainly due to their higher initial in-
vestment requirements.

SHARE OF COMMUNITY INVESTMENT AND AVERAGE HOUSEHOLD INVESTMENT

Figure 3.10 presents how much households invest in the TEC as a proportion of the total
required investment. Also, Table 3.9 shows how much households invested per chosen
technology for those thermal energy communities that are already established.

Table 3.9.: Households’ investment per chosen technology (in Euros)

Technical scenario Bioenergy ATES TEA

Fully collective 14,000 23,000 20,000
Collective + individual 18,000 26,000 22,500
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Figure 3.10.: Share of the households’ contribution to the total investment

Figure 3.10 shows that the range of the neighbourhoods’ contribution to the total in-
vestment is quite large. On average, residents are willing to cover 55% of the total in-
vestment in the neighbourhoods, and only a few neighbourhoods were capable of fully
covering the investment without external support. It can be concluded that it is unre-
alistic to request households to cover more than 70% of the costs, which means that for
projects to succeed, municipalities will need to cover at least 30% of the project costs.
Moreover, from Table 3.9 it can be observed that, overall, households are willing to in-
vest, on average, around 20,000 Euros in a timeframe of 10 years. In other words, they
are willing to invest approximately 1,000 Euros per year on heating transition. However,
it is higher for those scenarios with ATES systems, followed by TEA and then bio-energy
wood pellets. Additionally, scenarios including individual generation technologies are
costlier for households.

3.7.2. IMPACT OF TECHNICAL AND INSTITUTIONAL CONDITIONS

This section presents the results of the three most relevant institutions and factors mod-
elled: (i) TEC boards’ technology selection, (ii) training policy, and (iii) subsidy strategy
policy.

TEC BOARDS’ TECHNOLOGY SELECTION

As mentioned in Section 3.5 and Section 3.6, the TEC board has a particular value upon
which decisions are made. Figure 3.11 illustrates the leading value of TEC boards under
each chosen technology. Table 3.10 presents the speci�c data on the average level of
environmental, �nancial and independence concerns of the TEC boards per selected
technology scenario in more detail.

TRAINING POLICY

Training policy is about the training that the municipality provides for TEC boards to
have more fruitful, effective and appealing communication skills with the households.
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Figure 3.11.: Neighbourhood distribution per technology scenario

Table 3.10.: Average level for the TEC boards’ value priority for the chosen technologies

TEC board value priority Technology sce-
nario

Average environ-
mental concern

Average eco-
nomic concern

Average in-
dependence
concern

Economy No 4.0 8.0 1.0
Bio-HP 3.7 8.1 2.5
Bio 3.8 8.4 2.9
TEA-HP 4.3 7.9 6.3
TEA 3.9 7.6 5.9

Environment Bio-HP 8.0 7.2 1.5
ATES-ST 8.0 3.1 4.4
TEA-ST 7.7 6.7 5.5

Independence ATES-ST 7.0 1.9 8.3
TEA-ST 3.6 4.6 8.0

The graphs show the impact of the training policy on the level of CO2 emission reduction
and the level of household participation at the municipal level.

Figure 3.12.: In�uence of training policy on municipality CO2 reduction

According to Figure 3.12 and Figure 3.13, it can be observed that providing training
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Figure 3.13.: In�uence of training policy on municipality participation

sessions to the TEC board members to improve their cooperation and communication
with the neighbourhoods has a positive impact on the success of TECs regardless of the
municipality size. In particular, the availability of training increases both the level of CO2
emission reduction and household participation by 5% on average.

SUBSIDY STRATEGY POLICIES

Subsidy policy is about how the municipality decides to allocate �nancial support, con-
sidering the limitation of the subsidies. There are four available policies: (i) economy
(least economic burden for the municipality), (ii) environment (most CO2 reduction op-
tion), (iii) social (most participants), and (iv) trade-off (a balance between the three),
which are presented in Figure 3.14 and Figure 3.15.

Figure 3.14.: In�uence of municipality strategy on municipality participants

The results show that the municipality’s strategies that lead to a better outcome in
terms of CO2 emission reduction and participation level are the environmental and the
trade-off policies. The economic policy (only assessing the TECs based on their cost) is
clearly the least effective one in smaller municipalities, as the reason might be that the
neighbourhood overall has very high environmental and social concerns, so when the
municipality implements an economic policy, this is misaligned with the value system
of the neighbourhood. Therefore, it is less effective.
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Figure 3.15.: In�uence of municipality strategy on CO2 emission reduction in the munic-
ipality

3.7.3. SUCCESSFUL AND UNSUCCESSFUL NEIGHBOURHOODS

To further understand the in�uence of technical and institutional conditions on the for-
mation of TEC initiatives, we focused on the most successful and unsuccessful TEC ini-
tiatives. First, it is essential to de�ne what a �successful neighbourhood� and �unsuc-
cessful neighbourhood� is.

We de�ne success with the range of simulation outcomes, i.e., their performance using
the three key performance indicators: cumulative reduction of CO2 emissions, duration
of the formation process, and share of neighbourhood connections. For each of these
KPIs, thresholds were de�ned for the highest 10% of the neighbourhood for each KPI.
For the reduction of CO2 emission percentage, for the highest 10% of neighbourhoods,
this was set at a reduction of 17% or higher, the share of neighbourhood connections was
39%, and the duration process of TEC formation was 17 months or less. When combin-
ing these three criteria, the data set of the neighbourhoods that comply with it account
for 5% of the total number of neighbourhoods. The unsuccessful neighbourhoods are
de�ned as those that did not form a TEC initiative within the timeline of the models’
run. Consequently, the parameters for the most successful and least successful neigh-
bourhoods were more closely studied (See Table 3.11).

As Table 3.11 presents, the most successful communities are those whose municipality
has the trade-off or environmental subsidy policy and provides training workshops. Also,
the values of their TEC boards are balanced with the environmental concerns as their
leading value. In contrast, the emphasis is on economic conditions and concerns within
the municipality and the board for the unsuccessful communities.

3.8. DISCUSSION
As presented in the Introduction, this study and the results seen from the models com-
plement existing models that explore speci�c aspects within thermal energy systems,
(e.g. value con�icts for social acceptance of sustainable heating systems [289], and pol-
icy interventions and business models for the emergence of district heating networks
[30]). Our model adds to this literature by providing insights into technical and institu-
tional conditions relevant to the formation of TEC initiatives as a collective action ap-
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Table 3.11.: Comparison of successful and unsuccessful neighbourhoods

Successful Unsuccessful
neighbourhood neighbourhood

Municipalities Subsidy policy
strategy

Trade-off, Environment Economy

Training Providing workshops for TEC
board members

No workshop for TEC
board members

TEC boards Technology sce-
nario

TEA +ST ATES +ST

Values Balanced values with environ-
mental concerns as highest

Focus only on a value
(mostly economy and so-
cial)

Subsidy Yes No

Households Support 75% < 50%
Investment 25000 15000

proach for thermal energy generation and consumption. The results from Section 3.7
are translated into detailed discussions and recommendations as follows:

3.8.1. KEY INSIGHTS FROM THE APPLIED THEORETICAL ANGLES

INSTITUTIONAL LAYERS

As presented in Section 3.7 (e.g. in Table 3.9), it can be concluded that technology se-
lection itself is not the most crucial and determining factor for the success of thermal
energy communities as much as the institutional conditions surrounding it are. These
institutions can be located on the different layers of Williamson’s framework [319], which
correspond with different stakeholder groups:

� Layer 1 � Cultures: The alignment of the values held by the municipality and TEC
board with those of the neighbourhood is a key condition for success;

� Layer 2 � Institutional environment: It is crucial to have �scal policies, such as
national subsidy and loan schemes, available that support the initial investment
requirements of these communities;

� Layer 3 � Governance: Sharing responsibilities with the citizens themselves by
ensuring active household participation is a key factor;

� Layer 4 � Individual: Gathering neighbourhood support is signi�cant. It can be
achieved by actively engaging with the neighbourhoods and integrating them in
the design process by taking their preferences into account.

TECHNOLOGICAL VS INSTITUTIONAL CONDITIONS

The IAD framework [110] is applied to the model’s outcome to study the effect of exoge-
nous conditions on the successful establishment of TEC initiatives:
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� Biophysical conditions: Considering the model’s simpli�cation regarding the techno-
economic aspects of the heating technologies, the results show that technology
selection itself is not the most crucial and determining factor. Collective technolo-
gies are both economically and environmentally more feasible: Aqua thermal en-
ergy systems (ATES) and residual heat from surface water options are the most
popular collective technological solutions and the ones that lead to a higher level
of household participation and more signi�cant CO2 emissions reduction levels
(see Section 3.7).

� Attributes of the community: Although the environmental concerns are the main
driver for the successful establishment process, the model outcome shows that it
is more effective to focus on visions built on a balance between economic, envi-
ronmental and social considerations (see also Section 3.7);

� Rules-in-use: The model showed that the policy that led to the best outcome is
the trade-off strategy; in addition, providing a platform to train the TEC board is
considered necessary.

BEHAVIOURAL REASONING

The Behavioural Reasoning Theory (BRT) [320] is used to explore the relevance of context-
speci�c reasons for and against a decision as a key predictor of the attitudes, as well as of
the �nal decision, of the agents in the model. When examining the extent to which the
values held by the TEC board are able to explain the success of the TECs, the results show
that understanding the general attitude of the TEC board (i.e. whether they prioritise en-
vironmental concerns, costs minimisation or becoming energy independent) does not
provide much information. Nonetheless, when delving deeper into understanding how
the TEC boards speci�cally value different concerns (i.e., context-speci�c reasons), a
better explanation of how internal values lead to a speci�c scenario preference can be
provided.

3.8.2. LIMITATIONS

Although this study brought interesting insights to light about the formation of TEC ini-
tiatives, it has certain limitations that can be developed further. The �rst limitation con-
cerns the application and conceptualisation of TEC initiatives using the theoretical con-
cepts used in this study. The decision to use Ostrom’s IAD framework together with the
four-layer model of Williamson has provided a speci�c lens through which TECs have
been researched. Despite the bene�ts this offers, it is crucial to keep in mind that there
are also other theoretical frameworks, such as the Socio-Ecological System framework
by Ostrom [120], that when applied to the same issue, system and processes, could po-
tentially provide different insights. For example, Ostrom’s Collective Action theory [108]
or Theory of Planned Behaviour [353] could have derived different insights regarding the
importance of building inter-actor trust in thermal energy community projects.

The second limitation is the selection of the case study. Although the Netherlands pro-
vides an opportunity to explore the TEC initiatives (See Section 3.4.2), due to the nature
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of the domestic heating sector, the choice of the Netherlands is a limitation. This in�u-
ences data collection and the chosen technical and institutional conditions to conceptu-
alize in the model and then investigate (e.g. input data on heat pumps and solar thermal
energy systems). Even though the model relies on the input data from the Netherlands,
the results and recommendations are to some extent generalizable as they are seen in
relative rather than in absolute terms. More importantly, the results and �ndings of this
study are in line with �ndings from empirical and theoretical studies from other Euro-
pean countries, like [14], [4], [113]. It would be still insightful to adapt the model’s inputs
to �t the context of another country (e.g. Sweden, Denmark or Germany) and to com-
pare the differences in the outcomes of the model and its relation with the differences in
the initial conditions of multiple countries.

Furthermore, a previous study showed that for modelling heating transitions at the
local level, information is missing in the heating transition data ecosystem [354]. This
mainly pertains to empirical data on collective heat generation and distribution. How-
ever, more general empirical data on the thermal energy community is scarce. Therefore,
more empirical research, both explorative and descriptive, is needed; for instance, case
study research about ongoing TEC initiatives in a number of (Dutch) cities can be ben-
e�cial. The national statistical data was used in this study, while empirical data from
actual local initiatives would have led to more practical and applicable insights.

Moreover, the modelling approach itself has limitations. Models are representations
of a selected aspect of the world. Therefore, by de�nition, models cannot include all
the details of the objects they represent and have their own speci�c limitations [355]. As
such, our model’s assumptions and structure can be improved. More speci�cally, tech-
nological aspects are simpli�ed in this study’s modelling exercise. The reason for this
was to focus on institutional design insights rather than to explore the techno-economic
feasibility of TEC initiatives and to provide insights on technical design. Therefore, as
long as these simpli�cations and limitations are considered, they do not jeopardize the
results and outcome. The model could be coupled with a technical optimization model
to overcome these limitations for the technical outcome to be completer and more con-
clusive. The model presented in this study explores the fully renewable thermal energy
system, however, it is also meaningful to explore thermal energy communities that are
based on using both renewable and natural gas as energy sources. Finally, further re-
search on the stakeholders’ roles could improve the model’s insight. For example, the
model has extensively studied the role of the municipality as a resource supporter, while
in reality, their function is much more complex than this.

3.9. CONCLUSION
The number of community energy projects in Europe is rapidly growing and is expected
to impact the energy sector on this continent signi�cantly. Energy communities are key
elements of the energy transition at the local level as they aim to generate and distribute
energy based on renewable energy technologies. This research aimed to investigate the
technical and institutional conditions that in�uence the formation process of energy
communities with thermal applications (TECs); in particular, to speed up the transi-
tion to a sustainable heating sector. The focus was on understanding which conditions
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enhance (i) the fastest formation process, (ii) the higher degrees of community participa-
tion, and (iii) the higher CO2 emission reduction levels, as three indicators for analysing
the formation of TECs. To do so, an agent-based model was built, using the Netherlands
as a case study to populate the model based on real-world data.

TECs consist of three main components: (thermal) renewable energy technology, stake-
holders, and related institutions. TECs can include either collective and individual heat-
ing components, or both, simultaneously regarding the technological conditions. The
analysis results show that households prefer scenarios combining collective and indi-
vidual technologies. Aqua thermal energy systems (ATES) and residual heat from sur-
face water options are the most popular collective technological solutions and the ones
that lead to a higher level of household participation and a more considerable reduc-
tion of CO2 emissions. However, the model also showed that technology selection itself
is not the most crucial and determining factor for the successful establishment of TEC
projects. Instead, it is the institutional conditions surrounding TECs. Considering this
study’s modelling simpli�cations and limitations (see Section 3.5 and Section 3.8), the
overall results indicated that TECs could potentially be formed on average within three
years with a high level of support from the households (e.g. approximately 50% on av-
erage). Although few runs are fully covered, �nancially, by households, municipalities
would be required to invest at least 30% of the project costs, in reality.

Regarding the institutional context, the model demonstrates that projects are likely to
be successful when stakeholders share a common vision that highly and equally values:
(i) developing energy independent communities; (ii) using environmentally-friendly heat-
ing generation technologies; and (iii) providing heat at an affordable price for the con-
sumers. Lastly, the results demonstrate that it is crucial to have supportive institutional
conditions responsive to the local context and local needs. To develop such an en-
abling institutional environment in the Dutch context, based on the results of this study,
we recommend (i) sharing decision-making and �nancial responsibility among all ac-
tors involved in the design and implementation of municipal heat plans; (ii) designing
�scal structures that focus on supporting those TEC projects that are able to balance
out project costs with their potential environmental impact; and (iii) developing pro-
grammes that improve the marketing capabilities of TEC boards to increase residents’
knowledge about the heating transition and their participation in TECs. These actions
and policies have been widely used in the Netherlands to facilitate renewable energy
communities. However, we suggest this is also needed to help TECs build capacities. In
the Dutch context, platforms such as ‘Buurtwarmte’ [356] (in English: Neighbourhood
heat; translation by the authors), set up by the Dutch community energy branch associ-
ation ‘Energie Samen’, are helpful initiatives as they seek to help individuals who want to
form their own TEC initiatives and facilitate the formation process.

These results provide new insights for stakeholders, especially policy-makers, munic-
ipalities and households, with technical and institutional conditions to enhance the de-
velopment of TEC initiatives that contribute to the local energy transition. The model
and results presented in this research are based on certain assumptions and theoretical
background (see Section 3.3, Section 3.5 and Section 3.6) for exploring TECs within a
Dutch context. As presented in Section 3.8.2, it would be insightful to use other theories
and countries as a case study to further generalise the insights provided by this research
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for further research. Furthermore, a more detailed consideration of housing insulation
in the model, instead of a modelling parameter, can also provide extra insights into how
households at a community level can achieve more sustainability. All these would fur-
ther support the exploration of the most supportive technical and institutional condi-
tions for TEC initiatives with different starting conditions. Also, more reliable empirical
data is needed to have more insightful outcomes. Conducting surveys and expert in-
terviews would be helpful for this. Finally, other computer modelling approaches, such
as optimization and equilibrium modelling, would be useful for studying other topics
related to TEC initiatives.





4
MODELLING COLLECTIVE ENERGY

SECURITY

Energy communities as decentralised renewable energy systems, where energy is jointly
generated and distributed among a community of households, are gaining momentum
in the energy transition context. Given the distributed and collective action nature of
energy communities, energy security of these local energy systems is more than just se-
curity of supply and is related to issues such as affordability and acceptability of energy
to community members. This chapter presents an agent-based model of energy com-
munities based on solar photovoltaic assisted heat pumps, as the most commonly used
technologies in this context, to explore their energy security challenges. The security di-
mensions that are considered are availability, affordability, accessibility and acceptabil-
ity, referred to as the 4A’s energy security concept. The results con�rmed that there is al-
ways a trade-off between all four dimensions and that although it is dif�cult to achieve a
high energy security performance, it is feasible. Considering the heterogeneity of house-
holds’ motivations and attributes, the community energy systems demonstrated sub-
stantial potential to reduce CO2 emissions while being affordable over a long-time hori-
zon. Results also showed that the community’s investment plays the most signi�cant
role among factors in�uencing energy security. 1

1This chapter is expansion of the work published as J. Fouladvand, D. Verkerk, I. Nikolic, A. Ghorbani, (2022).
Modelling Energy Security: The Case of Dutch Urban Energy Communities. In: Czupryna, M., Kami·nski, B.
(eds) Advances in Social Simulation. Springer Proceedings in Complexity. Springer, Cham. The �rst author
has conceptualised and performed the research. The other authors have performed an advisory role.
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4.1. INTRODUCTION

The energy sector has the most signi�cant potential to reduce greenhouse gas (GHG)
emissions [143]. Shifting from centralised energy systems to decentralised renewable
energy technologies (RETs) is expected to fundamentally contribute to energy transi-
tion goals [144]. Therefore, local community initiatives, namely energy communities,
are gaining momentum as one of the possible approaches to enlarging the share of local
RETs [144].

Community energy systems (CESs) (interchangeably also used as energy communi-
ties) contribute to the local generation, distribution and consumption of RETs [27]. Al-
though there are different de�nitions of CESs in the literature, a CES can be de�ned as
�people in a neighbourhood, who invest in RETs jointly and generate the energy they
consume.� [6]. This de�nition and other ones in literature (e.g. [5], [8], [7], [9], [10], [11],
[146], [147]), all emphasize on collective action of individuals in decision-making pro-
cesses and actions within CESs [13].

A crucial topic for CESs is the energy security of these energy systems [357], [188]. En-
ergy security is a complex concept [62], and various disciplines such as public policy,
economics, and engineering contribute to its de�nition [64]. Traditionally, the main fo-
cus of energy security was only on the security of supply (i.e. availability) [60]; however,
this has changed, and energy security approaches have become more comprehensive
with several other dimensions [76].

As a result, the energy security literature has included environmental aspects and cost
[76] as energy security dimensions. For instance, Asia Paci�c Energy Research Centre
(APERC) energy security de�nition is: �The ability of an economy to guarantee the avail-
ability of energy resource supply in a sustainable and timely manner with the energy
price being at a level that will not adversely affect the economic performance of the econ-
omy� [60]. This de�nition and other ones in the literature (e.g. [60], [76] [18]) are devel-
oped mainly for conventional energy systems, namely centralised, fossil-fuel-based and
national energy systems [60]. These de�nitions have not yet been explored in the CESs
context to match the unique characteristics of CESs (such as being based on collective
renewable energy generation and distributed RETs). Thus, in this chapter, we explore
the energy security of CES using Agent-Based Modelling (ABM), given the bottom-up
and collective nature of these energy systems. Although there are already many existing
models of CESs (e.g. [27], [97], [30], [102]), none have addressed the security of these sys-
tems and, as a matter of fact, collective energy security in general. The goal of the model
is to explore the impact of various parameters on the energy security of such collective
energy systems, namely energy communities. The ABM is developed based on the 4As
energy security concept [60].

The structure of this chapter is as follows: Section 4.2 provides an overview of ABM in
the energy transition context. The 4A’s energy security concept, as the backbone of the
energy security concept in our modelling exercise, is presented in Section 4.3. Research
methods are introduced in Section 4.4. Model conceptualisation and implementation,
which entails the description and development of an ABM, is presented in Section 4.5.
Section 4.6 is dedicated to results. Finally, discussions, conclusions and recommenda-
tions are presented in Section 4.7.
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4.2. AGENT-BASED MODELLING IN THE ENERGY TRANSITION

LITERATURE

Many studies employ agent-based modelling (ABM) to study energy communities in the
fast-growing literature on energy communities. Studying value con�ict for acceptance of
decentralised energy systems (e.g. [95]), policy interventions for scaling-up RETs’ infras-
tructure (e.g. [30]), and renewable energy technology adoption (e.g. [104]), are examples
of the topics that are explored by using ABM in the energy community context. Although
there are overlaps, the overarching topics explored in these models can be divided into
three main categories: behavioural attitudes, institutional design, and technical system
design.

The behavioural attitude of individuals and the role of leadership in the formation of
energy communities is studied in [97]. Consumers’ behaviour and the demand-side of
the energy system are discussed in [104]. A multi-agent model to analyse the energy-
saving behaviour of urban residents in China is presented in [96]. Also, Consumers’ be-
haviour and the demand side of the energy system are discussed in [358]. Using ABM,
[95] also explores �ve types of value con�ict of individuals within energy communi-
ties. Another example is the model presented in [359], which focuses on prosumers’
behaviour, including technological and spatial constraints. A model for analysing ur-
ban energy networks is also studied in [360]. Bellekom et al. explore energy exchange
between prosumers and consumers to observe how the presumption affects the self-
consumption of a neighbourhood [361].

The in�uence of regulatory framework on the adoption of renewable technology is
explored in [104]. This study examines how additional rebates (i.e. partial refund of
an item’s cost) for low-income households and changes in the rebate amount affect the
adoption of solar photovoltaic (solar PV) in Texas. [102] also explores the adoption of
solar PV and its related institutions (e.g. pricing and ownership). Studies such as [27],
[30], [289] are focused explicitly on thermal energy systems, where the generation, dis-
tribution and consumption of heating energy for communities is the core. [27] explores
four main factors that in�uence TECs’ formation, while [30] diving into regulations and
institutional conditions for TECs’ operation. [289] studies value con�ict and social ac-
ceptance of sustainable heating systems. The model by Lee & Hong [362] allows to ex-
plore the effect of �ve factors on solar PV adoption: building-related physical factors,
population-related demographic factors, PV system-related technical and economic fac-
tors, and social factors (i.e. number of neighbouring adopters). Insights for both institu-
tional design and infrastructure planning are brought by [363], where various involved
stakeholders and the physical solar PV system are modelled. A control system for decen-
tralised energy systems using ABM is developed in [364]. [365] studies distributed energy
grid systems on a larger scale.

Along with these studies, review studies such as [366] (with focus on buildings demand
and indoor environment), [365] (with an emphasis on climate-energy policy), [367] (with
an emphasis on technology adoption), [368] (with focus on socio-technical energy tran-
sition), provide a literature review on various developed ABMs for studying energy sys-
tems. Nevertheless, none of these studies and models has explored the energy security
of energy communities.
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4.3. 4A’S ENERGY SECURITY CONCEPT
Along with their energy security de�nition, APERC also proposed the 4As’ energy secu-
rity concept: availability, accessibility, affordability and acceptability [66]. The 4As con-
cept provides room to capture the collective nature and decentralised characteristic of
CESs and is therefore selected as the core de�nition of energy security for this modelling
exercise.

� Availability is about the physical existence of the energy resources to be used for
the energy system [16]. An indicator to measure availability is the domestic energy
generation per capita of an energy system (either by fossil or renewable energy)
[66]. Another indicator is the shortage percentage, which occurs when there is a
mismatch in demand-supply and individuals are disconnected from energy sup-
plies [369].

� Affordability is related to the costs of the energy system and whether it is afford-
able or not [66]. Among different affordability indicators, energy price is the most
common [62]. The size of investments made to improve energy security [64] is
another affordability indicator in the literature.

� Accessibility can be de�ned as having suf�cient access to commercial energy to
promote an equal society [66]. Diversi�cation of energy resources is a popular
indicator to increase and measure accessibility [62]. Diversity indexes quantify
the diversity in energy supply to eliminate supply risks [62]. Multiple integrated
diversity indicators are presented in the literature, such as the Shannon index [62].

� Acceptability refers to the social opinion and public support toward energy sources
[62]. This is often linked to societal elements such as welfare, fairness and environ-
mental issues [76]. Although APERC uses an economy’s effort to switch away from
carbon-intensive fuels as an indicator for acceptability [66], carbon content and
the CO2 emission of an energy system as a whole are also suggested as indicators
for acceptability [62].

4.4. RESEARCH METHODS AND DATA
4.4.1. AGENT-BASED MODELLING (ABM)
In the CESs’ literature, optimisation is the primary computational approach for studying
energy security (e.g. [75]). Such studies do not capture the complexities and trade-offs
of decision-making processes regarding collective energy security. However, as CESs are
based on the collective action of individuals who have different motivations and crite-
ria to make decisions, it is meaningful to study such decision-making processes. ABM
provides the opportunity to capture individual agents’ behavioural choice and their col-
lective actions, while agents are heterogeneous, autonomous and individual decision-
making entities (such as households) [87]. ABM also allows the time variable to be added
[91], which allows for examining different energy security scenarios. This is important,
as individual decisions, the trade-offs related to energy security, and the ability to adapt
and learn from each other towards collective energy generation in�uence every four di-
mensions of energy security of CESs.
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4.4.2. PARAMETERISING USING DUTCH DATA AND SENSITIVITY ANALYSIS

Data from Netherlands Environmental Assessment Agency (PBL) and Statistics Nether-
lands (CBS) are used to parameterise the model (e.g. [141]). To model agents’ decision-
making processes, data from the survey among 599 Dutch citizens about their motiva-
tions for joining CESs [58] is used, which will be further explained in Section 4.5.2 and
Section 4.5.3. Furthermore, a sensitivity analysis [351] was conducted for various model
parameters to explore different experimental con�gurations to explore the uncertainties
systematically. This was done by following the one-factor-at-a-time (OFAT) approach
[351]. All the parameters were �xed at a certain value, and only the value of the study
was altered. For each parameter, the model was run 30 times, and boxplots were gen-
erated to delineate whether the parameter setting signi�cantly in�uences the model’s
outcome. Appendix C presents the sensitivity analysis parameters and results.

4.5. MODEL CONCEPTUALISATION AND IMPLEMENTATION
This section describes the model conceptualisation and implementation using the ODD
protocol [370].

4.5.1. MODELLING PURPOSE

The purpose of the model is to explore the energy security of CESs as collective dis-
tributed RETs. This is done by investigating the impact of various parameters (see Sec-
tion 4.5.6) on the energy security of CESs based on solar photovoltaic (PV) and ground-
source heat pumps.

4.5.2. ENTITIES AND STATE VARIABLES

Households are the only agents in the model. They use the national electricity grid and
natural gas before joining a CES. We assume that these agents are in one neighbourhood
and have already decided to join a CES at the start of the simulation. Being a member
of a CES means the households have three energy choices, namely, (i) collective RETs,
(ii) individual RETs, and (iii) national grid. Individual households select the latter two
if the energy provided collectively does not meet their demands. The attributes of the
households are energy demand, budget and internal motivations (that change during
the simulation based on their network, see Section 4.5.3 and Section 4.5.4). Following
[6], [58], the motivations taken into account are energy independence, trust, environ-
mental concern and economic bene�ts, each having a value between 0 to 10 (0 weakest,
10 strongest).

4.5.3. INTERACTIONS, NETWORK AND ADAPTATION

The households are connected using a small-world network [332], commonly used in
the context of CES (e.g. [97], [371], [272]). In each tick (representing a month), a random
agent interacts with one of the other agents in its social network and is in�uenced by it.
Suppose the agent’s motivations (i.e. energy independence, trust, environmental con-
cern and economic bene�ts) are between 2 and 8 (i.e., the values are not extreme and
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hard to change [30], [372]). In that case, they will be updated, leaning one value towards
the interacting neighbour’s opinion, for better or worse. This form of social interaction is
used at the beginning of each simulation step to update the motivations for each agent.
These connections eventually lead to the whole community making a decision about
their CES.

4.5.4. MODEL INITIALISATION AND NARRATIVE

Before a CES initiation, the household agents used natural gas and the national elec-
tricity grid to cover their demand. To make the decision on different sources of energy
(i.e. collective RETs, individual RETs, or continuing using a national grid) for the CES,
the households �rst go through a period of information exchange, which means con-
nected individual households learn more about their neighbours’ motivations and pos-
sibly grow more towards each other. This is based on social interactions that are pre-
sented in Section 4.5.3 After the period of information exchange, households have three
decisions to make, namely: (i) Selecting the percentage of renewable energy that they
want to generate collectively together, (ii) Selecting an additional individual RETs in case
the collective renewable generation does not fully cover the demand, and (iii) after the
technology reaches its lifetime, involving new participants and deciding on continuing
participating and new CES. The processes of these three decisions are as follows:

� First, the households decide how much collective renewable energy they want to
generate together, which may not always collectively cover all the needed demand.
Therefore, the households select a fraction between 0% � 100% of the whole com-
munity demand to be covered by collective renewable energy generation (for this
study, solar photovoltaic (PV) and ground-source heat pump, see Section 4.5.5).
More environmental-friendly households (i.e., more signi�cant environmental con-
cerns) select higher collective renewable energy generation. The constraint, how-
ever, is in the initial investment, as higher collective renewable energy generation
needs higher investment. Each agent will make an individual decision about its
preferred percentage of collective renewable energy. The percentage selected the
most among the agents is for the whole community.

� When the selected collective renewable energy generation doesn’t fully cover all
the community demand, the households depending on their individual motiva-
tions, have three options: (i) import energy from the grid (i.e. continue to consume
natural gas and the national electricity grid), (ii) selecting an individual RETs, and
(iii) compensate their energy demand (i.e. lowering the demand and facing dis-
comfort). The decision-making about this choice is as follows: If an agent’s eco-
nomic bene�ts value is greater than its environmental concerns, it selects to use
the national grid for the remaining demand that the selected collective renewable
energy generation does not cover. If an individual agent has more signi�cant en-
vironmental concerns than economic bene�ts hence does not select the national
grid, there are going to be two options:

� If the agents have a suf�cient budget, it selects individual renewable energy
generation,
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� Suppose the budget is insuf�cient to select and invest in individual renew-
able energy generation at a particular tick. In that case, the agent selects to
compensate for their energy demand and save-up money to invest in individ-
ual renewable energy generation in the future. This means that the individual
household will face voluntary energy discomfort/ shortage due to unmet de-
mand. In reality, this can be translated in different ways, such as: (i) turning
off/ down the energy system inside the homes in the absents of individuals,
(ii) shifting the demand from peak hours, (iii) reducing energy consumption,
such as hot tap-water consumption.

� Lastly, every year (12 ticks in the simulation), the community checks (i) whether
they have reached the end of their project time horizon and (ii) whether the tech-
nologies in place have reached their lifetime. If the technologies indeed reach their
lifetime, the community will start another information exchange period including
new members (i.e. new households who moved to the neighbourhood) and decid-
ing on selecting a new energy con�guration (i.e. 0% - 100% collective renewable
energy generation). The new households have their own motivations, energy de-
mands, and investments so the new collective renewable energy generation might
differ. When the community selects the new percentage of collective renewable
energy generation, the households who have a different preference over the new
percentage leave the CES, which means they are disconnected from the CES (i.e.
they connect fully to the national grid or get their energy demand elsewhere). Fig-
ure 4.1 presents the model conceptual �owchart.

Figure 4.1.: Model conceptual �owchart

4.5.5. 4AS AS KEY PERFORMANCE INDICATORS (KPIS)
Using 4A’s energy security concept, four key performance indicators (model’s KPIs) are
de�ned to measure energy communities’ energy security. Detailed calculations related
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to these KPIs are presented in Appendix C.

AVAILABILITY: AVERAGE VOLUNTARY DISCOMFORT PERCENTAGE

To assess availability, a measure is used that indicates to what extent the energy is avail-
able to meet the demand of each agent [373]. Therefore, availability can be explored
by calculating the average percentage of the energy demand per year which is not met.
This can be translated as discomfort for households in the real world, as elaborated in
Section 4.5.4.

AFFORDABILITY: AVERAGE COST

To assess affordability, a measure is used that calculates the total system costs per agent
[373], based on three main sources of costs: collective renewable thermal energy system,
individual renewable thermal energy system.

ACCESSIBILITY: DIVERSITY INDEX

Diversi�cation is used to measure the accessibility of a CES [62]. In this modelling exer-
cise, the diversity index is based on the Shannon index [373].

ACCEPTABILITY: CO2 REDUCTION PER HOUSEHOLD

As acceptability is linked to environmental issues and reducing CO2 emissions of the
energy sector [64], the CO2 reduction is measured in the model to assess acceptability.

4.5.6. TECHNICAL ASSUMPTIONS AND MODEL INPUTS

Households have three available energy options: (i) national grid, (ii) collective RETs (i.e.
collective solar PV and heat pump), (iii) individual RETs (i.e. individual solar PV and heat
pump). Two reasons account for the selection of such combination: (i) solar PV is a ma-
ture technology, and it is the main technology that the majority of current CESs are using
[372]; (ii) heat pumps are selected for the reason that they are commonly connected to
solar PV, to prepare for the transition towards electricity-based heating systems [374].
Appendix C presents the assumptions related to these technologies and the neighbour-
hood.

4.5.7. MODEL PARAMETERS AND EXPERIMENT SETTINGS

To explore the energy security of CESs, the following four parameters are selected from
the literature that are potentially in�uential for energy security:

� The demand of the households: Since one of the primary motivations of CESs is
to generate energy to meet the local demand [13], energy demand is essential for a
CES. Following [76], [374], we hypothesise that lowering the energy demand helps
enhance energy availability and, therefore, energy security.

� Budget of households: Investment size plays a signi�cant role in CESs [6]. At the
same time, higher investments can play a considerable role in increasing availabil-
ity and affordability and, therefore, security of an energy system [62].
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� Energy prices: Rising energy prices are argued as an effective strategy to lower en-
ergy consumption and an opportunity for the deployment of CESs in the literature
[372]. The energy security literature argues that higher energy costs result in lower
affordability and, therefore, lower energy security [76], [374].

� Willingness to compensate for overuse of energy grid: According to the participa-
tory value evaluation theory, people are willing to accept changes in the provision
of public goods [70]. The energy security literature has also explored willingness
to compensate as important for the 4As’ dimensions [70].

We use these four parameters as input to our modelling exercise. Using data from PBL,
the average households demand and natural gas price were extracted. The experimenta-
tion includes 108 different combinations of settings for the four parameters (4*3*3*3=108),
as shown in Table 4.1. Each combination was repeated 100 times; hence, the experimen-
tation resulted in a total number of 10800 runs.

Table 4.1.: Experimental settings

Model parameter (Unit) Value

Each household demand (kWh/year) 8185, 15161, 22622, 30084
Natural gas price ("/kWh) 0.09, 0.12, 0.15
Willingness to compensate (%) 10, 20, 30
Budgets/ Investment-size (") 2500, 5000, 7500

4.6. RESULTS
In this section, we present the results of the simulation analysis. These results are dis-
cussed at three levels: (i) Overview of the KPIs, and (ii) most and least successful energy
security performances.

4.6.1. OVERVIEW OF EACH KPI INDIVIDUALLY

In this stage, results for the �nal end-state of each run (i.e. at the end of the 55th year)
for each KPI are presented separately. In Figure 4.2, the results are categorised into three
categories:

� Best results: the best 10% of runs for each speci�c KPI (green colour);

� Worst results: the worst 10% of all runs for each particular KPI (red colour);

� Others: remaining 80% of the runs (grey colour).

KPI 1: AVERAGE VOLUNTARY DISCOMFORT PERCENTAGE

The simulation results for the average percentage of voluntary discomfort/ shortage are
always less than 20%. As presented in Figure 4.2, only 10% of the runs have a discomfort
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percentage higher than 9%. These runs include communities with the most environmental-
friendly behaviour (i.e. most signi�cant environmental concern) but not �nancially strong
enough to have a 100% collective energy system. Therefore, they voluntarily selected
discomfort instead of the national grid for the demand that they do not meet. There is
a prominent peak in the 0% discomfort, mostly for runs that selected a 100% collective
energy system. These communities are also the most environmental-friendly but with
substantial �nancial resources. However, the majority of the simulation runs are in the
middle range of the discomfort percentage, between 4% and 9%. Lower demand, higher
energy generation and higher energy import lead to the best performance of this KPI.
While higher budgets showed positive in�uence, natural gas price and compensation
were not impactful.

KPI 2: AVERAGE COSTS

Average costs are calculated for each household based on the cost of the community in
its lifetime (i.e. at the end of the 55th year) divided by the number of households. As
Figure 4.2 illustrates, the majority of runs have low costs. Considering the assumptions
related to current and future energy prices, 75% of all runs have better performance than
using only the national grid. This means individual households who participate in a CES
spend less money over 55 years on their energy bills. All the communities with the low-
est costs are communities with the lowest demand. However, this does not necessarily
mean higher investment as they have various investment sizes. Higher import indepen-
dence (higher energy import from outside system boundaries) is usually more likely to
lower costs. Natural gas price, willingness to compensate, and energy generation did not
signi�cantly in�uence KPI 2. Also, environmental-friendly agents are distributed within
all communities; however, their population is more condensed within communities on
average and lower costs.

KPI 3: DIVERSITY INDEX

The diversity index is used as an indicator to measure the accessibility dimension in
CESs. There is a peak at 0, which shows the dominance of a speci�c energy source, e.g.
Solar PV, as presented in Figure 4.2. These communities select 100% collective renewable
energy generation and have low energy demand and a large investment budget. How-
ever, the majority of the runs have a diversity index between 0.6 and 0.9, which means
they have both collective and individual energy generation (with different generation
capacity 10%-100%) and natural gas as their energy source. The runs with a diversity
index higher than 0.9 have various parameters settings (see Section 4.5.5), but the high
willingness to compensate is high among them.

KPI 4: CO2 REDUCTION INDEX

The carbon reduction index measures the average CO2 reduction of each CES participant
through its lifetime (i.e. the end of the 55th year); therefore, it represents the acceptabil-
ity dimension. As the communities at least have to select 10% RE generation, the carbon
reduction is always more than 0, see Figure 4.2. The best performance for this indicator
is for communities with CO2 reduction higher than 130.000 kg, which mostly have high
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budgets and environmental-friendly motivation. However, they have various demands,
different natural gas prices and different �willingness to compensate� values. The com-
munities with the lowest CO2 reduction have the lowest budget.

Figure 4.2.: Overview of KPIs

4.6.2. MOST AND LEAST SUCCESSFUL ENERGY SECURITY PERFORMANCES
BASED ON ALL 4 KPIS

CES (i.e. computer runs) with the overall most and least successful energy security per-
formance are analysed in this part. The procedure to de�ne these energy security per-
formances is as follow:

� Most successful performances: From the 10800 model runs, for each KPI, the 50%
of best performances are extracted separately. This gives us for each KPI 5400 runs
that have performed the best. The overlapping runs are selected within these four
sets of 5400 runs, with only 197 model runs in total. These 197 runs are the CESs
with the most successful energy security performances for all the KPIs.

� Least successful performances: Through the same process, 50% of the worst per-
formances are selected separately for each KPI, and then the overlaps are extracted,
leading to 458 runs. These 458 runs are the CESs with the least successful energy
security performances for all the KPIs.

Consequently, the values of the four parameters for the most and least successful were
more closely studied. A clear division was identi�ed between the most and least suc-
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cessful performances for the budget and willingness to compensate. The 197 most suc-
cessful runs are dominated by the highest budget and average willingness to compen-
sate. On the other hand, the least successful performances have the lowest budgets and
lowest willingness to compensate. Natural gas price varies for both energy security per-
formances. However, most successful performances do not have the highest natural gas
price. Figure 4.3 illustrates these �ndings.

Figure 4.3.: Most and least successful energy security performances

4.7. DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS
As key elements of the energy transition at the local level, community energy systems
(CESs) are establishing swiftly as collective distributed renewable energy systems. Con-
sequently, the body of literature on CESs is growing rapidly. Yet, little attention is given
to the energy security of CESs, and the need to understand what energy security implies
for them is becoming more vivid. Therefore, by using the 4A’s energy security concept
[66], this research aimed to study the energy security of CESs through an agent-based
modelling approach for the �rst time.

Considering one KPI at a time, CESs are able to perform well for each one. Speci�cally,
10% of CESs had 0% voluntarily discomfort/ shortage (as an indicator for availability),
and on average, all CESs reduced their CO2 emission by 35% (as an indicator for accept-
ability). CESs also performed considerably well for the average cost of households (as
an indicator for affordability). On average, the costs per household are around 45000"
over 55 years, which is less than current energy prices. Considering the technical and
economic considerations of the technologies (see Section 4.5.5), this shows overall that
CESs are economically feasible under the suggested parameter settings of this research.
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There are still communities with an average cost of 70000 " per household, highlighting
the economic challenges that studies such as [375] also mentioned.

Diversity (as an indicator for accessibility) showed various values between 0 to 1. The
runs with 0 value in diversity are the communities with 100% collective renewable en-
ergy generation (and not 100% individual renewable energy generation or 100% national
grid). The runs that used all three possible energy resources (i.e. the national grid, collec-
tive and individual renewable energy generation) have relatively higher performance in
the diversity index. Considering the heterogeneous attributes of the agents (i.e. energy
demand, budget and internal motivations), the results highlighted that agents intend to
select diverse technological options to avoid shortage and reduce their CO2 emissions.

However, energy security is a multi-dimensional concept, which means that all the
dimensions should be considered and analysed simultaneously. To draw the whole pic-
ture and investigate four dimensions together, we analysed CESs with most and least
successful energy security performances. Our analysis delineated that there are always
trade-offs between the four dimensions, as, among 10800 runs, only 197 (less than 2%
of all runs) have a performance that is considered successful in all four KPIs (i.e., >50%).
Although it is rare to have a high performance for all four dimensions simultaneously,
these successful performances showed that it is feasible to reduce CO2 emission while
not facing any discomfort and �nancial consequences. On the other hand, the portion
of unsuccessful performances (i.e. <50% in all four KPIs) is two times higher (458 runs
out of 10800 runs, 4.2% of total runs).

To analyse the four input parameters (i.e. demand, investment size, willingness to
compensate and prices), a comparison between successful and unsuccessful energy se-
curity performances (i.e. four KPIs together) was performed. This comparison indicates
which parameter leads to better performance. The only parameter which explicitly in-
dicated an impact on successful vs unsuccessful performance is the budget. The suc-
cessful performances have the highest budget (7500 "), and the unsuccessful ones are
dominated by the lowest (2500 "). However, willingness to compensate and demand
do not signi�cantly impact success performance. For instance, the lowest demand (i.e.
15161 kWh) is the dominating demand parameter value among the unsuccessful perfor-
mances. This is in contrast to the current body of literature which argues less demand
leads to a better performance in energy security [76], [374]. Lastly, natural gas prices
did not signi�cantly in�uence the energy security of CESs as the unsuccessful perfor-
mances have the full range of natural gas prices and the successful ones have 0.09 and
0.12 "/kWh.

Although the current study sheds light on the energy security of CESs, it has certain
limitations, which highlight avenues for further research. First, it is still more of a con-
ceptual model. Expanding and developing the model in more detail would be mean-
ingful to have more realistic results and insights. For instance, adding other renewable
energy technologies (e.g. geothermal wells and wind turbines), other actors (e.g. munic-
ipalities and community-boards), more detailed decision-making processes, and insti-
tution settings could potentially contribute to this end.

A second limitation is selecting the energy security concept for this modelling exercise.
Although 4As’ energy security concept and its representative indicators were useful for
studying the energy security of CESs (as elaborated in Section 4.3), it is essential to keep
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in mind that there are other energy security concepts and indicators as discussed in [64],
[76]). Lastly, using theories such as Ostrom’s Collective Action theory [108], Social Value
Orientation (SVO) theory [376] and Theory of Planned Behaviour [353] could have led to
more realistic and detailed insights regarding the in�uence of households’ motivations
and decision-making processes on energy security.

The results can be translated into policy recommendations for further establishment
of energy-secure CESs:

� CESs could substantially contribute to CO2 emission reduction targets while not
drastically negatively in�uencing cost or discomfort. Therefore, it is essential to
support the CESs establishment.

� The budget is the most important consideration for establishing energy-secure
CESs, as it can be a constrain for environmental-friendly households and a con-
cern for economically driven households. Therefore, providing more support (e.g.
subsidies and loans) is effective and essential.

� Energy demand is not the most in�uential consideration for the energy security
of collective energy systems. Therefore, other policies and strategies such as RE
subsidies could potentially impact collective energy security, then energy demand
reduction policies. Nevertheless, households with relatively high energy demand
need to reduce their demand to contribute to long-term security and environmen-
tal targets [19].

� The current PBL energy price scenario (0.12 "/kWh) is successful, as higher en-
ergy prices do not lead to successful performances, and no signi�cant in�uence of
energy prices was identi�ed.



5
ENERGY-SECURE THERMAL ENERGY

COMMUNITIES

In community energy systems, the energy demand of a group of households is met by
collectively generated electricity and heat from renewable energy sources. What makes
these systems unique is their collective and collaborative form of organization and their
distributed energy generation. While these features are crucial to the resilience of these
systems and are bene�cial for the sustainable energy transition in general, they may at
the same time undermine the security of energy within these systems. This chapter takes
a comprehensive view of the energy security of community energy systems by consider-
ing dimensions such as affordability, accessibility and availability, which are all impacted
by decentralized and collective means of energy generation and distribution. The study
analyses community energy systems’ technical and institutional characteristics that in-
�uence their energy security. An agent-based modelling approach is used for the �rst
time to study energy security, with a focus on thermal energy communities given the
considerable share of thermal energy applications such as heating, cooling, and hot tap
water. The simulation results articulate that energy communities are capable of con-
tributing to the energy security of individual households. Results also demonstrated the
substantial potential of energy communities in CO2 emissions reduction (60% on aver-
age) while being affordable in 20 years. In addition, the results showed the importance
of project leadership (particularly regarding the municipality) in relation to energy secu-
rity performances. Finally, the results reveal that the amount of available subsidies and
natural gas prices are relatively more effective for ensuring high energy security levels
than CO2 taxes. 1

1This chapter has been published as J. Fouladvand, A. Ghorbani, Y.Sar�, T. Hoppe, R. Kunneke, and P. Herder,
�Energy security in community energy systems: An agent-based modelling approach,� J. Clean. Pro, vol.
366, p. 132765, 2022. It has been slightly modi�ed textually for alignment in this study. The �rst author has
conceptualised and performed the research. The other authors have performed an advisory role.
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5.1. INTRODUCTION
The energy sector has the most considerable potential to reduce greenhouse gasses (GHG)
emissions [143], mainly by deploying renewable energy technologies (RETs) [318]. One
of the possible approaches to enlarge the share of renewable energy in this sector are lo-
cal community initiatives commonly referred to as community energy systems [4]. Com-
munity energy systems (CESs) promote local collective citizen action, which addresses
various aspects of the sustainable energy transition to low carbon energy systems, in-
cluding generation, distribution and consumption of energy for their community mem-
bers [12].

CESs have received considerable attention in the academic literature over the past
years. These systems have been studied from several disciplinary angles: technological
(e.g. [52]), behavioural (e.g. [21]), organizational (e.g. [316]) and institutional(e.g. [59]),
among others. In this relatively mature literature, however, little attention has been given
to the energy security of CESs [41].

As one of the focal points in the energy-related literature, energy security is a com-
plicated concept [64]. Traditionally energy security was de�ned in terms of security of
supply [64]. However, in the academic literature, attention has shifted to a more com-
prehensive approach, with several other dimensions (e.g. affordability, environment and
ef�ciency). Among many de�nitions (as presented by [64]), the Asia Paci�c Energy Re-
search Center (APERC) de�nes energy security as: �The ability of an economy to guar-
antee the availability of energy resource supply in a sustainable and timely manner with
the energy price being at a level that will not adversely affect the economic performance
of the economy� [63]. Along with this de�nition, APERC suggests the �4A’s concept� to
measure energy security, i.e. in terms of availability, affordability, accessibility and ac-
ceptability.

Besides the diversity in de�nitions, the energy security literature mainly focuses on
conventional energy systems, namely centralized, fossil-fuel-based and (inter)national
energy systems [64]. There are only a limited number of papers addressing the security
of decentralized energy systems. In contrast to the broader energy security literature,
they mainly consider the narrower and traditional notion of security of supply of these
energy systems. Given the collective and decentralized nature of CESs, other security
dimensions also seem to play a crucial role. More speci�cally, energy may not be avail-
able at all times, especially when the system is not connected to the national grid [47],
and energy may not be accessible at all times, given the distributed infrastructure and
the intermittent nature of renewable energy sources [102]. Community energy may not
be affordable for everyone given the upfront investment costs, among other factors [14].
Increasing energy ef�ciency levels and reducing environmental impacts of (local) energy
systems such as CESs also offer signi�cant challenges in this context [78]. Thus, consid-
ering the collective and decentralized nature of CES, various energy security concerns
exist [41]. This knowledge gap, namely lack of attention to the multi-dimensional and
distinguished nature of energy security in CESs, hampers the adoption of such collec-
tive energy systems to become mainstream at a larger scale. As CESs could drastically
contribute to achieving sustainable energy transition goals, such as the GHG emissions
reduction targets [272], there is a need for an improved conceptualization of security for
these decentralized systems.
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Therefore, the present study aims to contribute to a more comprehensive understand-
ing of the energy security in CESs by looking at energy security in an integral fashion, go-
ing beyond mere security of supply in these systems. Given these systems’ bottom-up,
decentralized nature, we take a collective action perspective [82] that looks at CESs from
behavioural and institutional perspectives and pays attention to how members arrange
and manage such collective systems. To accommodate this, we use agent-based mod-
elling and simulation (ABMS), adopting a bottom-up simulation approach [88], to mea-
sure and assess the energy security of CESs. ABMS allows to explore the complexities of
decision-making processes in CESs and provides the opportunity to experiment with al-
ternative strategies (e.g. policies) within a virtual simulation environment. Agent-based
modelling is becoming a prominent tool to study energy systems and in particular CESs
[368]; however, no research to date has used this approach to study the energy security
of CESs.

To accurately explore energy security with a simulation approach, we focus on thermal
applications of CESs, including heating, cooling, bathing, showering and cooking [27].
Thermal energy communities have received little attention in the literature despite the
substantial share of thermal energy in energy systems [30]. Thermal energy applications
in buildings and communities considerably impact CO2 emissions; therefore, studying
thermal energy would potentially bring further merit to sustainability discussions. Thus,
the present study can also be seen as a further investigation into thermal energy com-
munities with a particular focus on their energy security. To summarize, the scienti�c
contributions of this research are as follows:

� To study and investigate different dimensions of energy security that could play a
role in the security of CESs.

� To demonstrate the applicability and usefulness of computer simulations, namely
ABMS, in the domain of energy security. It is the �rst to use ABMS to study the
collective energy security of CESs.

� To focus on the characteristics of thermal community energy systems instead of
the mainstream electricity-based communities.

The study also aims to provide concrete insights and recommendations to relevant
stakeholders in decision-making processes along with these scienti�c contributions. In
addition to local stakeholders (e.g. municipalities, local policy makers and community-
boards), such insights and recommendations could also potentially contribute to energy,
environmental and sustainability agendas at a higher level. More speci�cally, the study
can be seen as a response to concerns in relation to the sustainability, societal impact
and energy security of CESs.

The structure of the chapter is as follows: Section 5.2 elaborates the research approach
and positions our research in the literature on community energy systems. Section 5.3
explains the theoretical background of this research. Section 5.4 describes the context of
this research. Section 5.5 is dedicated to model conceptualization. Section 5.6 presents
the model results. Finally, Section 5.7 concludes the main �ndings, presents an academic
discussion, and provides recommendations and suggestions for further research.
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5.2. USING ABMS TO STUDY ENERGY SYSTEMS AND CESS IN

PARTICULAR
Community energy systems (CESs) can roughly be de�ned as a group of actors in a
neighbourhood, who jointly invest in energy-saving measures [9], and renewable energy
technologies and generate the electricity and heat they consume [13]. However, in the
academic literature, other de�nitions are used as well (e.g. [5]).

Complementary to qualitative approaches, simulations can enhance our analytical
power to study social systems such as CESs by relying on computational power to study
multiple variables over time simultaneously. Like other modelling practices, ABMS rep-
resents a simpli�ed version of reality [88]. In an agent-based model, agents are heteroge-
neous, autonomous and individual decision-making entities (such as households) that
are able to learn and interact with each other and their environment [87]. In addition to
capturing individuals’ behavioural choices, using ABMS also allows for studying emerg-
ing system behaviour(s) [276]. ABMS provides the ability to add the time variable, which
allows to examine different scenarios and understand inputs, variables, and outputs [88].

Given the bottom-up nature of CESs and the importance of individual characteristics,
decision-making, and interactions for measuring energy security, we use ABMS instead
of other simulation approaches such as System Dynamics [93] and discrete event simu-
lations [94] that focus on system processes and outcomes.

The use of ABMS is becoming more prominent in the community energy literature.
Among modelling research in this area, [95] study value con�ict for accepting these de-
centralised energy systems. [97] also simulate behavioural attitudes and explore lead-
ership in energy communities. [27] take a broader perspective and explore factors that
in�uence the formation of thermal energy communities. [30] also study local heating
systems. [272] also examined the role of institutional conditions on the formation and
functioning of energy communities. Social acceptance of sustainable heating systems is
explored in [289], and collective decision-making in local heat transition is investigated
in [377]. Modelling and simulating zero energy communities, including the new and old
buildings based on solar energy, is presented [102] and exploring the renewable energy
technology adoption [104] are examples of studies using ABMS in community energy re-
search. [361] also model developed that explores energy exchange between prosumers
and consumers to observe how the presumption affects the self-consumption of a neigh-
bourhood. [359] focuses on prosumers behaviour, including technological and spatial
constraints for small-scale solar energy systems.

Besides models focusing speci�cally on CESs, ABMS is often used to study behaviour
in energy systems. For example, the in�uence of regulatory framework on the adoption
of renewable technology is explored in [104]. This study examines how additional re-
bates (i.e. partial refund of an item’s cost) for low-income households and changes in
the rebate amount affect the adoption of solar photovoltaic (solar PV) in Texas. [362] ex-
plores factors that are in�uencing solar PV adoption. [107] presents an ABMS to simulate
and forecast wind power plants in Pakistan. [378] explores the in�uence of different en-
ergy policies such as natural gas subsidy on CO2 emission reduction in Malaysia’s energy
sector. The impact of distribution tariff structures and peer effects on the adoption of
distributed energy resources is presented [379]. Flexible market design and voluntarily
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bidding strategies for the electricity market are explored [380]. [381] presents an ABMS
where the decision-making processes and characteristics of different stakeholders, par-
ticularly the farmers are modelled for bioenergy crop adoption.

Along with these modelling exercises, several review studies provide an overview of
different topics, variables and applications of ABMS in the energy domain. For instance,
[366] reviews ABMS with a focus on buildings demand and the indoor environment,
while [365] analyses ABMS with a focus on climate-energy policy. [367] provides an
overview of ABMS that modelled energy technology adoption, and ABMS with a focus
on socio-technical sustainable energy transition is studied [368]. Nevertheless, none of
these studies and models has explored the energy security of CESs.

5.3. THEORETICAL BACKGROUND
This section introduces the key concepts and theoretical approaches used as the back-
bone of our modelling exercise: energy security, the collective action perspective, and
the social value orientation theory. We also use these theories to analyse our simulation
results, as discussed in the coming sections.

5.3.1. CONCEPTUALIZING ENERGY SECURITY FOR COMMUNITY ENERGY
SYSTEMS

Energy security is crucial for energy communities [357], [188], like any other energy sys-
tem. As presented in [76], energy security consists of seven dimensions that contribute
to its concept and measurement, including energy availability, infrastructure, energy
price, environment, societal effects, governance, and energy ef�ciency. Table 5.1, gives
an overview of these dimensions.

Table 5.1.: Dimensions and indicators of energy security, adapted from [76]

Dimension Short de�nition Indicators

Energy availabil-
ity

Availability of energy supply Diversi�cation, geopolitical fac-
tors in�uencing the supply of en-
ergy streams, supply disruptions

Infrastructure Infrastructure is integral in providing a sta-
ble and uninterrupted energy supply, in-
cluding all relevant energy technologies

Adequate and robust infrastruc-
ture with spare capacity, reliability

Energy prices Energy prices determine the affordability
of energy supplies

Absolute price level, price volatil-
ity, market competitions

Social effects Social concerns and effects of the energy
system

Societal welfare, energy poverty,
social equity, distributional fair-
ness

Environment Sustainability and environmental issues Environmental pollutions and
risks

Governance Sound government policies help to hedge
against and mitigate short-term energy dis-
ruptions

Diplomacy, information gather-
ing, policies (e.g. tax/ subsidies)

Energy ef�ciency Developments in energy technologies, sys-
tems, and practices help to reduce energy
needs and improve energy security

Technological developments, en-
ergy intensity and consumption
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Although the energy security concept presented in [76] (Table 5.1) is not explicitly de-
veloped for the energy security of energy communities, it is still the most suitable con-
cept for measuring the energy security of CESs among other de�nitions (examples are
presented in [64]) for the following reasons:

� This concept is one of the most recent concepts, which is well adapted to recent
developments in the energy security literature;

� It is a multidisciplinary concept that addresses the multi-dimensional nature of
energy security. Furthermore, Besides the environment, two other dimensions of
societal effects and governance, which are in�uential to energy communities, are
also present in this concept.

5.3.2. COMMUNITY ENERGY SYSTEMS AS A COLLECTIVE ACTION PROBLEM

Theoretically, CESs can be seen as a form of collective action where actors join efforts
to achieve shared goals on a common-pool resource dilemma [160], namely renewable
energy generation and consumption. In this regard, the Institutional Analysis and Devel-
opment (IAD) framework of Ostrom [108] is speci�cally designed for analysing collective
action problems from an institutional perspective. Institutions are political, social and
legal rules, more loosely rules of the game, that form the basis of activities of actors [382].
The IAD framework enables the analysis of a collective system by breaking it into a num-
ber of building blocks [123]. Figure 5.1 presents the IAD framework.

Figure 5.1.: IAD framework, adapted from [110]

The action situation is the main component of the IAD framework [322], which per-
tains to a conceptual space [108], where actors consider alternative courses of action,
make decisions, take actions, and experience the consequences of their actions [163].
Exogenous variables, in�uence action situation:

� The biophysical conditions include the physical and material resources and ca-
pabilities available within the system’s boundaries [123]. Resources include, for
instance, available RETs and collective investment on them for collective energy
generation [163].
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� The attributes of the community include the cultural norms accepted by the com-
munity [123]. In other words, the shared values, beliefs and preferences about the
potential outcomes of the action situation [127].

� Lastly, the rule-in-use component concerns the formal rules that govern the sys-
tem [110]. Such formal rules include regulations and policies for the system’s gov-
ernance.

The interaction between exogenous variables and inter-actor agency in action situa-
tions results in patterns of interaction that generate certain outcomes [110]. Based on
evaluation criteria, these outcomes can be objectively assessed[108]. In the end, there
is a feedback loop that connects the outcome to the action situation and the exogenous
variables [322].

Even though the IAD framework has conventionally been applied for the study of tra-
ditional common pool resource management, such as irrigation and �shery, it has re-
cently also been extensively applied to energy systems (e.g. [125], [126]). The IAD frame-
work has proven to be highly instrumental in the CESs domain as well [162], because
it explicitly addresses the formal and informal institutional challenges for such collec-
tive initiatives [127]. Besides its analytical power for studying CESs from a collective ac-
tion perspective, the IAD has proven useful for building agent-based models [129], [130].
Different studies in the energy-related literature used the IAD framework in developing
ABMS [248] and [383]. In these studies, the IAD framework is used to conceptualize the
model and analyse the simulation results. The IAD framework is used in a similar way in
the present study.

5.3.3. MODELLING INDIVIDUAL BEHAVIOUR: SOCIAL VALUE ORIENTATION
(SVO) THEORY

Ful�lling speci�c concerns (e.g. environmental and energy security concerns) and achiev-
ing certain goals (e.g. �nancial bene�ts) are the main motivations of individual people
for joining CESs [10], [6]. In this regard, the Social Value Orientation (SVO) theory ex-
plains the motivations and concerns of people when they make decisions. In the SVO
theory, it is assumed that people vary in their motivations or goals when evaluating dif-
ferent resource allocations between themselves and another person [384]. The SVO the-
ory classi�es individuals’ personalities based on four groups considering pro-self-versus
pro-social orientations [384]:

� Altruistic: these individuals are sel�ess, focusing on maximising joint bene�ts re-
gardless of the impact on their own payoff; the opportunity of helping others is
their motivation;

� Cooperative: these individuals aim to maximise others’ outcomes in addition to
their own;

� Individualistic: these individuals are mainly concerned with their own outcomes,
focusing on their own payoff without having a speci�c need of minimising other’s
bene�ts;
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� Competitive: these individuals aim for maximum results and strive to minimise
other individuals’ bene�ts.

The SVO theory helps capture and simulate real-life decision-making situations more
closely by considering various decision-making motivations [376]. The SVO theory has
been used across a range of interpersonal decision-making contexts, speci�cally in the
domains of negotiation settings [385] and environmental attitudes [386] including re-
source dilemmas [387]. This theory has also been used in the energy domain [388].

To sum up, this section explained the theoretical underpinning for building an agent-
based model to study the energy security of thermal energy communities. The energy
community in this model is viewed as a collective action and therefore conceptualized
using the IAD framework. To have a more concrete conceptualization of the institu-
tional and technical structure of community energy systems, we focus on systems with
thermal applications. In this setting, behaviour and decision-making are conceptual-
ized using the SVO theory to categorize individuals based on their motivations. Finally,
implementing energy security in the model builds on the concept de�ned by [76] and is
summarized in Table 5.2.

Table 5.2.: Indicators of energy security in the model

Dimension Implemented indicators in the model

Energy availability Average voluntary shortage per household
Infrastructure Diversity of technologies (which have their own robustness)
Energy prices Average renewable thermal heating costs of households
Social effects Average community bene�t per household
Environment Average CO2 emission per household
Governance Duration of establishment for households
Energy ef�ciency Average thermal insulation per household based on the hous-

ing energy label

5.4. MODELLING CONTEXT
5.4.1. THERMAL APPLICATIONS IN CESS

Depending on the type of generation and its application, the CESs literature is divided
into two mainstreams: either energy communities in the general sense of the concept
(e.g. [8], [28]) or, more particularly, electrical energy communities (e.g. [53], [26]). How-
ever, thermal energy communities- focused on collective generation, distribution and
consumption of thermal energy for applications such as heating, cooling, bathing, show-
ering and cooking- have received little scholarly attention thus far [27]. The literature is
mainly focused on top-down approaches as governments’ solutions for providing heat
(e.g. [282], [155]), rather than the collective action of individual households within CESs
to generate and distribute some sort of heat together.

Thermal energy communities consist of three main components: (thermal) energy
technology, af�liated institutions, and involved actors, including their behaviour [27].



5.4. MODELLING CONTEXT

5

87

Thermal energy technology consists of renewable heating generation technologies (such
as biogas, geothermal valves and solar thermal collectors) [39], distribution system (mainly
district heating) [38], and �nal consumption (e.g. space heating and showering) [280].

As rules of the game, the af�liated institutions are the second component of thermal
energy communities, which refer to the human-constructed agreements and regulations
for the generation, distribution and consumption of thermal energy within CESs [272].
In the literature on thermal applications in CES, formal rules such as regulation design
(e.g. [308]), pricing strategies and market design (e.g. [116], [117]) have received con-
siderable scholarly attention. Informal rules such as norms and values (e.g. [157], [247])
have also received attention.

Involved actors, their behaviour: roles and responsibilities represent the third com-
ponent of thermal energy communities [27]. Topics such as actors involvement [305],
�nancial responsibilities [11], and leadership [97] are related to this component.

5.4.2. THE NETHERLANDS AS A CASE STUDY

This research builds an agent-based model focusing on thermal applications in CESs and
uses data from the Netherlands. The Netherlands was selected as the country to study
CESs with thermal applications because of the following reasons:

� Presence of a high number of CESs as compared to other EU countries [11];

� Presence of well-developed energy and speci�cally heating infrastructure [132];

� Dutch national ambitious CO2 reduction targets which in�uenced the heating sec-
tor [133];

� National norms for environmental concerns and sustainable development [134];

� The urge for the sustainable heat energy transition is due to a recently increasing
number of gas-quakes [136].

Energy security is also important in the Dutch energy policy debates [24]. Histori-
cally, the Netherlands has a strong performance in the security of supply due to natu-
ral gas �elds in the province of Groningen [70]. However, as energy security has been
adopted more diverse dimensions, various studies have evaluated the energy security
of the Netherlands in different ways (e.g. [24], [70]). Furthermore, particularly in the
thermal energy context, topics such as gas-quakes [138], the geopolitics of natural gas
imports/exports [139], and energy pricing [117] contribute to the importance of energy
security within the Dutch thermal energy context.

The data used in the model include supportive policies (e.g. renewable energy sub-
sidies) and punishing policies (e.g. taxes), from the "Stimuleringsregeling Duurzame
Energie" (SDE++), Netherlands Environmental Assessment Agency (PBL), and built envi-
ronment and energy ef�ciency regulations (e.g. retro�tting policies based on ‘Energiesprong’
and building energy labels).



5

88 5. ENERGY-SECURE THERMAL ENERGY COMMUNITIES

5.5. MODEL CONCEPTUALIZATION
In this section, we explain the conceptual model using the IAD framework. First, the
agents in the model and their motivations are introduced. Next, the exogenous variables,
biophysical conditions, attributes of community and rules-in-use are elaborated. To ex-
plain the action situations and interactions, the decision-making processes of agents
and the model narrative are presented. Lastly, evaluation criteria and outcomes are in-
troduced as the model’s key performance indicators (KPIs).

5.5.1. AGENTS IN THE MODEL

The model represents a city with multiple neighbourhoods, where each neighbourhood
can only have one CES. The model has two types of agents: (i) individual households and
(ii) the municipality.

� Individual households initially use natural gas to cover their thermal energy de-
mand, and they also hold a speci�c set of internal motivations to participate in
a thermal energy community. Following [6], [58], the primary motivations taken
into account to conceptualise the motivations of the individual households in a
CES are energy independence, sense of community, environmental concern and
economic bene�ts. Independently from each other, the motivations have a value
between 0 to 10 (i.e., 0 is the weakest and 10 is the strongest). Preferences of neigh-
bours can in�uence the internal motivations of households (see Section 5.5.3).
The community-board consists of the �ve most environmentally-friendly house-
holds in the neighbourhood. The other motivations of members in the commu-
nity board (energy independence, sense of community and economic bene�t) are
also higher than the median value (>= 5) following [272]. The individual house-
holds make decisions based on their four internal motivations. The SVO theory
is used to capture these internal motivations and categorize the decision-making
processes based on the agents’ personality type following [21], [58]. The SVO-type
of the individual households is calculated as follows:

Level of motivation = (environmental concern + sens of community)

¡(�nancial concern + energy independence) (5.1)

� If Level of motivation > 1: SVO-type 1,

� If Level of motivation < -1: SVO-type 3,

� If Level of motivation >= -1 and <= 1, and,
sense of community < 5: SVO-type 4,

� If Level of motivation >= -1 and <= 1, and,
sense of community >= 5: SVO-type 2.

� The municipality represents the department(s) of the local government respon-
sible for sustainable energy transition (particularly sustainable heat transition).
The municipality is responsible for de�ning the formal institutions to support the
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neighbourhoods’ transition off-gas, including the availability of subsidies, eligibil-
ity requirements of subsidies, and any other formal regulations and arrangements
in the model. Following [297], [272], [172], municipalities have four strategies
for supporting energy communities and speci�cally thermal energy communities,
namely: environmentally driven (i.e. most CO2 reduction option), economically
driven (least economic burden for the municipality itself), socially driven (most in-
volved participants in a neighbourhood) and a trade-off between the three. These
strategies in�uence and determine the municipalities’ decisions over their actions,
such as subsidy allocation. Individual households are aware of the municipality’s
strategy from the beginning of the simulation.

5.5.2. BIOPHYSICAL CONDITIONS

TECHNOLOGICAL SCENARIOS

The agents can choose from several technological options (particularly for the Nether-
lands). Following [39], [297], technological options are presented in three categories:

� Renewable thermal energy generation technology: The collective renewable ther-
mal energy generation technology options included in the model are biogas heaters,
aquifer thermal energy systems (ATES), and electric boilers. The individual renew-
able thermal energy generation options are heat pumps, small bio-energy heaters
(i.e. wood pallet based) and photovoltaic thermal hybrid solar collectors (i.e., Solar
PVT).

� Heat distribution: The technological option for distribution is district heating. Al-
though, in reality, the district heating infrastructure can be out�tted for low or
medium-temperature heat, for simpli�cation, it is assumed that only medium-
temperature heat transportation is possible in this model.

� Heat consumption: The average households’ heating demand and the housing
insulation label are considered.

AVERAGE AMBIENT SURROUNDING TEMPERATURE

The ambient temperature is essential in determining (thermal) energy consumption.
When the outdoor environment is colder, demand increases as the energy system gener-
ates more thermal energy. Therefore, the ambient temperature is modelled as a biophys-
ical condition, in�uencing the agents’ actions. Due to climate change, the ambient tem-
perature changes over time in coming decades [143], [1], translating to changes in energy
demand. The model’s standard distribution of households’ demand is based on the PBL
data. To capture the impact of ambient temperature changes based on climate change
scenarios, the model assumes that climate change leads to hotter outdoor temperatures
and, therefore, reduces the households’ energy demand in European countries, includ-
ing the Netherlands.
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5.5.3. ATTRIBUTES OF COMMUNITY

It is assumed that each neighbourhood has only one CES, implying that each individ-
ual household can only participate in one CES. The model assumes that households
in one neighbourhood can interact with each other in monthly resident meetings (i.e.
each tick in the model represents a month) but not with other neighbourhoods. In order
to capture and simulate the interactions within each neighbourhood, the model uses a
small-world network [332]. ‘Small world’ is a common approach for representing social
networks of individuals within local renewable energy systems [27], [97]. The dynamics
occur based on the following principle as argued in [97]: when two households interact,
if the value of each motivation is between 2 and 8, the value will slightly lean towards
the opinion of another agent attempting to simulate peer pressure. This means that the
value will be updated by 1 towards the other agent’s motivation value. It is also assumed
that households with very extreme values (either higher than 8 or lower than 2) will not
be peer pressured and hence will not be in�uenced by the interaction.

5.5.4. RELATED INSTITUTIONS

In our modelling exercise, two types of formal institutions are considered: (i) supportive
policies (e.g. renewable energy subsidies) (ii) and punishing policies (e.g. CO2 taxes).
The data for these institutions are based on the SDE++ and built environment and energy
ef�ciency regulations (e.g. retro�tting policies based on ‘Energiesprong’ and building
energy labels). Furthermore, according to the PBL, the available subsidy is 2-5 million
euros per municipality per year [272]. As the municipality’s budget is limited, one of the
crucial rules for decision-making is how the municipality should rank the communities
and decide towards the allocation of the subsidy.

5.5.5. ACTION SITUATION AND INTERACTIONS

The processes during the lifetime of a CES can be modelled in four stages or action situ-
ations following [30], [233]:

INITIATION PHASE

The initiation phase aims to select the project leader (municipality or community-board)
and the collective renewable heating technology source (biogas heaters, ATES or electric
boilers) for the CESs.

Decision on the project leader
First, the households have a period to exchange information to know each others’

motivations and align them. These interactions are based on the description in Sec-
tion 5.5.3. The duration of the information exchange period is considered to be 7 months
(see Table 5.4). After a period of information exchange among households, individual
households decide on the type of project leadership, with two options: (i) community-
board and (ii) municipality. The project leader is responsible for organizing and tak-
ing the initiative within a CES. In order to make such a decision, each household �rst
checks the municipality’s strategy. If the municipality’s strategy is environmental, each
household compares their own environmental friendliness value with the municipality’s
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(which is assumed to be 6 or higher to favour the environment over other values). If the
household also has a value greater than or equal to 6 and belongs to the �rst (i.e., altruis-
tic) or second (i.e., cooperative) SVO types, it votes for the community-board. In case the
household is SVO-3 (i.e., individualistic) or SVO-4 (i.e., competitive), it checks its �sense
of community� value. If it’s greater than or equal to 5, it goes for the community-board.
If the municipality’s strategy is societal capacity, the procedure works the same way as
described above for the municipality with the environmental friendliness strategy. The
only difference is that instead of environmental friendliness, agents compare their sense
of community values with the value of the municipality in the �rst place.

When agents observe an alignment of high economic values with a municipality that
prioritizes economic bene�t as its strategy, they vote for the municipality, unlike in the
two other cases. Finally, if the municipality’s strategy is the trade-off between the three,
the agents randomly go through one of the abovementioned processes with an equal
chance.

Decision on collective renewable heating technology source
If the municipality takes the lead, speci�c collective heating technology is selected

and communicated to individual households based on its strategy (environmental, eco-
nomic, social and trade-off). To select the heating system, the municipality calculates
three variables de�ned concerning each technology (i.e., CO2 emission, costs, minimum
needed participants).

Total demand per year = number of households

£average demand per household per year (5.2)

Annual CO2 emission =total demand per year £ CO2 intensity (5.3)

Costs (investment) = Technology capacity £ Capex

+ heat demand £ Operating costs £ lifetime (5.4)

Min needed participants •
Costs

(natural gas prices) £ (current consumption)
(5.5)

These values are then normalized on a scale between 0 and 1, where 0 represents the
worst-performing alternative (i.e., highest emission, highest costs, or least number of
needed participants) and 1 stands for the best performing one. Then the municipality
ranks the technologies according to their normalized values and strategy (lowest emis-
sion �rst for environmental, lowest cost �rst for the economic and lowest number of
participants for social).

If the community-board takes the lead, the procedure of choosing a collective heat-
ing technology will be more participatory. The community-board goes through a multi-
criteria decision-making process (MCDM) to select a collective thermal technology. The
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initial preference of the community-board over the type of collective technology is deter-
mined based on the majority vote of the individual preferences of the board members.
The individual preference of a board-member is calculated as a weighted sum of each
criterion where the weights are the set of motivations (i.e. environmental friendliness,
�nancial drive, sense of community and energy independence). The board suggests the
technology with the highest MCDM score as the thermal technology for the community
as the alternative.

Once the community-board suggests a collective thermal technology, households within
the neighbourhood (excluding the board members) calculate their score per collective
thermal technology alternative in the way described above (i.e., MCDM). Based on this
calculation, the following two conditions must hold at the same time for the technology
to be accepted: i) the suggested technology by the community-board is not the tech-
nology that is rated as the lowest by more than one-third of the neighbourhood; ii) the
suggested technology is the one that is rated as the highest by more than half of the
neighbourhood. This step is necessary, as individuals might value motivations such as
environmental concerns differently than the community-board. If the municipality is
the project leader, this step is skipped.

Through both types of project leadership, the community as a whole reaches a con-
sensus on collective renewable thermal energy technology. As part of this technology
selection (i.e. investment), individual households commit to improving their home’s en-
ergy ef�ciency level in this stage by 1 step (e.g., from energy label E to energy label D).

TECHNICAL SETTINGS AND MEETING ENERGY DEMAND (I.E. FEASIBILITY PHASE)
Once the project leader and the collective renewable thermal energy technology are �-
nalized, individual households have to decide how much of their individual energy de-
mand would be covered by collective energy technology and how much would be cov-
ered by other sources (i.e. national-gas grid or individual renewable generation).

Decision on the amount of collective generation
Individual households decide how much energy they want to generate collectively

through the selected collective thermal technology. Following [389], individual house-
holds select a fraction between 0 � 100% of the demand to be generated collectively. The
capacity of collective thermal energy generation is calculated in terms of the percentage
of total thermal demand of the members, and it is determined as the average percent-
age value favoured by individual households in a neighbourhood and applied to all the
members. Therefore, a generation capacity is allocated to cover the corresponding per-
centage share of the thermal demand of each community member. A household’s pref-
erence over how much collective thermal energy to generate is in�uenced by its budget
and the SVO category it belongs to. The upper limit for this percentage is determined
by the collective technology budget of the household, i.e., how much at most the house-
hold can afford with its budget. If the household belongs to the altruistic SVO-type, it
prefers to meet all its demand (i.e. 100%) from the collective system. For the other SVO-
types, the preferences to cover their energy demand collectively is as follows: House-
holds with SVO-2 (i.e., cooperative) 90%, households with SVO-3 (i.e. individualistic)
80%, and households with SVO-4 (i.e. competitive) 70%. Suppose the collective energy
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system cannot fully cover all the community’s energy demand. In that case, the individ-
uals depending on their internal motivations, have to choose individual heating systems
or use the national natural gas grid.

Decision on individual heating technology source
For individual heating systems, �rst, individual households decide on alternative en-

ergy scenarios based on their internal motivations: (i) if their �nancial concern is greater
than environmental friendliness, they use natural gas as the energy source for the re-
maining demand that is not covered by the selected collective heating energy system,
(ii) if an individual has higher environmental concerns than economic motivation hence
does not choose natural-gas, there are going to be two options:

� If an environmental-friendly household’s budget is allowed, it will further increase
housing insulation and install an individual renewable thermal energy system.

� If the �nancial means of an environmentally friendly household is not suf�cient
for such an investment at a particular moment, it will choose to save up to in-
stall the technology in the future. This means that the individual household will
use less heat and may voluntarily face thermal energy discomfort due to its unmet
demand. In reality, this can be translated in different ways, such as: (i) turning
off/ down the thermal energy system inside the homes in the absence of individu-
als, (ii) shifting the thermal demand from peak hours, (iii) reducing hot tap-water
consumption. Members make this decision by comparing their budget with the
needed investment for individual selected RETs. The money saved due to the vol-
untary discomfort will be accumulated over time and invested in individual re-
newable thermal energy systems when the �nancial situation allows.

When the household equally values environmental concerns and �nancial drives, the
sense of community value serves as a tie-breaker. If its value is smaller than 5 (on a scale
of 0 to 10), the household decides to leave the CES.

FINANCIAL FEASIBILITY AND SUPPORTING PHASE

After choosing the technologies, there is a need to check the �nancial feasibility of the
system for the second time, which entitles technical and �nancial calculations in or-
der to apply for subsidies. The output of the �nancial feasibility and supporting phase
is granting the subsidy and �nal checking the number of participants to distribute the
costs.

The project leader (either the community-board or the municipality) considers the
technical scenario with the most supporters and conducts a second technical and in-
vestment feasibility analysis for the collective and individual thermal energy systems of
the selected scenario. This calculation is related to subsidy allocation processes. For the
technical feasibility, renewable generation (including collective and individual technolo-
gies), CO2 emission per kW heat generation (i.e. CO2 intensity technology), and average
heat generation capacity and load hours are used. For investment feasibility, criteria
such as lifetime, investment costs, operation costs and availability of subsidies are used
(to cover unreliable costs in business cases); see Appendix D.
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Based on the total requested demand for energy as calculated in phase 2 (i.e. Technical
settings and meeting energy demand), the project leader calculates how much subsidy
they need to request in order to cover the entire investment. If this amount does not
exceed the maximum amount, the government gives it to the neighbourhood. If the
amount is more, the project leader requests the highest possible subsidy option the gov-
ernment is willing to give to one neighbourhood.

Once a year (every 12 ticks), the municipality considers all the CESs that have applied
for the subsidy. The municipality ranks the requests based on its subsidy distribution
strategy (i.e. environmental friendliness, �nancial drive, societal drive and trade-off)
and provides the subsidy to those that meet their criteria until all the funding has been
used. If a CES does not receive the subsidy (as it might not meet the municipality’s cri-
teria for receiving the subsidy or as it might be low in the ranking of the municipality), it
waits for the next year and applies again.

INSTALLATION, GENERATION AND EXPANSION PHASE

Once the technology investment has taken place and the community energy system is
installed, energy is generated (thermal energy generation is calculated monthly). New
participants can be potentially added to the community initiative over time, if they agree
with the chosen arrangements (e.g. chosen technologies and monthly payments).

After receiving the subsidy and collective investment of individuals, the CES goes into
a construction state for a year (i.e. twelve ticks in the simulation). Once the infrastructure
is in place, the community is considered to be set up.

After setting up, every year (i.e. twelve ticks in the simulation), the individuals and
community board check whether they have reached the end of their project time-horizon
(i.e. 20 years in the simulation, 240 ticks). When the technologies reach their lifetime,
meaning such technologies are needed to be renewed, the community will start another
information exchange round, now including new community members, and choosing
new technologies (i.e. starting from phase 1).

After the initial setup of the community, �non-members� can re-evaluate their partici-
pation, i.e., check if they are willing to participate. As �non-supporters� can interact with
other agents in the neighbourhood (as presented in Section 5.3), their opinions might
grow towards their neighbours’ opinions who are members of CES. If these potential
members agree with the installed energy technology, they will invest in thermal insula-
tion as part of the agreement. Suppose their willingness to pay is equal or lower than the
investment required per person in the neighbourhood. In that case, they will increase
their energy ef�ciency (i.e. housing label insulation) and participate in the community
system. When individuals disagree with the board decisions, they will no longer partici-
pate and will leave the energy community.

Figure 5.2 presents the four steps explained in Section 5.5.5 (i.e. (i) Initiation phase,
(ii) Technical settings and meeting energy demand, (iii) Financial feasibility and sup-
porting phase, and (iv) Installation, generation and expansion phase) as a conceptual
model �owchart.
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Figure 5.2.: Model conceptual �owchart
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5.5.6. EVALUATION CRITERIA AND OUTCOMES (MODEL’S KPIS)
By using seven energy security dimensions presented in [76], seven key performance in-
dicators (model’s KPIs) are de�ned for measuring the energy security of (thermal) energy
communities. Calculations related to these KPIs are presented in Appendix D.

ENERGY AVAILABILITY: AVERAGE VOLUNTARILY DISCOMFORT PER HOUSEHOLD:

Energy availability can be measured by calculating the average percentage of the en-
ergy demand per year, which is not met. Not meeting the demand could be because of
the behavioural attributes, technical and institutional choices of the individuals and the
community as a whole. In the real world, this can be translated as discomfort for house-
holds which means the generation is not enough to provide enough thermal energy to
heat the cold water and accommodations to the desired temperature.

ENERGY PRICES: AVERAGE COSTS PER HOUSEHOLD:

The average cost per year for each household that participates in a CES is calculated
based on four primary sources of costs: collective renewable thermal energy system,
individual renewable thermal energy system, natural-gas consumption and insulations.

ENVIRONMENTAL: AVERAGE CO2 EMISSION PER HOUSEHOLD:

This indicator is about the average CO2 emission per year of a household participating
in CES. Although households reduce their CO2 emission by adopting renewable thermal
energy, still there is a possibility that they emit CO2 as they might choose bioenergy and
natural gas as their resources.

INFRASTRUCTURE: AVERAGE DIVERSITY OF INFRASTRUCTURE PER HOUSEHOLD:

Diversi�cation of energy systems involves having a range of energy infrastructures (in-
cluding generation and distribution) [76] that would provide various energy sources for
involved stakeholders. In the community context, the diversity of infrastructure is re-
�ected by the number of distinct energy sources households have access to. There are
three main energy setups in the model, in which individuals choose from collective re-
newable thermal energy (including selection one of the following technologies: biogas
heaters, ATES, and electric boilers), individual thermal energy (including a choice of one
of the following technologies: heat pumps, wood pallet and Solar PVT), and natural gas.
The modelling exercise uses the Shannon index [373] to calculate diversi�cation.

ENERGY EFFICIENCY: AVERAGE THERMAL INSULATION PER HOUSEHOLD:

Individual households improve the ef�ciency of their accommodations represented by
their home energy label is considered a KPI to measure the overall energy ef�ciency of
households. There are two moments that individuals can improve their housing energy
label. First, the moment they decide on collective renewable generation, they are re-
quired to improve their energy label by one step (e.g. from energy label D to energy label
C). Second, suppose they want to choose an individual thermal energy system. In that
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case, they also have the opportunity to choose to invest in improving their housing en-
ergy label one step further (e.g. from energy label C to energy label B). These steps have
different investment sizes and effects on energy consumption reduction. We used data
from [390], [391], [392], for calculations related to insulation. At the end of the model,
the average insulation of the whole community is calculated (see Appendix D).

GOVERNANCE: ESTABLISHMENT DURATION OF ENERGY COMMUNITIES:
The duration of the process in which the community goes through the establishment
is used as an indicator for the governance dimension. This duration is in�uenced by
various decisions, such as choosing the type of project leadership, technological choices,
municipality subsidy allocation strategy and dynamics in individuals’ motivations.

SOCIETAL EFFECTS: AVERAGE COMMUNITY BENEFIT PER HOUSEHOLD:
There are direct and indirect bene�ts for participating in a CES for a community. Di-
rect bene�ts are the �nancial bene�ts related to energy savings over the years. Indirect
bene�ts are a community’s economic (and social) bene�ts associated with CO2 emission
reduction (e.g., fewer health issues).

In addition to these seven speci�c energy security KPIs, other criteria will be used to
evaluate energy-secure TEC initiatives’ establishment and functioning processes, pre-
sented in Table 5.3.

Table 5.3.: General KPIs

Key performance indicator Unit Description

Final share of neighbour-
hood participation in CES

% Percentage of the neighbourhood house-
holds that are connected to the district
heating infrastructure after 20 years

Collective technology se-
lection

- The collective technology that the neigh-
bourhood has selected and installed in
the neighbourhood (biogas, ATES, elec-
tric boiler)

Individual technology se-
lection

- The individual technology that the neigh-
bourhood has selected and installed in
the neighbourhood (nothing, wood pal-
let, heat pump, solar thermal)

Percentage of collective
renewable thermal energy
generation

% Percentage of collective renewable ther-
mal energy generation based on the
decision-making of individuals

Percentage of natural-gas
consumption

% Percentage of natural-gas consumption
in a CES

Project leadership selection - The project leader that the neighbour-
hood has selected to lead the CES (either
community-board or municipality)
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5.5.7. SENSITIVITY ANALYSIS AND EXPERIMENTATION ANALYSIS

A sensitivity analysis was conducted to explore the model’s robustness, different experi-
mental con�gurations for various model parameters following the one-factor-at-a-time
(OFAT) approach [351]. For each parameter presented in Table 5.4, the model was run
30 times where all parameters were �xed at a certain value, and only the parameter un-
der study was altered to test the model’s sensitivity to that parameter [351]. The values
for the parameters presented in Table 5.4 are set based on the sensitivity analysis. These
values are also in line with the current body of literature, for instance, neighbourhood
size [330], number of connections each household has and number of neighbourhoods
in a municipality [272].

Table 5.4.: Sensitivity analysis results

Parameter Value Unit

Duration of information exchange 7 Months
Neighbourhood size 600 households
Steps of percentage preference reduction per SVO
type

20 %

Number of connections each household has 3 Number
Number of neighbourhoods in a municipality 3 Neighbourhood
Steps of yearly gas price increase 0.01 ("/kWh)
Steps of yearly CO2 tax increase 0.002 ("/kg)

5.5.8. PARAMETERS AND EXPERIMENTATION SETTINGS

To study the energy security of thermal energy communities, four parameters are se-
lected from the literature that are potentially in�uential for the energy security of such
systems:

� Natural-gas prices: the price of natural gas is in�uential for both (i) the deploy-
ment of renewable thermal energy technologies and district heating systems [133],
[346], and (ii) energy security [133], [393].

� CO2 tax: A policy that could signi�cantly impact the RETs deployment and fossil
fuel prices is the application of a CO2 tax. CO2 emission tax also in�uences energy
security.

� Ambient temperature: Changes in ambient temperature has a considerable in�u-
ence on energy security and RETs deployment, as it can potentially in�uence the
(thermal) energy demand [394, 395].

� Amount of subsidy and municipality subsidy allocation strategy: The amount and
allocation strategy of subsidy in�uences affordability of the energy system, and
therefore it impacts the RETs deployment and energy security.

We use these four parameters as input in our modelling exercise. The experimentation
included a total number of 108 different combinations of the four-parameter values in
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Table 5.5. Each combination was repeated 50 times; hence, the experimentation resulted
in a total number of 16200 runs. As the number of neighbourhoods (i.e. CESs) in each
run is set at 3, the total number of CESs in this modelling exercise is 48600. The in�uence
of these parameters on the modelling’s KPIs is elaborated in Appendix D.

Table 5.5.: Experimentation settings

Parameter Value Unit

Increasing rate of the natural gas price 0.01, 0.02, 0.03 ("/kWh)
CO2 taxes 0.002, 0.004, 0.006 ("/kg)
Ambient temperature changes (Climate
change)

Mild, High, Severe -

Available subsidy 2, 4, 6 Million "
Municipality subsidy policy Environment, social,

economic, a trade-off
-

5.6. RESULTS
In this section, we present the results of the experiments on two levels: (i) an overview
of KPIs individually, which provides an overall view of energy security; and (ii) High and
low energy security performances by combining the seven energy security KPIs.

5.6.1. GENERAL SECURITY PERFORMANCE OF CES
OVERVIEW OF TECHNICAL AND INSTITUTIONAL CONDITIONS

Among all the 48,600 simulated CESs (i.e. neighbourhoods in the model), around 60%
of them chose aquifer thermal energy system (ATES) as their collective thermal energy
system (see Figure 5.3). The explanation for this is (i) the relatively better environmen-
tally performance (i.e. less CO2 emission) of ATES systems in comparison with other
technologies, (ii) the relatively long projects’ time horizon (i.e. 20 years), which makes
ATES more economically feasible. Furthermore, thermal energy communities also al-
ways include individual renewable energy sources, usually in the form of heat pumps
(blue in Figure 5.3). Natural gas is the second choice for the individual systems (red in
Figure 5.3). Less than 500 CESs chose wood pallets and solar PVT as their individual re-
newable thermal energy systems. These results con�rm the relatively high willingness
to adopt different RETs, particularly individual RETs (e.g. heat pump and Solar PVT),
while the natural-gas option is available as an individual technology choice. Figure 5.3
presents the distribution of the technological choices among all 48,600 CESs.

The results show that thermal energy communities could dramatically reduce natu-
ral gas consumption and, therefore, contribute to the CO2 emission reduction in the
Netherlands. However, as presented in Figure 5.4, almost no community became com-
pletely natural-gas free. As illustrated in the model’s narrative in Section 5.5.2, consider-
ing that individual households and communities as a whole could potentially not choose
natural-gas consumption at all, this emphasizes the importance of natural gas for the (i)
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Figure 5.3.: Distribution of collective and individual energy sources combinations

Dutch heat energy transition; and (ii) the energy security of (thermal) energy communi-
ties.

Figure 5.4.: Average natural gas consumption

The results show that community-boards took the leadership of 67% of CESs. Consid-
ering the Dutch context (i.e. attributes of community and rules-in-use particularly), this
can be translated to communities being more likely to be led by their own community-
boards. Such leadership does not necessarily lead to higher energy security performances,
elaborated in Section 5.6.2 and Section 5.7.
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OVERVIEW OF ENERGY SECURITY KPIS

In order to compare the energy security KPIs with each other (see Table 5.2), the normal-
ized distribution of each energy security KPI is presented. For instance, the modelling
results for CO2 emissions per household as one of the energy security KPIs are between
95 to 150 kg/month, which as a normalized distribution, is translated into values be-
tween 0 to 1. In Figure 5.5, the X-axis presents values between 0 to 1 as a normalized
distribution of results for each energy security KPI in the model. The Y-axis presents the
density of the number of runs.

Figure 5.5.: Overview of normalized KPIs vs number of thermal energy communities
overall runs

As Figure 5.5 shows, the results for thermal discomfort are mostly less than 0.2 on a
normalized scale (9% discomfort), which shows the potential for high energy availability
(i.e. security of supply) within CESs. Also, the results show that 53% of CESs’ forma-
tion time is less than three years for formation time. KPIs such as energy costs, thermal
insulation, and the energy diversity index are distributed among different normalized
values depending on technical and institutional settings. There is no distinctive peak for
these speci�c KPIs except for energy insulation. This can be translated into (i) depend-
ing on different parameter settings (e.g., CO2 taxes and natural-gas prices) such KPIs can
perform well, (ii) such KPIs do not have a signi�cant in�uence on determining the en-
ergy security of thermal energy communities. Other KPIs, such as community bene�t,
community formation time and thermal discomfort, have distinctive peaks. The peak is
nearly zero for discomfort KPI, which means the individual households face little ther-
mal discomfort (less than 4% of their thermal demand every year). Particularly, there
are three peaks for community bene�t, with most performances lower than 0.5 in nor-
malized presentation. Community formation time also has three discrete peaks due to
decisions over subsidy allocation time at a certain time every year. The majority of the






















































































































































































































