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ARTICLE INFO ABSTRACT

Handling Editor: Zhifu Mi 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 beneficial for the sustainable energy transition in general, they may at the
same time undermine the security of energy within these systems. This paper takes a comprehensive view of the
energy security of community energy systems by considering dimensions such as energy price, environment 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 influence their
energy security. An agent-based modelling approach is used for the first time to study energy security, focusing
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 contributing
to the energy security of individual households. Results demonstrated the substantial potential of energy com-
munities in CO2 emissions reduction (60% on average) while being affordable in the long run. In addition, the
results show the importance of project leadership (particularly regarding the municipality) concerning energy
security performances. Finally, the results reveal that the amount of available subsidy and natural gas prices are
relatively more effective for ensuring high energy security levels than CO, taxes.
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distribution and consumption of energy for their community members
(Gregg et al., 2020).
CESs have received considerable attention in the academic literature

1. Introduction

The energy sector has the most considerable potential to reduce

greenhouse gasses (GHG) emissions (Masson-Delmotte et al., 2018),
mainly by deploying renewable energy technologies (RETs) (Young and
Brans, 2017). One of the possible approaches to enlarging the share of
renewable energy in this sector is local community initiatives,
commonly referred to as community energy systems (Oteman et al.,
2014). Community energy systems (CESs) promote local collective cit-
izen action, which addresses various aspects of the sustainable energy
transition to low carbon energy systems, including generation,

over the past years. These systems have been studied from several
disciplinary angles: technological (e.g. (Y. Li, Jin, and Li, 2017)),
behavioural (e.g. (Wirth et al., 2017)), organizational (e.g. (Boon and
Dieperink, 2014)) and institutional (e.g. (Heldeweg and Saintier.,
2020)), among others. In this relatively mature literature, however, little
attention has been given to the energy security of CESs (Ilieva and
Hernandez, 2018).

As one of the focal points in the energy-related literature, energy
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security is a complicated concept (Sovacool, 2010). Traditionally energy
security was defined in terms of security of supply (Sovacool, 2010).
However, in the academic literature, attention has shifted to a more
comprehensive approach, with several other dimensions (e.g. afford-
ability, environment and efficiency). Among many definitions (as pre-
sented by (Sovacool, 2010)), the Asia Pacific Energy Research Center
(APERC) defines energy security as: “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” (Sovacool,
2010). Along with this definition, APERC suggests the “4 A’s concept” to
measure energy security, i.e. in terms of availability, affordability,
accessibility and acceptability.

Besides the diversity in definitions, the energy security literature
mainly focuses on conventional, centralized, fossil-fuel-based, and
(inter)national energy systems (Sovacool, 2010). There are only a
limited number of papers address 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 sup-
ply of these energy systems. Given the collective and decentralized na-
ture of CESs, other security dimensions (besides the security of supply)
also seem to play a crucial role. More specifically, energy may not be
available at all times, especially when the system is not connected to the
national grid (Poggi et al., 2020), and energy may not be accessible at all
times, given the distributed infrastructure and the intermittent nature of
renewable energy sources (A. Mittal et al., 2019). Community energy
may not be affordable for everyone, given the upfront investment costs,
among other factors (Bauwens, 2019). Increasing energy efficiency
levels and reducing environmental impacts of (local) energy systems
such as CESs also offer significant challenges in this context (Morris,
2013). Thus, considering the collective and decentralized nature of CES,
various energy security concerns exist (Ilieva and Hernandez, 2018).
This knowledge gap, namely lack of attention to the multi-dimensional
and distinguished nature of energy security in CESs, hampers the
adoption of such collective energy systems to become mainstream on a
larger scale. As CESs could drastically contribute to achieving sustain-
able energy transition goals, such as the GHG emissions reduction tar-
gets (Fouladvand et al., 2021), there is a need for an improved
conceptualization of security for these decentralized systems.

Therefore, the present study aims to contribute to a more compre-
hensive understanding of energy security in CESs by looking at energy
security in an integral fashion, going beyond the mere security of supply
in these systems. Given these systems’ bottom-up, decentralized nature,
we take a collective action perspective (Ostrom, 2014a) 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 modelling and simulation
(ABMS), adopting a bottom-up simulation approach (Wilensky and
Rand, 2015), to measure 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 alternative strategies
(e.g. policies) within a virtual simulation environment. Agent-based
modelling is becoming a prominent tool for studying energy systems,
particularly CESs (Hansen et al., 2019); 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 (Fouladvand et al., 2020). Thermal
energy communities have received little attention in the literature
despite the substantial share of thermal energy in energy systems (Busch
et al., 2017). Thermal energy applications in buildings and communities
considerably impact CO; emissions (Sun et al.,, 2022); therefore,
studying thermal energy would potentially bring further merit to sus-
tainability discussions. The present study can also be seen as a further
investigation into thermal energy communities with a particular focus
on their energy security. To summarize, the scientific contributions of
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this research are as follows:

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

2 To demonstrate the applicability and usefulness of computer simu-
lations, namely ABMS, in the domain of energy security. This
research is the first to use ABMS to study the collective energy se-
curity of CESs.

3 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 recommenda-
tions to relevant stakeholders in decision-making processes along with
these scientific contributions. In addition to local stakeholders (e.g.
municipalities, local policy makers and community-boards), such in-
sights and recommendations could also potentially contribute to energy,
environmental and sustainability agendas at a higher level. More spe-
cifically, 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 paper is as follows: Section 2 elaborates the
research approach and positions our research in the literature on com-
munity energy systems. Section 3 explains the theoretical background of
this research. Section 4 describes the context of this research. Section 5 is
dedicated to model conceptualization. Section 6 presents the model
results. Finally, Section 7 concludes the main findings, presents an ac-
ademic discussion, and provides recommendations and suggestions for
further research.

2. Using agent-based modelling to study energy systems

Community energy systems (CESs) can roughly be defined as a group
of actors in a neighbourhood, who jointly invest in energy-saving
measures (Schram et al., 2019), and renewable energy technologies
and generate the electricity and heat they consume (Doci et al., 2015).
However, in the academic literature, other definitions are used as well
(e.g. (Magnusson and Palm, 2019)).

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 simulta-
neously. Like other modelling practices, ABMS represents a simplified
version of reality (Wilensky and Rand, 2015). In an agent-based model,
agents are heterogeneous, autonomous and individual decision-making
entities (such as households) that are able to learn and interact with each
other and their environment (Railsback and Grimm, 2012). In addition
to capturing individuals’ behavioural choices, using ABMS also allows
for studying emerging system behaviour(s) (Bonabeau, 2002). ABMS
provides the ability to add the time variable, which allows to examine
different scenarios and understand inputs, variables, and outputs
(Wilensky and Rand, 2015).

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 (Ouyang, 2014) and discrete event simulations
(Bagrodia and WenLiao., 1994) 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 (T E De Wildt
et al., 2020), study value conflict for accepting these decentralized en-
ergy systems. (Ghorbani et al., 2020a), also simulate behavioural atti-
tudes and explore leadership in energy communities (Fouladvand et al.,
2020). take a broader perspective and explore factors that influence the
formation of thermal energy communities (Busch et al., 2017), also
study local heating systems (Fouladvand et al., 2021), also examined the
role of institutional conditions on the formation and functioning of en-
ergy communities. Social acceptance of sustainable heating systems is
explored in (Tristan E De Wildt et al.,, 2021), and collective
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decision-making in local heat transition is investigated in (Nikolic and
Ghorbani, 2011). Modelling and simulating zero energy communities,
including the new and old buildings based on solar energy, is presented
(Anuj Mittal et al., 2019) and exploring the renewable energy technol-
ogy adoption (Rai and Robinson, 2015) are examples of studies using
ABMS in community energy research (Bellekom et al., 2016). also
developed a model that explores energy exchange between prosumers
and consumers to observe how the presumption affects the
self-consumption of a neighbourhood (Fichera et al., 2020). focuses on
prosumers behaviour, including technological and spatial constraints for
small-scale solar energy systems.

Besides models focusing specifically on CESs, ABMS is often used to
study behaviour in energy systems. For example, the influence of the
regulatory framework on the adoption of renewable technology is
explored in (Rai and Robinson, 2015). This study examines how addi-
tional 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 (Lee and Hong, 2019). explores
factors that are influencing solar PV adoption (Mahmood et al., 2020).
presents an ABMS to simulate and forecast wind power plants in
Pakistan (Alasinrin et al., 2021). explores the influence of different en-
ergy policies such as natural gas subsidy on CO3 emission reduction in
Malaysia’s energy sector. The impact of distribution tariff structures and
peer effects on adopting distributed energy resources is presented
(Moncada et al., 2021). Flexible market design and voluntarily bidding
strategies for the electricity market are explored (Vries, 2021). (Burli
etal., 2021) presents an ABMS where the decision-making processes and
characteristics of different stakeholders, particularly 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 (Berger and Mahdavi, 2020), reviews
ABMS with a focus on buildings demand and the indoor environment,
while (Castro et al., 2020) analyse ABMS with a focus on climate-energy
policy (Hesselink and Chappin, 2019). provides an overview of ABMS
that modelled energy technology adoption, and ABMS with a focus on
socio-technical sustainable energy transition is studied (Hansen et al.,
2019). Nevertheless, none of these studies and models has explored the
energy security of CESs.

3. Theoretical background

This section introduces the key concepts and theoretical approaches
used as the backbone 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.

3.1. Conceptualizing energy security for community energy systems

Energy security is crucial for energy communities (Fulhu et al.,
2019), (Sokolnikova et al., 2020), like any other energy system. As
presented in (Ang et al., 2015), energy security consists of seven di-
mensions that contribute to its concept and measurement, including
energy availability, infrastructure, energy price, environment, societal
effects, governance, and energy efficiency. Table 1 gives an overview of
these dimensions.

Although the energy security concept presented in (Ang et al., 2015)
(Table 1) is not explicitly developed for the energy security of energy
communities, it is still the most suitable concept for measuring the en-
ergy security of CESs, among other definitions (examples are presented
in (Sovacool, 2010)) 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;

Table 1
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Dimensions and indicators of energy security, adapted from (Ang et al., 2015).

Dimension in
(Ang et al., 2015)

Short definition

Indicators

Energy availability

Infrastructure

Energy prices

Social effects

Environment

Governance

Energy efficiency

Availability of energy
supply

Infrastructure is integral in
providing a stable and
uninterrupted energy
supply, including all
relevant energy
technologies

Energy prices determine the
affordability of energy
supplies

Social concerns and effects
of the energy system

Sustainability and
environmental issues
Sound government policies
help to hedge against and
mitigate short-term energy
disruptions

Developments in energy
technologies, systems, and
practices help to reduce
energy needs and improve
energy security

Diversification, geopolitical
factors influencing the
supply of energy streams,
supply disruptions
Adequate and robust
infrastructure with spare
capacity, reliability

Absolute price level, price
volatility, market
competitions

Societal welfare, energy
poverty, social equity,
distributional fairness
Environmental pollution
and risks

Diplomacy, information
gathering, policies (e.g.
tax/subsidies)

Technological
developments, energy
intensity and consumption

< Itis 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
influential to energy communities, are also present in this concept.

3.2. Community energy system 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 (Ostrom, 2014a), namely renewable energy generation and
consumption. In this regard, the Institutional Analysis and Development
(IAD) framework of Ostrom (2014b) is specifically designed to analyse
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 (Gagliardi, 2008). The IAD frame-
work enables the analysis of a collective system by breaking it into a
number of building blocks (McGinnis, 2011). Fig. 1 presents the IAD
framework.

The action situation is the main component of the IAD framework (A
Ghorbani et al., 2010), which pertains to a conceptual space (Ostrom,
2014b), where actors consider alternative courses of action, make de-
cisions, take actions, and experience the consequences of their actions
(McGinnis, 2011). Exogenous variables influence action situation:

% The biophysical conditions include the physical and material re-
sources and capabilities available within the system’s boundaries
(McGinnis, 2011). Resources include, for instance, available RETs
and collective investment in them for collective energy generation
(Ostrom, 2014a).

< The attributes of the community include the cultural norms accepted
by the community (McGinnis, 2011). In other words, the shared
values, beliefs and preferences about the potential outcomes of the
action situation (Milchram et al., 2019).

% Lastly, the rule-in-use component concerns the formal rules that
govern the system (Ostrom, 2011). Such formal rules include regu-
lations and policies for the system’s governance.
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—I Exogenous Variables I—
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e I Biophysical Conditions I

I Attributes of Community I

Action Situation

Interactions

A 4

Rules-in-Use I

Evaluation Criteria

A 4

Outcomes

Fig. 1. IAD framework, adapted from (Ostrom, 2011).

The interaction between exogenous variables and inter-actor agency
in action situations results in patterns of interaction that generate
certain outcomes (Ostrom, 2011). Based on evaluation criteria, these
outcomes can be objectively assessed (Ostrom, 2014b). In the end, there
is a feedback loop that connects the outcome to the action situation and
the exogenous variables (A Ghorbani et al., 2010).

Even though the IAD framework has conventionally been applied for
the study of traditional common pool resource management, such as
irrigation and fishery, it has recently also been extensively applied to
energy systems (e.g. (Lammers and Heldeweg, 2019), (Lammers and
Hoppe, 2019)). The IAD framework has also proven to be highly
instrumental in the CESs domain (Lammers and Hoppe, 2018) because it
explicitly addresses the formal and informal institutional challenges for
such collective initiatives (Milchram et al., 2019). Besides its analytical
power for studying CESs from a collective action perspective, the IAD
has proven useful for building agent-based models (Nikolic and Ghor-
bani, 2011). Different studies in the energy-related literature used the
IAD framework in developing ABMS (e.g. (Verhoog et al., 2016) and
(Iychettira et al., 2017)). In these studies, the IAD framework is used to
conceptualise the model and analyse the simulation results. The IAD
framework is used in a similar way in the present study.

3.3. Modelling individual behaviour: the social value orientation (SVO)
theory

Fulfilling specific concerns (e.g. environmental and energy security
concerns) and achieving certain goals (e.g. financial benefits) are the
main motivations of individual people for joining CESs (Bauwens,
2016), (Doci and Vasileiadou, 2015). In this regard, the Social Value
Orientation (SVO) theory explains 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 different
resource allocations between themselves and another person (Murphy
et al., 2011). SVO theory classifies individuals’ personalities based on
four groups considering pro-self-versus pro-social orientations (Murphy
et al., 2011):

% Altruistic: these individuals are selfless, focusing on maximising joint
benefits regardless of the impact on their own payoff; the opportu-
nity 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 spe-
cific need to minimising other’s benefits;

< Competitive: these individuals aim for maximum results and strive to
minimise other individuals’ benefits.

The SVO theory helps capture and simulate real-life decision-making
situations more closely by considering various decision-making moti-
vations (Murphy and Ackermann, 2014). The SVO theory has been used
across a range of interpersonal decision-making contexts, specifically in

the domains of negotiation settings (Dreu and Boles, 1998) and envi-
ronmental attitudes (e.g. (Pahl et al., 2005)), including resource di-
lemmas (Roch et al., 2000). This theory has also been used in the energy
domain (e.g. (Kastner and Matthies, 2016)).

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 institutional and
technical structure of community energy systems, we focus on systems
with thermal applications. In this setting, behaviour and decision-
making are conceptualized using the SVO theory to categorize in-
dividuals based on their motivations. Finally, implementing energy se-
curity in the model builds on the concept defined by (Ang et al., 2015)
and is summarized in Table 2.

4. Modelling context
4.1. Thermal applications in community energy systems

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. (Walker and Devine-Wright, 2008)
(Koirala et al., 2016)) or, more particularly, electrical energy commu-
nities (e.g. (Vuichard et al., 2019), (Rees et al., 2011)). However, ther-
mal energy communities-focused on collective generation, distribution
and consumption of thermal energy for applications such as heating,
cooling, bathing, showering and cooking-have received little scholarly
attention thus far (Fouladvand et al., 2022). The literature is mainly
focused on top-down approaches as governments’ solutions for
providing heat (e.g. (Abokersh et al., 2020) (Jensen et al., 2020)) 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, affiliated institutions, and involved actors,
including their behaviour (Fouladvand et al., 2020). Thermal energy
technology consists of renewable heating generation technologies (such
as biogas, geothermal valves and solar thermal collectors) (Mavroma-
tidis et al., 2018), distribution systems (mainly district heating) (Rezaie

Table 2
Indicators of energy security in the model.

Dimension Implemented indicators in the model

Energy availability
Infrastructure

Average voluntary shortage per household

Diversity of technologies (which have their own
robustness)

Average renewable thermal heating costs of households
Average community benefit per household

Average CO, emission per household

Duration of establishment for households

Average thermal insulation per household based on the
housing energy label

Energy prices
Social effects
Environment
Governance
Energy efficiency
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and Rosen, 2012), and final consumption (e.g. space heating and
showering) (D. Majcen, Itard, and Visscher, 2013).

As rules of the game, the affiliated institutions are the second
component of thermal energy communities, which refer to the human-
constructed agreements and regulations for the generation, distribu-
tion and consumption of thermal energy within CESs (Fouladvand et al.,
2021). In the literature on thermal applications in CES, formal rules such
as regulation design (e.g. (Vitéz and Lavrijssen, 2020)), pricing strate-
gies and market design (e.g. (Hoekstra et al., 2020), (Liu et al., 2019))
have received considerable scholarly attention. Informal rules such as
norms and values (e.g. (Reyes et al., 2015), (Mujuru et al., 2020)) have
also received attention.

Involved actors, their behaviour: roles and responsibilities represent
the third component of thermal energy communities (Fouladvand et al.,
2020). Topics such as actors involvement (Dvarioniene et al., 2015)),
financial responsibilities (Bauwens et al., 2016), and leadership (Ghor-
bani et al., 2020b) are related to this component.

4.2. The Netherlands as a case study

This research builds an agent-based model focusing on thermal ap-
plications 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
(Bauwens et al., 2016);

< Presence of well-developed energy and specifically heating infra-
structure (F. Hooimeijer and Tummers, 2017);

< Dutch national ambitious CO5 reduction targets which influenced the
heating sector (Van den Broek et al., 2011);

< National norms for environmental concerns and sustainable devel-
opment (Ligtvoet et al., 2016);

« The urge for the sustainable heat energy transition is due to a

recently increasing number of gas-quakes (Perlaviciute et al., 2017).

Energy security is also important in the Dutch energy policy debates
(Matsumoto et al., 2018). Historically, the Netherlands has a strong
performance in the security of supply due to natural gas fields in the
province of Groningen (Radovanovic et al., 2017). However, as energy
security has adopted more diverse dimensions, various studies have
evaluated the energy security of the Netherlands in different ways (e.g.
(Matsumoto et al., 2018), (Radovanovic et al., 2017)). Furthermore,
particularly in the thermal energy context, topics such as gas quakes
(Kester, 2017), the geopolitics of natural gas imports/exports (Correljé
and Coby van der Linde, 2006), and energy pricing (Liu et al., 2019)
contribute to the importance of energy security within the Dutch ther-
mal energy context.

The data used in the model include supportive policies (e.g. renew-
able energy subsidies) and prohibiting policies (e.g. taxes) from the
“Stimuleringsregeling Duurzame Energie” (SDE++), Netherlands Envi-
ronmental Assessment Agency (PBL), and built environment and energy
efficiency regulations (e.g. retrofitting policies based on ‘Energiesprong’
and building energy labels).

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, at-
tributes of community and rules-in-use are elaborated. To explain the
action situations and interactions, the decision-making processes of
agents and the model narrative are presented. Lastly, evaluation criteria
and outcomes are introduced as the model’s key performance indicators
(KPIs).
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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 demand, and they also hold a specific set of internal moti-
vations to participate in a thermal energy community. Following
(Doci and Vasileiadou, 2015) (Koirala et al., 2018), the primary
motivations taken into account to conceptualise the motivations of
the individual households in a CES are energy independence, a sense
of community, environmental concern and economic benefits.
Independently from each other, the motivations have a value be-
tween O and 10 (i.e., 0 is the weakest and 10 is the strongest).
Preferences of neighbours can influence the internal motivations of
households (see Section 5.3.). The community-board consists of the
five most environmentally-friendly households in the neighbour-
hood. The other motivations of members of the community board
(energy independence, sense of community and economic benefit)
are also higher than the median value (> 5) following (Fouladvand
et al., 2021). The individual households make decisions based on
their four internal motivations. The SVO theory is used to capture
these internal motivations and categorize the decision-making pro-
cesses based on the agents’ personality types following (Von Wirth
et al., 2017), (Koirala et al., 2018). The SVO-type of the individual
households is calculated as follows:

Level of motivation= (environmental concern + sene of community) —

(financial concerns + energy independence) (@D)]

% 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 govern-
ment responsible for sustainable energy transition (particularly
sustainable heat transition). The municipality is responsible for
defining the formal institutions to support the neighbourhoods’
transition off-gas, including the availability of subsidies, eligibility
requirements of subsidies, and any other formal regulations and ar-
rangements in the model. Following (Magnusson, 2016) (Fou-
ladvand et al., 2021) (Ceglia et al., 2020), municipalities have four
strategies for supporting energy communities and, specifically,
thermal energy communities, namely: environmentally driven (i.e.
most CO, reduction option), economically driven (least economic
burden for the municipality itself), socially driven (most involved
participants in a neighbourhood) and a trade-off between the three.
These strategies influence and determine the municipalities’ de-
cisions over their actions, such as subsidy allocation. Individual
households are aware of the municipality’s strategy from the
beginning of the simulation.

5.2. Biophysical conditions

5.2.1. Technological scenarios

The agents can choose from several technological options (particu-
larly for the Netherlands). Following (Mavromatidis et al., 2018)
(Magnusson, 2016), technological options are presented in three
categories:

< Renewable thermal energy generation technology: The collec-
tive renewable thermal energy generation technology options
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included in the model are biogas heaters, aquifer thermal energy
systems (ATES), and electric boilers. The individual renewable
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 dis-
trict heating. Although, in reality, the district heating infrastructure
can be outfitted for low or medium temperature heat, for simplifi-
cation, it is assumed that only medium temperature heat trans-
portation is possible in this model.
Heat consumption: The average households’ heating demand and
the housing insulation label are considered.

%
£<3

5.2.2. Average ambient surrounding temperature

The ambient temperature is essential in determining (thermal) en-
ergy consumption. When the outdoor environment is colder, demand
increases as the energy system generates more thermal energy. There-
fore, the ambient temperature is modelled as a biophysical condition,
influencing the agents’ actions. Due to climate change, the ambient
temperature changes over time in the coming decades (Masson-Del-
motte et al., 2018), (Pacesila et al., 2016), translating to changes in
energy demand. The model’s standard distribution of households’ de-
mand is based on the PBL data. To capture the impact of ambient tem-
perature 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,
including the Netherlands.

5.3. Attributes of community

It is assumed that each neighbourhood has only one CES, implying
that each individual 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 (Watts and Strogatz, 1998). ‘Small
world’ is a common approach for representing the social networks of
individuals within local renewable energy systems (e.g. (Fouladvand
et al., 2020), (Amineh Ghorbani, Nascimento, and Filatova, 2020a)).
The dynamics occur based on the following principle as argued in
(Amineh Ghorbani, Nascimento, and Filatova, 2020b): 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’s 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
influenced by the interaction.

5.4. Related institutions

In our modelling exercise, two types of formal institutions are
considered (i) supportive policies (e.g. renewable energy subsidies): and
(i) and punishing policies (e.g. CO, taxes). The data for these in-
stitutions are based on the SDE++ and built environment and energy
efficiency regulations (e.g. retrofitting 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 (Fou-
ladvand et al., 2021). 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 on the subsidy allocation.

5.5. Action situation and interactions

The processes during the lifetime of a CES can be modelled in four
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stages or action situations following (Busch et al., 2017), (F. L. Hooi-
meijer, Puts, and Geerdink, 2016):

5.5.1. 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.

5.5.1.1. 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 Section
5.3. The duration of the information exchange period is considered to be
7 months (see Table 4). After a period of information exchange among
households, individual households decide on the type of project lead-
ership, with two options: (i) community-board and (ii) municipality. The
project leader is responsible for organizing and taking the initiative
within a CES. In order to make such a decision, each household first
checks the municipality’s strategy. If the municipality’s strategy is
environmental, each household compares their own environmental
friendliness value with the municipality’s (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 first (i.e.,
altruistic) 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 environ-
mental 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 first place.

When agents observe an alignment of high economic values with a
municipality that prioritizes economic benefit 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 above mentioned processes with an
equal chance.

5.5.1.2. Decision on collective renewable heating technology source. If the
municipality takes the lead, specific collective heating technology is
selected and communicated to individual households based on its
strategy (environmental, economic, social and trade-off). To select the
heating system, the municipality calculates three variables concerning
each technology (i.e., CO; emission, costs, minimum needed

participants).

Total demand per year = @
number of households x average demand per household per year

Annual CO2 emission = [total demand per year x CO2.intensity] 3)
Costs (investment) = Technology capacity x Capex+ 4)

heat demand x Operating costs X lifetime
Minimum needed participants to make a CES economically feasible:

. Costs
Min. needed participants = <

natural gas prices X current consumption
(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 emission first
for environmental, lowest cost first for the economic and lowest number
of participants for social).

If the community-board takes the lead, the procedure of choosing
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a collective heating technology will be more participatory. The
community-board goes through a multi-criteria decision-making process
(MCDM) to select a collective thermal technology. The initial preference
of the community-board over the type of collective technology is
determined 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, financial drive, sense
of community and energy independence). The board suggests the tech-
nology 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 technology 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 environ-
mental concerns differently than the community-board. If the munici-
pality is the project leader, this step is skipped.

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

5.5.2. Technical settings and meeting energy demand (i.e. feasibility phase)

Once the project leader and the collective renewable thermal energy
technology are finalized, individual households have to decide how
much of their individual energy demand would be covered by collective
energy technology and how much would be covered by other sources (i.
e. national-gas grid or individual renewable generation).

5.5.2.1. 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 (Kaun-
dinya et al., 2009), individual households select a fraction between
0 and 100% of the demand to be generated collectively. The capacity of
collective thermal energy generation is calculated in terms of the per-
centage of total thermal demand of the members, and it is determined as
the average percentage value favoured by individual households in a
neighbourhood and applied to all the members. Therefore, a generation
capacity is allocated to cover the corresponding percentage share of the
thermal demand of each community member. A household’s preference
over how much collective thermal energy to generate is influenced 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 household 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: Households 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 system cannot fully
cover the entire community’s energy demand. In that case, the in-
dividuals depending on their internal motivations, have to choose in-
dividual heating systems or use the national natural gas grid.

5.5.2.2. Decision on individual heating technology source. For individual
heating systems, first, individual households decide on alternative en-
ergy scenarios based on their internal motivations: (i) if their financial
concern is greater than environmental friendliness, they use natural gas
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as the energy source for the remaining 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 renew-
able thermal energy system.

% If the financial means of an environmentally friendly household is
not sufficient for such an investment at a particular moment, it will
choose to save up to install 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 in-
dividuals, (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 voluntary discomfort will
be accumulated over time and invested in individual renewable
thermal energy systems when the financial situation allows.

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

5.5.3. Financial feasibility and supporting phase

After choosing the technologies, there is a need to check the financial
feasibility of the system for the second time, which entitles technical and
financial calculations in order to apply for subsidies. The output of the
financial feasibility and supporting phase is granting the subsidy and
final 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 investment 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
technologies), CO5 emission per kW heat generation (i.e. CO5 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 A and B.

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 government 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 friendli-
ness, financial 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 criteria 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.

5.5.4. Installation, generation and expansion phase

Once the technology investment has taken place and the community
energy system is installed, energy is generated (thermal energy gener-
ation is calculated monthly). New participants can be potentially added
to the community initiative over time.
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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). When
the technologies reach their lifetime, the community will start another
information exchange round, 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 participation, i.e., check if they are willing to partici-
pate. As “non-supporters” can interact with other agents in the neigh-
bourhood (as presented in 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 insulation as part of the agreement. Suppose their willingness to
pay equals or is lower than the investment required per person in the
neighbourhood. In that case, they will increase their energy efficiency (i.
e. housing label insulation) and participate in the community system.
When individuals disagree with the board’s decisions, they will no
longer participate and will leave the energy community.

Fig. 2 presents the four steps explained in Section 5.5. as a conceptual
model flowchart.

5.6. Evaluation criteria and outcomes: key performance indicators

By using seven energy security dimensions presented in (Ang et al.,
2015) (see Table 2), seven key performance indicators (model’s KPIs)
are defined for measuring the energy security of (thermal) energy
communities. Calculations related to these KPIs are presented in
Appendix B.

5.6.1. Energy Availability: average voluntarily discomfort per household

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

5.6.2. Energy prices: Average costs per household

The average cost per year for each household participating 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.

5.6.3. Environmental: Average CO2 emission per household

This indicator is about the average CO, emission per year of a
household participating in a CES. Although households reduce their CO,
emission by adopting renewable thermal energy, there is still a possi-
bility that they emit CO3 as they might choose bioenergy and natural gas
as their resources.

5.6.4. Infrastructure: Average diversity of infrastructure per household
Diversification of energy systems involves having a range of energy
infrastructures (including generation and distribution) (Ang et al., 2015)
that would provide various energy sources for involved stakeholders. In
the community context, the diversity of infrastructure is reflected 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 renewable thermal energy (including the selection of one of
the following technologies: biogas heaters, ATES, and electric boilers),
individual thermal energy (including a choice of one of the following
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technologies: heat pumps, wood pallet and Solar PVT), and natural gas.
The modelling exercise uses the Shannon index (Ranjan and Hughes,
2014) to calculate diversification.

5.6.5. Energy efficiency: Average thermal insulation per household

Individual households improve the efficiency of their accommoda-
tions represented by their home energy label, which is considered a KPI
to measure the overall energy efficiency 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
required 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 in-
dividual thermal energy system. In that case, they also have the op-
portunity to choose to invest in improving their housing energy 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 (Filippidou and Nico Nieboer.), (Dasa
Majcen and Itard, 1947), (Filippidou et al., 2017) for calculations
related to insulation. At the end of the model, the average insulation of
the whole community is calculated (see Appendix A-4 and B-5).

5.6.6. 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 influenced by various decisions, such as choosing the
type of project leadership, technological choices, municipality subsidy
allocation strategy and dynamics in individuals’ motivations.

5.6.7. Societal effects: Average community benefit per household

Participating in a CES has direct and indirect benefits for a com-
munity. Direct benefits are the financial benefits related to energy sav-
ings over the years. Indirect benefits are a community’s economic (and
social) benefits associated with CO; emission reduction (e.g., fewer
health issues).

In addition to these seven specific energy security KPIs, other criteria
will be used to evaluate energy-secure TEC initiatives’ establishment
and functioning processes, presented in Table 3.

5.7. Sensitivity analysis and experimentation

A sensitivity analysis was conducted to explore the model’s robust-
ness in different experimental configurations for various model param-
eters following the one-factor-at-a-time (OFAT) approach (Frey and
SumeetPatil, 2002). For each parameter presented in Table 4, the model
was run 30 times where all parameters were fixed at a certain value, and
only the parameter under study was altered to test the model’s sensi-
tivity to that parameter (Frey and SumeetPatil, 2002). The values for the
parameters presented in Table 4 are set based on the sensitivity analysis.
These values align with the current body of literature, such as neigh-
bourhood size (Sleutjes et al., 2018), the number of connections each
household has, and the number of neighbourhoods in a municipality
(Fouladvand et al., 2021).

5.8. Parameters and experimentation settings

To study the energy security of thermal energy communities, four
parameters are selected from the literature that are potentially influ-
ential for the energy security of such systems:

% Natural-gas prices: the price of natural gas is influential for both (i)
the deployment of renewable thermal energy technologies and dis-
trict heating systems (Van den Broek et al., 2011) (Osman, 2017),
and (ii) energy security (Van den Broek et al., 2011), (Keppler,
2016).
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Table 3
General key performance indicators.

Key performance indicator

Unit Description

Final share of neighbourhood %
participation in CES

Collective technology selection -

Individual technology selection -

Percentage of the neighbourhood
households that are connected to the
district heating infrastructure after 20
years

The collective technology that the
neighbourhood has selected and installed
in the neighbourhood (biogas, ATES,
electric boiler)

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

Percentage of collective %  Percentage of collective renewable thermal
renewable thermal energy energy generation based on the decision-
generation making of individuals
Percentage of natural-gas % Percentage of natural-gas consumption in a
consumption CES
Project leadership - The project leader that the neighbourhood
selection has selected to lead the CES (either
community board or municipality)

Table 4

Parameter configuration based on sensitivity analysis.
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 CO, tax increase 0.002 (€/kg)

% CO5 tax: A policy that could significantly impact the RETs deploy-
ment and fossil fuel prices is the application of a CO, tax. COy
emission tax also influences energy security.

« Ambient temperature: Changes in ambient temperature has a
considerable influence on energy security and RETs deployment, as it
can potentially influence the (thermal) energy demand (Francés and
GonzaloMarin-Quemada, 2013), (Turton and Barreto, 2006).

< Amount of subsidy and municipality subsidy allocation strategy: The
amount and allocation strategy of subsidy influences 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 (3*3*3*3*4 = 324) in Table 5. Each
combination was repeated 50 times; hence, the experimentation resul-
ted in a total number of 16200 runs. As the number of neighbourhoods
(i.e. CES) in each run is set at 3, the total number of CESs in this
modelling exercise is 3*16200 = 48600. The influence of these param-
eters on the modelling’s KPIs is elaborated in Appendix C.

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 perfor-
mances by combining the seven energy security KPIs.

6.1. General security performance

6.1.1. Overview of technical and institutional factors
Among all the 48,600 simulated CESs (i.e. neighbourhoods in the

Journal of Cleaner Production 366 (2022) 132765

model), around 60% of them chose aquifer thermal energy system
(ATES) as their collective thermal energy system (see Fig. 3). The
explanation for this is (i) the relatively better environmentally perfor-
mance (i.e. less CO3 emission) of ATES systems in comparison with other
technologies and (ii) the relatively long projects’ time horizon (i.e. 20
years), which makes ATES more economically feasible. Furthermore,
thermal energy communities also always include individual renewable
energy sources, usually in the form of heat pumps (blue in Fig. 3).
Natural gas is the second choice for the individual systems (red in Fig. 3).
Less than 500 CESs chose wood pallets and solar PVT as their individual
renewable thermal energy systems. These results confirm 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. Fig. 3 presents the distribution of the
technological choices among all 48,600 CESs.

The results show that thermal energy communities could dramati-
cally reduce natural gas consumption and, therefore, contribute signif-
icantly to the COy emission reduction in the Netherlands. However, as
presented in Fig. 4, almost no community became completely natural-
gas free. As illustrated in the model’s narrative in Section 5.2., consid-
ering 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) Dutch heat energy transition;
and (ii) the energy security of (thermal) energy communities.

The results show that community-boards took the leadership of 67%
of CESs. Considering the Dutch context (i.e. attributes of community and
rules-in-use particularly), this can be translated to communities being
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Fig. 5. Overview of normalized KPIs vs number of thermal energy communities overall runs.

more likely to be led by their own community-boards. Such leadership
does not necessarily lead to higher energy security performances, as
elaborated in Sections 6.2 and 7.

6.1.2. Overview of energy security key performance indicators

In order to compare the energy security KPIs with each other (see
Table 2), the normalized distribution of each energy security KPI is
presented. For instance, the modelling results for CO, emission per
household as one of the energy security KPIs are between 95 and 150 kg/
month, which as a normalized distribution, is translated into values
between 0 and 1. In Fig. 5, the X-axis presents values between 0 and 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.

As Fig. 5 shows, the results for thermal discomfort are mostly less
than 0.2 on a normalized scale (9% discomfort), which shows the po-
tential for high energy availability (i.e. security of supply) within CESs.
Also, the results show that 53% of CESs’ formation time is less than three
years for formation time.

KPIs such as energy costs, thermal insulation, and the energy di-
versity index are distributed among normalized values depending on
technical and institutional settings. There is no distinctive peak for these
specific KPIs except for energy insulation. This can be translated into (i)
depending on different parameter settings (e.g., CO, taxes and natural-
gas prices), such KPIs can perform well, (ii) such KPIs do not have a
significant influence on determining the energy security of thermal en-
ergy communities. Other KPIs, such as community benefit, community
formation time and thermal discomfort, have distinctive peaks. The peak
is nearly zero for discomfort KPI, meaning the individual households
face little thermal discomfort (less than 4% of their yearly thermal de-
mand). Particularly, there are three peaks for community benefit, with
most performance lower than 0.5 in normalized presentation.
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Community formation time also has three discrete peaks due to de-
cisions over subsidy allocation time at a certain time every year. The
majority of the communities form relatively quickly (i.e. less than 3
years). This indicates that these KPIs could potentially play a significant
role in determining the energy security of thermal energy communities
as they show a lot of variability and sensitivity towards the parameter
settings of the model. In the next section, we dive into the reasons
behind these differences.

6.2. Technical and institutional factors of high energy security
performance

This section analyses the technical and institutional factors for TEC
initiatives with high and low energy security performances. To provide
such analysis, first, we labelled the thermal energy communities as high
or low energy security performance through the following procedure:

< High performance: For each KPI, the top 60% of all 48,600 com-
munities across all runs are selected, leading to 29160 communities
performing better than the rest. The communities that fall within the
top-performing group of all KPIs are chosen as the highest perform-
ing ones in terms of security in general. This selection led to 472
communities in total.

Low performance: The worst-performing communities are selected
across all KPIs through the same process, leading to 587 thermal
energy communities.

! This process was first conducted with 50% highest and lowest performance,
however, the sample was very small (i.e. 47 and 132 communities respectively)
therefore the percentage was changed to 60%.
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Table 5
Experimentation settings.
Parameter Value Unit
Increasing rate of the natural-gas 0.01, 0.02, 0.03 (€/kWh)
price
CO,, taxes 0.002, 0.004, 0.006 (€/kg)
Ambient temperature changes Mild, High, Severe -
(Climate change)
Available subsidy 2,4,6 Million €

Municipality subsidy policy

a trade-off

Environment, social, economic, -

Table 6
General technical and institutional factors of high and low energy security
performances.
Low energy security High energy security
performances (587 CES) performances (472 CES)
The leadership of the 89% 15%
Community-board
The leadership of the 11% 85%
Municipality
Collective technology 90% ATES, 10% Bio- 15% ATES, 85% Bio-
choice energy energy
Collective generation 83% 80%

Individual technology

56% Heat pump, 43%

64% Heat pump, 35%

Journal of Cleaner Production 366 (2022) 132765

Table 6 shows the KPIs of communities the low and high-
performance categories per KPI.

As Table 6 shows, there is a meaningful relationship between project
leadership and energy security performances. 89% of CES with low
energy security performances (523 runs out of 587) are led by the
community-board. On the other hand, project leadership by the mu-
nicipality can potentially lead to a higher energy security performance.
ATES and bio-energy are the two collective technologies for both high
and low performances. Although collective choices for technology differ
substantially in high performing and low performing communities
(ATES more popular in low performing communities and Bio-energy
more popular in high performing ones), individual technology choices
are quite similar.

To understand the influence of the five input parameters, namely
natural-gas prices, CO5 taxes, ambient temperature (i.e. the influence of
climate change), amount of subsidy and municipality subsidy allocation
strategy (Table 5) on high and low energy security performance, we
studied them more closely. Among the five parameters, municipality
strategy, amount of subsidy and ambient temperature (i.e. climate
change influence) showed a clear and meaningful influence on energy
security performances. The economic-drive strategy of the municipality
is considered the dominating strategy for high energy security perfor-
mance communities. The lowest subsidy amount dominates the low-
performance communities. Natural-gas prices for low and high energy
security performances are dominated by the median value (i.e. 0.002
€/kWh). The CO; taxes showed no meaningful division between the high
and low energy security performances. Fig. 6 illustrates the parameters
for high and low energy security performance.

Furthermore, to bring more meaningful insights, the seven energy
security indicators of the high energy secure communities are also

Distribution of two sets with respect to input parameters (60% criterion)

choices natural-gas, 1% Solar PVT natural-gas, 1% Solar PVT
Natural-gas 56% 64%
consumption
reduction
Participation of 91% 84%
households
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Fig. 7. Type of leadership and percentage of collective energy generation in the high energy secure communities.

analysed in relation to the two most essential characteristics, namely
type of leadership and percentage of collective energy generated (see
Fig. 7).

Considering that all the communities in Fig. 7 are highly energy
secure, 87.5% is the highest collective energy generation. The leadership
type has considerably influenced the performance of these high energy
secure communities. For instance, community-board project leadership
potentially leads to higher community benefit, while municipality
project leadership leads to better performance of energy diversity and
improves thermal insulation. As illustrated in Table 6, community-board
leadership is more likely to lead to a lower energy security performance.
All seven energy security KPIs show that community-board project
leadership leads to higher collective generation in highly energy secure
communities.

7. Discussion and conclusions
7.1. Energy security of community energy systems

The present study analysed the energy security of CESs, particularly
CESs for thermal applications. It explored the technological and insti-
tutional factors that could potentially influence the energy security of
such energy initiatives. By focusing on thermal energy communities, we
also aimed to shed light on the unique characteristics and processes of
these types of communities (e.g. thermal energy implementation and
building insulation). An agent-based model (ABM) was built and para-
meterised using Dutch data. The developed model is the first ABM in the
broader energy security literature, introducing the applicability and
usefulness of this modelling approach to the field.

The energy security concept presented in (Ang et al., 2015), which
goes beyond the security of supply by considering various dimensions (e.
g. environment, governance and energy efficiency), was used to
conceptualise energy security in our modelling exercise. The results
demonstrated the substantial potential of CESs to reduce CO5 emissions
while being affordable in a long-time horizon (i.e. 20 years in this
modelling simulation). In detail, among all 48600 CESs in the modelling
exercise, members of most CESs (i.e. around 28200, 58% in total)
reduced their CO, emission by 60%, while their monthly payment was
less than 80 Euros and only faced discomfort for 4% of their demand on a
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yearly basis. At the same time, 53% of all CESs were established within
three years after the start of the simulation, demonstrating the relatively
short duration of establishing such collective entities. With an increasing
number of CESs in the future, these results highlight the importance of
energy security dimensions other than only security of supply (i.e.
availability). More specifically, in addition to availability, environment,
governance and energy price dimensions need to be rigorously taken
under consideration for a comprehensive energy security assessment
with further uptake of these decentralized energy systems.

The study showed the importance of different technological config-
urations for the energy security of (thermal) energy communities.
Although different energy source options were available for individual
households in the model (e.g. fully collective renewable energy systems,
individual renewable energy systems and fully natural-gas consumption
(see Section 5.2.)), CESs have always decided to adopt natural gas as
part of their energy mix. This highlights the importance of a connection
to a natural gas grid (i.e. often a national grid) for maintaining (thermal)
energy communities’ energy security. However, it is important to note
that our research only took the national gas grid into account, given its
thermal application focus. To study whether the electricity grid plays an
equally important role, the model needs to be further extended with
other specific configurations (e.g. national electricity grid, micro grid
and electric vehicle).

At the same time, the results also confirmed that collective energy
generation could contribute to the energy security of individual house-
holds (e.g. see Fig. 7). Among the RETs options, ATES and heat pumps,
respectively, are the collective and individual renewable thermal energy
technologies mostly used. The results showed that such a combination of
technologies also reduces environmental impact, as highlighted in other
studies (e.g. (Rostampour, 2019)). However, CESs with high energy
security performances turn out to have mostly bio-energy as their col-
lective energy source, mainly due to its lower price and faster estab-
lishment process than ATES.

Further analysis (Section 6.2) revealed that CES’s leadership has also
significantly impacted the CESs’ energy security performances. In more
detail, municipality leadership could potentially lead to a higher energy
security performance of CESs. In contrast, community-board project
leadership is advantageous for the communities themselves and the local
government, resulting in a higher share of the collective heat generation
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and community economic benefit in the long run.

Finally, among the five input parameters (see Section 5.8.), the
present study found that available renewable energy subsidies are far
more impactful on the energy security of (thermal) energy communities
than natural-gas prices and CO; taxes. The ambient temperature (i.e.
demand reduction) also showed a relatively positive influence on CESs’
energy security performances but requires further investigation.

Considering all these points, we conclude that the following tech-
nical and institutional factors are critical for the energy security of
(thermal) energy communities: (i) maintaining a connection to the na-
tional grid, (ii) enabling and promoting collective energy generation (e.
g. in the form of ATES), (iii) municipality leadership, (iv) subsidy
availability for community energy, and (v) more extended vision (e.g. 20
years) on return on investment.

7.2. Limitations and suggestions for future research

Although this study brought new insights into the energy security of
(thermal) energy communities, it has certain limitations. A first limita-
tion is the conceptualization of energy security using the concept
developed in (Ang et al., 2015) (i.e. energy availability, infrastructure,
energy price, environment, societal effects, governance, and energy ef-
ficiency). Despite the benefits this concept offers, it is crucial to keep in
mind that other energy security concepts and indicators (such as the 4As
energy security concept and WEC indicators as presented in (Sovacool,
2010) (Bartos and Robertson, 2014)) could also be wused in
security-focused models.

A second limitation concerns the selection of theories used in the
present study to structure our modelling exercise and approach the en-
ergy security of CES. The decision to use Ostrom’s IAD framework and
the SVO theory has provided a specific lens through which CES have
been researched. Nevertheless, there are other frameworks and theories,
such as Ostrom’s Collective Action theory (Ostrom, 2014b) and Theory
of Planned Behaviour (Ajzen, 1991), that, when applied to the same
issue, systems and processes could provide potentially different insights.
Using such frameworks and theories could complement current findings
on the energy security of thermal energy communities.

A third limitation is regarding ABMS as a method to explore the
energy security of CES. As argued in Section 4, ABM is considered a
suitable approach for this study; however, it has limitations. ABMS
presents a simplified version of real-world phenomena or systems like
any other modelling approach. ABMS is mainly used to explore bottom-
up approaches, decision-making processes, and system behaviour
emergence. At the same time, the real world is somewhat more
complicated, and top-down structures are also present. Therefore, other
research methods such as equilibrium modelling and serious gaming
could be beneficial in addition to the presented ABMS. More specifically,
equilibrium modelling could address issues related to energy supply-
demand, while serious gaming could provide insights into stake-
holders’ decision-making processes.

Finally, the case study selection (i.e., the Netherlands) is the fourth
limitation. Although due to its unique characteristics, the Netherlands
provides an opportunity to explore the energy security of CES (see
Section 4.3.), it is still a limitation, as it has its own energy system’s
specifications. The selected case influences data collection reflecting the
national technical and institutional factors, influencing the conceptu-
alization of the model (e.g. input data on energy demand, building en-
ergy labels, heat pumps, solar thermal energy systems). Although
technological choices, data, and the model’s parameters are based on
real-world realities, they still limit the study. For instance, other RETs
such as deep geothermal energy systems and high-temperature district
heating can be explored. An important consideration for further work is
adding more details on thermal energy applications within buildings.
The present study contributes to studies such as those (K. Li et al., 2022)
and (Zhang et al., 2022), where CO5 emissions of buildings are explored.
Another assumption of the model is that climate change impact is only
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limited to energy demand. Although the model provides meaningful
results, it would be insightful to adapt the model’s inputs in such a way
that it can also fit the context of other countries such as Denmark,
Belgium, Germany and the United Kingdom. Lastly, more reliable
empirical data is needed to have more insightful outcomes. Conducting
surveys and expert interviews would be helpful for this.

7.3. Recommendations

Considering the modelling simplifications and limitations of the
present study, the overall results indicate that thermal energy commu-
nities can, on average, be established within three years if a high degree
of support is experienced by households (e.g., approximately 50%). The
modelling results and analysis show that scenarios combining a high
degree of renewable energy generation (including both collective and
individual technologies) with a connection to the national natural gas
grid are preferred among households. Results also show that the ma-
jority of CESs considerably reduce their CO, emissions. Based on the
present study, the following societal and policy recommendations are
made:

Policy-makers are suggested to consider the importance of main-
taining natural gas as an option to sustain the energy security of
thermal energy communities in the coming 20 years (as per the
simulation timeline).

Policy-makers are encouraged to focus more on developing sup-
portive policies (e.g., renewable energy subsidies), which allocate
the available resources based on economic considerations, rather
than punishing policies (e.g. CO taxes and increasing energy prices).
Policy-makers are recommended to support community-boards
leadership when possible. If a CES and its board are not in place,
initiate the CESs through municipal leadership as it could lead to
households’ energy security.

Policy-makers and households are recommended not to aim for
completely independent energy systems. It appears that self-
sufficient (i.e. off-grid) thermal energy communities could poten-
tially not be established and face lower energy security if established.
Regarding renewable energy technology, ATES (with a combination
of heat pumps) appears to be the dominant technology that signifi-
cantly contributes to thermal energy communities’ energy security.
Therefore, all stakeholders (particularly policy-makers) are encour-
aged to consider this technology in their decision-making.
Households are recommended to overlook the size of investments
and economic considerations in the initiation phase of CESs (and
focus on the total cost of ownership) if possible, as in the long run,
higher investment in (thermal) energy community systems leads to
higher community benefits, less environmental impact and even
more individual economic benefits.
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Appendix

A. Input data

1. Collective heating technology

As discussed in model conceptualization (Section 5.1.3.), actors choose one of the three collective thermal energy technology options according to
their values. Information about each of these technologies is summarized in Table 3. According to (Airaksinen and Vuolle, 2013), the peak demand is
considered 10% for all three collective technologies, and the CO» intensity of electricity consumption is 0.429 kg/kWh. The information is provided
based on the “Stimuleringsregeling Duurzame Energie” scheme (SDE-++). Furthermore, for each collective technology, the following information is
used:

Variable Units Bioenergy
Average capacity kw 950
Capex euros/kW 825

Opex fixed euros/kW/yr 55

Opex variable euros/kWh 0.003
Load hours h/yr 3000

CO4 emission kg/kWh 0.26
Lifetime yr 20
Variable Units ATES
Average capacity kw 800
Capex euros/kW 1600
Opex fixed euros/kW/yr 113
Opex variable euros/kWh 0.0019
Load hours h/yr 3500
CO; emission kg/kWh 0.152
Lifetime yr 30
Variable Units Electric boiler
Average capacity kw 400

Capex euros/kW 800

Opex fixed euros/kW/yr 120

Opex variable euros/kWh 0.025

Load hours h/yr 2000

CO4 emission kg/kWh 0.14

Lifetime yr 30

2. Individual heating technology

As mentioned in Section 5.2. after choosing and agreeing on the collective technology, households have four options: (i) using the collective
technology to cover 100% of their consumption; (ii) combining the chosen collective technology with an individual heat pump; (iii) combining the
chosen collective technology with the individual photovoltaic thermal hybrid solar collector (Solar PVT); and (iv) combining the chosen collective
technology with individual small bioenergy (i.e. wood pallet).

Considering the Dutch electricity grid characteristics, CO intensity is assumed to be 0.14 kgCOo/Kwh for the heat pumps in the model. For
calculating the CO; intensity of the solar thermal systems, it was assumed that the solar water heater is used to supply hot water 80% of the time, and
the electric water heater will supply the rest 20%. In other words, this 20% will be covered by the electricity grid. By calculating 20% of the grid’s CO2
intensity, we arrive at a CO; intensity for the water heater systems of 0.086 kg CO2/kWh. Information about each of these individual technologies is
summarized in Table 4 below.

Variable Units Heatpump
Capex euros/kW 1770
Opex euros/kW/yr 35.4
Load hours h/yr 1500
CO, emission kg/kWh 0.14

(continued on next page)
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(continued)
Variable Units Heatpump
Lifetime yr 15
Variable Units Solar PVT
Capex euros/kW 1450
Opex euros/kW/yr 11
Load hours h/yr 700
CO, emission kg/kWh 0.086
Lifetime yr 20
Variable Units Woodpellet
Capex euros/kW 415
Opex euros/kW/yr 140
Load hours h/yr 2000
CO, emission kg/kWh 0.35
Lifetime Yr 20

3. Data for attributes of the community
In order to capture the community’s attributes, as presented in Table 5, the following criteria are used in the model based on the literature:

Criteria Sub-criteria Unit Description Reference
Financial CAPEX € Investment costs Dénarié et al.
criteria (2018)
OPEX € Operational and maintenance costs during the lifetime of the system Tsoutsos et al.
(2009)
Payback time Years Years for the investment and maintenance cost to equal the accumulated energy savings from  Sadiq et al. (2019)
the change
Subsidy coverage % Percentage of the capital costs covered by the subsidy (in the present study, this would be the ~ Tsoutsos et al.
SDE++ subsidy) (2009)
Environmental CO; emissions kg The CO, emission intensity of technology based on capacity Mckenna et al.
criteria CO2eq (2018)
Land use HA Amount of land use required for technology based on capacity Dénarié et al.
(2018)
Social acceptance 1to 10 The degree to which that technology is accepted, recognized and implemented Tsoutsos et al.
(2009)
Independence The energy input to the kWh Amount of energy input required for the technology to produce the heat to cover the Mckenna et al.
criteria system neighbourhood heat demand (2018)

4. Distribution of energy labels in the Dutch context

5. Other data

Insulation label distribution

Label Percentage

A 5.3

B 18

C 325

D 24.4

E 11.6

F 6

G 2.2
Variable Units Electric boiler
Average thermal energy demand per year kWh 12000
Gas price euros/kWh 0.1
CO,, tax euros/kg CO2 0.025
CO; emission of natural gas kg/kWh 0.2

B. Calculations of seven energy security KIPs

1. Energy Availability: average voluntarily discomfort per household
In the model, discomfort is calculated based on Equations (6) and (7):
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lifetime
Zl " (100%demand — %collective generation — %individual generation — %natural gas consumptian)
Voluntarily discomfort for a household =

©

lifetime

number of households e
Z] (percentage of voluntarily discomfort for a household)
Average percentage of voluntarily discomfort per household in the community =
number of households

()

Equation (6) is based on each possible energy resource percentage, and Equation (7) calculates the average percentage of discomfort each
household faces.

2. Energy prices: average cost per household
This KPI is calculated using equations (8) and (9):

Costs for a household =

[(investment for collective system) + (collective system yearly costs) x (lifetime)]+

[(investment for individual system) + (individual system yearly costs) x (lifetime)]+ ®
[(natural gas consumption per year) x (lifetime)]+

[

insulation investments|

lifetime

. . ber of households
Average costs per household per month in the community = Y " of househo *(costs for a household)

1
number of households ©

Equations (8) and (9) calculate the costs of households based on different energy technologies and lifetime (i.e. duration of the project and
simulation).

3. Environmental: Average CO2 emission per household
The CO- emission per household is calculated in Equations (10) and (11):

CO, emission for the whole community =
lifetime . .
Zl (collective system emission)+
lifetimexc—number of households , . .
Zl Z] (individual system emission)~+ (10)

lifetime number of households ..
E . E , (natural gas emission)

lifetime

Average CO, emission per household in a community = CO, emission for the whole community an
number of households

Information regarding the CO, emissions of each technology is presented in Appendix A.

4. Infrastructure: average diversity of infrastructure
The diversity of infrastructure is calculated as follows in equation (12).

Diversity index =
—1*((collective thermal energy x In collective thermal energy) + (natural gas consumption x In natural gas consumption)

-+ (individual thermal energy x 1n individual thermal energy)) 12)

5. Energy efficiency: average thermal insulation per household
Thermal insulation is calculated in Equation (13). Note that insulation labels are mapped into numbers ascendingly, i.e., A: 1, B: 2, C: 3 etc. So the
q pp gly
lower the average score, the better the insulation efficiency:
Average insulation per households in a community = 31" "*“"“ insulation of a household

1
1
number of households a3

6. Governance

The time is calculated to count the months until the community generates collective renewable energy.
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7. Societal effect: average community benefit
In the model, the benefit is calculated as follows:
Direct benefits + Indirect benefits

Average social benefit per household = — 14
lifetime

;mmber of huu.whn[d.\zllz:fk’time Cost SLlViI’lgS on bills

Direct benefits = (15)
number of households
lifetime (COy emission reduction)
Indirect benefits — 1 Tnderct costs of CO; emission (16)

number of households

C. Sensitivity analysis

There are often some uncertainty in the parametrisation of most, if not all, model variables. Where this uncertainty is considerable, the para-
metrisation can be systematically explored by experimenting with the input value of the variable by doing a sensitivity analysis (Frey and SumeetPatil,
2002). A sensitivity analysis will reveal whether some values given to the parameters will lead to specific effects on the model outcomes (Schouten
et al., 2014).

One-factor-at-a-time (OFAT) was used (Frey and SumeetPatil, 2002), which essentially consists of selecting a base parameter setting (nominal set)
and varying one parameter at a time while keeping all the other parameters fixed. This reveals the relationship between the varied parameter and the
output, given that all parameters have their nominal values. Table 6 presents the parameters and their ranges that have been explored through this
sensitivity analysis.

Parameter Range Unit

Duration of information exchange 57,9 Months
Neighbourhood size 500, 600, 700 households
Steps of percentage preference reduction per SVO type 10, 15, 20 %

Number of connections each household has 2,3,4

Number of neighbourhoods in a municipality 3,4,56 Neighbourhood
Steps of yearly gas price increase 0.005, 0.01, 0.015, 0.02 (€/kWh)

Steps of yearly CO tax increase 0.01, 0.02, 0.03 (€/kg)

After 50 times simulation, boxplots were generated for each parameter for four chosen KPIs. The reason for selecting these four KPIs, the average
cost per household per month, average emission per household per month, average energy diversity and average community formation duration, is to
reduce computation time in this step while using four well known KPIs for assessing energy community performance. Fig. 8 presents OFAT sensitivity
analysis results for the information exchange parameter.
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OFAT Sensitivity of KPIs to Duration of Information Exchange
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OFAT Sensitivity of KPIs to Percentage Preference Reduction per SVO Level
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OFAT Sensitivity of KPIs to Number of Neighborhoods
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