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Abstract

Considering the justice dimension in the energy transition context has become a key requirement for tackling current ecological
and social issues. Due to this endeavour’s complexity, quantitative energy models are helpful tools to inform decision-makers about
policies’ environmental and social consequences. However, most energy models have not been designed with this dimension firmly
embedded. Some crucial questions arise: What is a just energy transition? Can we operationalise it? What does a quantitative
model require to study the impacts of the energy transition on vulnerable people? What has already been done in this regard? We
explore the conceptual background of energy justice to contribute to answering these questions by analysing how four quantifiable
dimensions —energy access, energy security, energy democracy and energy poverty— contribute to addressing justice-related
challenges of energy systems. Based on it, we highlight some strategies to assess energy justice through the energy cycle for a just
energy transition. Within this context, we propose operationalising a just energy transition in long-term energy planning models
with energy poverty at its core for developed countries’ considering 41 essential parameters. We conclude by examining which of
these parameters are included in energy planning models to assess the impact of decisions on vulnerable populations. The findings
show that most models struggle to encompass these four dimensions of energy justice comprehensively. We conclude suggesting
some operational criteria to advance quantitative analyses of justice dimensions in future developments, noting issues of using
models within energy justice debates.

Keywords: Energy Justice, Energy poverty, Just Energy transition, Long-term energy planning, Optimisation models,
Sustainability

1. Introduction ergy services and one that contributes to more representative
and impartial energy decision-making” [7, 8]. A dominant en-

The world faces two daunting problems nowadays: an eco-  ¢roy justice decision-making framework is based on eight prin-
logical crisis of unprecedented scale and vast economic in- ciples to be promoted in the energy system: i) availability, ii)
equalities from a social perspective. Current CO, concentra-  affordability, iii) due process, iv) transparency and accountabil-

tions severely affecting global climate are higher than at any iy vy sustainability, vi) intra and vii) inter-generational equity
time over at least the past two million years [1]. UNFCCC  anq viii) responsibility [7, 9]. Although significant progress
member states signed The Paris Agreement seeking to confront  pag been made in characterising and quantifying energy justice,
climate change and adapt to its inevitable effects [2]. In order to debates remain on its challenges, limitations, and conceptual
achieve this in a dignified way, an adaptation of the production  foyndations, inviting ongoing critical reflection [10-14].

and use of energy is required [3, 4]. Concurrently, 34 million The energy transition has also been discussed when associ-
people in Europe cannot afford the energy they need to guaran-  ated with justice, and a just energy transition can be understood
tee decent and essential living standards [5]. Despite being un- a5 4 fajr and equitable process of moving towards a post-carbon

mistakable, tackling both challenges is not easy. Achieving an society [15]. Additionally, the challenges of a just energy tran-
energy system that is environmentally sustainable and socially sition are context-dependent and should be harmonised with
equitable is more relevant than ever before [6]. Amidst this the needs of each territory and its potentialities [16, 17]. De-
complex interplay and the imperative for global energy trans-  yeloping and least-developed countries focus more on guaran-
formation, the debate on just and equitable energy systems has  (eeing energy access, mitigating energy poverty and protecting
taken centre stage. Many academics have recently contributed  minorities affected by electrification processes, while in devel-

toa meaningful discussion a'roun.d. justice. in energy systems,  gped countries, the main focus of this document, the challenges
energy ftransitions, and sustainability. This has given rise t0  ramain in energy poverty and in employment impacts of de-
the concept of energy justice, defined as a “global energy sys-  commissioning traditional energy sources. Although there are

tem that fairly disseminates both the benefits and costs of en-
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attempts to parameterise the impact on direct employment in the
energy sector within long-term energy planning models [18],
this study will focus primarily on analysing the other major di-
mension of the just energy transition for developed countries,
namely energy poverty!. Hence, understanding the challenges
and nature of a just energy transition, is key to avoid the perpet-
uation of social inequalities and to avoid worsening the living
situation of future generations and the most vulnerable in par-
ticular.

While understanding energy justice is necessary to form
a basis for fair decision-making on energy systems, scholars
suggest it should also be operationalised into decision-making
tools, notably computation models, to allow quantitative analy-
sis and increase policy relevance [19]. Thus, policymakers will
be able to make more informed decisions, analyse trade-offs
of addressing challenges within established climate limits and
to propose fair pathways that protect those in need during the
transition, i.e., to propose a just energy transition. Despite re-
cent efforts to propose metrics for energy justice [20], energy
models so far have fallen short when including energy justice
elements in their formulation [19, 21], so they provide short-
sighted conclusions. This is one of the aspects that energy jus-
tice narratives miss the most [13, 19] and it is precisely the task
where we intend to take a step forward. First, we set a con-
text of energy justice that fits towards an operationalisation of
the just energy transition in long-term energy planning models.
Based on the eight principles outlined by Sovacool et al. [7],
we propose their integration into energy modelling offering a
quantifiable framework based on four core distinct, yet inter-
related, dimensions: energy security [22-24], energy poverty
[25, 26], energy democracy [27-30], and energy access [31-33]
highlighting how each quantifiable dimension potentially con-
tributes to quantifying justice in energy systems?. Second, we
identify strategic actions that would make it possible, in princi-
ple, to advance the four dimensions of energy justice through-
out the energy cycle while providing insights on what opera-
tionalisation endeavors should consider. From this point, we
establish an approach to a just energy transition that allows, in
the case of developed countries, to evaluate the effects on the
most vulnerable populations of the energy-related decisions. In
our analysis, energy poverty is the central axis of energy justice
for developed countries. Then, we propose 41 essential param-
eters divided into eight categories for its operationalisation in
decision-making tools. 26 representative energy models were
analysed to detect to what extent they considered the proposed
parameters. Thus, this paper explores a conceptual framework
of a just energy transition and sets out a first step towards op-
erationalising energy justice for a just energy transition in de-
veloped countries. To achieve this goal, and after the introduc-

The mechanisms to mitigate the negative employment impacts, e.g., re-
skilling or employment in new sectors, goes beyond the scope of our analysis.
However, the employment status will be considered later in Section 4.

2While energy security, poverty, and access can be quantified and directly
integrated into energy models, energy democracy is included here to emphasise
its critical role in shaping the decision-making process. The focus is on ensur-
ing that democratic principles like participation and inclusivity are factored into
assessments rather than being endogenously modelled.

tion, Section 2 establishes sustainability as the underlying ra-
tionale for the entire ecological-energy transition, representing
the global challenge we face and lays a conceptual framework
of a just energy transition illustrating how the energy justice
approach may guide operationalising the just energy transition
in quantitative long-term energy models. Section 3 establishes
the general characteristics that energy models require to enable
quantitative assessment of this energy justice framework in the
long term. Section 4 proposes energy poverty as a central di-
mension of Energy Justice that captures the consequences of the
energy transition on end-consumers and proposes the require-
ments for a quantitative model to study the effect of the energy
transition on vulnerable people; it is set as a first step to the
operationalisation of Energy Justice in decision making for de-
veloped countries. Section 5 studies existent energy models and
shows how close they are to taking into account the proposed
energy justice framework comprehensively and what remains
to be done. Finally, conclusions are summarised in Section 6.

2. Sustainable energy transition: A justice-based perspec-
tive

2.1. What do we understand for sustainable energy transition

The concept of sustainability.

Global ecological emergency and all its derivatives negatively
impact social systems. These issues present technological and
political challenges related to energy, a precondition of all
goods, an essential life component such as air, water, and land
[34]. Energy systems, the main drivers of the global economy
and responsible for approximately 82% of the emissions re-
duction needed to reach net-zero goals by mid-century, have
a significant influence in mitigating or exacerbating these is-
sues [35, 36]. In response, 17 Sustainable Development Goals
(SDGs) were established in pursuit of harmony and well-being
for the planet and for present and subsequent generations [37].
For the European Commission (EC), energy supply and the
need for an energy system that supports climate change miti-
gation and seeks non-detrimental impacts on society, especially
vulnerable populations, is also a priority [38].

The energy transition initially emerged as a strategy that
sought to address these issues, seeking mitigation of the effects
of energy systems on the planet by reducing fossil fuel depen-
dency mainly focused on techno-economic aspects [39—42].
It is a multidimensional challenge encompassing economic,
environmental and social notions at intragenerational and in-
tergenerational levels [43]. It is no coincidence that the energy
transition is a response to this double socio-ecological chal-
lenge, which is none other than the challenge of sustainability
[44], a key element to promote in energy sytems. Sustainable
development®, has gained increasing attention in recent years

3In this paper, the terms ‘sustainability’ and ‘sustainable development” are
employed interchangeably for ease of understanding. However, they convey
separate concepts. Sustainability pertains to the long-term resilience of a sys-
tem, encompassing environmental, social, and economic aspects. In contrast,
sustainable development applies this principle to a specific objective, namely
human development.
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Fig. 1. Integrated approaches to sustainability [50, 51]

as the global community grapples with the imperative to meet
the needs of present and future generations while staying
within the limits of the planet’s ecological systems [45, 46].
Central to this challenge is balancing economic and societal
development with environmental sustainability. A task that
requires a holistic and, also, long-term perspective [44, 47-49].

Operationalising sustainability
Figure 1 shows two traditional integrated approaches to sus-
tainability that might provide a conceptual framework in this
operationalisation task.

We consider that the hierarchical approach to sustainability
in the right-hand side of Figure 1 fits for addressing it since it
recognises the interchanges between all three dimensions and
that sustainability problems are influenced by the hierarchical
limitations of diverse social, economic, and political systems
operating at different scales. At the same time, it proposes
boundaries for each dimension, establishing the main priority
for the environmental dimension over the social and economic
ones and then putting social boundaries for the economic as-
pects. While the hierarchical structure of the nested approach
acknowledges the inter-dependencies among the economic, en-
vironmental, and social dimensions, it falls short of explicitly
incorporating justice considerations. This demands a deeper in-
tegration of justice principles into the nested approach.

This approach is consistent with visions such as the one
proposed by Raworth et al. [52], where a social foundation
aims to ensure that no one’s basic needs are unmet, and an
ecological ceiling aiming to prevent humanity from causing
irreversible harm to the planet’s life-supporting systems. Au-
thors in [53] went from providing a quantified safe space within
planet boundaries to establishing that the interconnectedness
between the stability and resilience of the Earth system and
the well-being of humanity is indivisible and inextricable [54].
Gupta et al. [55] illustrate the necessity of modifying bound-
aries to mitigate detrimental impacts, enhance inclusivity, and
confront inequality, all to safeguard a secure and equitable fu-
ture for human beings, biodiversity, and the Earth system. In
line with this, authors in [56] have identified three general
aspects, at both intra and intergenerational time-frames, that
are in-depth required for a sustainable energy transition: 1)
The level of well-being should not decline, 2) critical socio-
environmental boundaries should be respected, and 3) fair dis-
tribution must be guaranteed. From the energy system perspec-
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Fig. 2. Time frames, issues and tools for long-term energy system models [57].

tive, these aspects can be operationalised in quantitative energy
models since they play an important role in evaluating the future
performance, composition, and impact of energy systems. Fig-
ure 2 shows different approaches to energy system modelling
based on the time-frame and the related issues they tend to ad-
dress.

The long-term energy planning purpose is to find the opti-
mal energy cycle composition, which refers to all energy pro-
cesses, from the set of primary resources to the energy con-
version and supply technologies to meet the energy demand
in a desirable way. It can be addressed by optimisation, ac-
counting, econometric or hybrid techniques using top-down or
bottom-up approaches with different levels of foresight [58, 59].
While modelling this three aspects could be undoubtedly a step
forward in incorporating justice criteria into operational ap-
proaches of a transition to sustainability, it is not enough. Ad-
dressing distributional effects is pivotal to the equitable dis-
semination of transition benefits and costs across diverse so-
cietal segments and amplifies the efficacy and longevity of en-
ergy transition policies, concurrently fostering broader viability
and acceptance of the overarching agenda [60]. Yet, ensuring
inter- and intra-generational justice goes beyond considering
only distributional aspects in long-term energy modelling. In
this regard, for our inquiry into energy justice, we employ a
contextualisation of justice as a qualified horizon to frame our
reflection on energy justice from a quantitative perspective.

2.2. Binding energy and justice

2.2.1. Approaching Justice in the energy transition.

Ranging from justice as fairness to frameworks emphasis-
ing the flourishing of individuals to lead lives imbued with per-
sonal value or essential capabilities—such as health, education,
energy, and political participation— to be promoted, justice
concepts are diverse and multifaceted [61-63]. The contem-
porary debate revolves around what dimensions and from what
foundations we can speak of justice and how the various spheres
of distribution and redistribution develop.

Just as authors in [7] proposed cosmopolitan justice as a
contextualisation for their approach, we present the recogni-
tional, procedural, distributional, and restorative dimensions of
justice not as a definitive stance on which justice principles are
normatively accepted, but rather as a plausible framework for
contextualizing the issue of justice [61, 64—66]; a framework



that has been applied across various fields: territorial inequal-
ity, food, environmental justice, education, health and energy
[67-69], and that is productive for thinking about energy jus-
tice (as will be seen later in Table 1). Recognition as justice
embodies representation and acknowledgement of differences
in reaching a just society. Procedural justice pertains to a just
and equitable process that guarantees and supervises the mean-
ingful involvement of all stakeholders. Distributive justice aims
for a fair and even distribution of resources, benefits, opportuni-
ties, and burdens while identifying any imbalanced distribution
of responsibilities [70]. The restorative dimension of justice
pertains to facilitating the healing of the harm that has been
done under a particular situation, addressing the root causes to
benefit all parties affected, ensuring compensation for damages
and losses and forming preventive and forward-looking actions
associated with difficulty in applying justice [14, 71].

2.2.2. The relation between energy and justice

It is easy to see how energy and its management challenges
are related to the challenges of justice [8, 14]. However, to
promote a just energy system, it is crucial to develop strategies
that incorporate a justice perspective into energy policies
throughout it. Likewise, quantitative justice perspectives need
to be included in long-term energy models to evaluate a just
energy transition*. This entails adopting holistic quantitative
approaches that integrate practical justice considerations into
decision-making processes, ensuring that energy systems are
designed and implemented to uphold principles of equity,
inclusivity, and fairness for all stakeholders. Thus, analysing
the implications of justice in the energy system is necessary for
advancing the justice-based requirements a just energy system
should meet. In the subsequent lines, we examine how these
justice dimensions manifest in each stage of the energy system.

Recognitional justice in the energy system
Addressing recognitional justice towards a just energy tran-
sition means acknowledging that big portions of society do
not benefit from the actual energy system, and many do not
fulfil the requirements for a dignified living, i.e., the transition
departs from a point where there are people behind. Addition-
ally, there are portions of the population whose employment
will be affected negatively that should be protected. For
recognitional justice, ensuring that all actors are recognised
as relevant, protected and represented in the energy process
and the decision-making that shapes it, is essential. In pro-
cesses geographically isolated, such as extraction, production,
decommissioning, and waste management, not recognising
different social structures can degrade and despised portions
of society [72], which will reproduce geographical inequalities
[73]. The living conditions of some communities are different,

“Energy justice frameworks are diverse and do not universally adhere to a
single theory of justice, which makes quantifying justice challenging. While
the exact measurement of justice is complex, models can incorporate metrics
that approximate core characteristics that might contribute to just outcomes.
These metrics, though they act as proxies rather than definitive measures, are
grounded in established energy justice dimensions.

and certain vulnerable areas are not identified as requiring
assistance [74, 75].

Procedural justice in the energy system

Procedural justice ensures that all communities and individuals
are considered during the energy transition, establishing fair
and inclusive decision-making, access to information and
access to justice mechanisms that empower stakeholders to
participate in shaping the future of energy. At the supply and
consumption stages, decision-making should be transparent
and equally serve society to protect consumers and guarantee
their engagement to create strategies that minimise inequality
[76] and guarantee accessibility to affordable and reliable
energy services. This entails moving beyond a profit-driven
economic model, e.g., to the Triple Bottom Line or the Shared
Value, for balancing economic prosperity with social consider-
ations for low but stable and equitable price setting. However,
a detailed analysis of how these economic approaches could
facilitate a just energy transition is the subject of future work
[9, 77]. Tt is imperative to set up procedural mechanisms that
regulate the relationships between industry, government, and
communities engaged in energy processes, considering power
dynamics and disparities ingrained in systemic inequalities
[78-81]. Addressing the transition from a procedural justice
perspective could allow a more democratic, consistent, inclu-
sive, and legitimate process reflecting the needs and aspirations
of all stakeholders. [72, 79, 82, 83].

Distributive justice in the energy system

Distributive justice ensures that the benefits and hardships
associated with the transition are shared equitably among all
stakeholders [60, 84, 85]. It emphasises the fair distribution
of resources, opportunities, and outcomes related to energy
production, consumption, and the overall energy system
[86]. The influence of distributive justice for extractive,
centralised energy production, decommissioning and waste
management processes is complex as they are technically and
geographically constrained. However, as regularly occurring in
areas isolated from big consumption centres, these processes
require distributive dynamics to equate benefits to affected
local communities while protecting the labour sector [79].
There is a need to ensure that everyone has access to the energy
they need safely, securely and at a fair energy price consistent
with their particular conditions to guarantee a decent living.
Nonetheless, when assessing energy consumption, this is where
most inequalities appear, or at least they are more evident.
Notions of distributional justice related to energy consumption
are usually framed in terms of affordability [76]. Affordability
issues reflect inequalities at various levels, such as household
income, high energy prices, or even housing quality, which
directly impact health or education [87].

Restorative justice in the energy system
Restorative justice emerges as a dimension that directly
addresses the segments of society neglected by the existing
energy system, particularly those left behind towards a new
energy landscape. It emphasises the need to repair and



restore the well-being, dignity, and rights of individuals
and communities historically suffering from energy-related
injustices. Restorative justice also highlights the importance of
reparations and redress for past harms in the extractive, pro-
duction, decommissioning and waste management stages [71]
by including compensation, resource allocation and support
for community-led initiatives. Similarly, in the consumption
stage, the restorative dimension seeks to mitigate the effects
already produced on the most vulnerable consumers affected
by the direction of decision-making and who do not receive the
benefits of these decisions and do not have access to affordable
and clean energy services [73].

Analysing the dimensions of justice in the energy cycle re-
veals many challenges towards achieving a just energy system,
i.e., energy should be available, accessible, affordable, and re-
liable while considering due process, environmental sustain-
ability, intra and inter-generational equity, representability, re-
siliency, and participation in decision-making. In the next sec-
tion, we delve deeper into what literature describes as energy
justice, which we consider allows a more technical vision of
justice within the energy transition. We discuss its theoretical
underpinnings, practical applications, its limitations and how it
serves as a guiding principle for the transformation towards a
more equitable and inclusive energy system.

2.2.3. Energy justice: an operationalisable vision.

This approach to energy justice can be operationalised into
decision-making tools that can aid energy planners with met-
rics to guide the design, implementation, evaluation and assess-
ment of energy-related processes, encompassing the complexi-
ties of procedures, distribution, recognition, and restoration as
foundational pillars [9, 20]. It can provide information to ad-
dress societal disparities, emphasising the evaluation and miti-
gation of environmental impacts and facilitating empowerment
and meaningful choices in energy consumption and production.
In doing so, energy justice converges towards an energy land-
scape characterised by accessibility, affordability, security, and
democratic participation, thereby advancing a more equitable
and sustainable energy future.

2.2.4. Energy justice quantifiable aproach

Building on what authors in [7] proposed, we coherently
synthesise the eight applied principles of energy justice in four
quantifiable dimensions, i.e., energy access, energy poverty, en-
ergy democracy and energy security. The first dimension ad-
dresses the situation where people lack access to a minimum
level of safe and modern energy and aligns with intragenera-
tional equity vi), ensuring fair and equitable access to energy
services for all. This is a very sensitive problem for isolated
populations in Latin America and for almost half of the sub-
Saharan African population [88]. The second dimension, en-
ergy poverty’, appears as an issue where households cannot

5A]though transport poverty definition is sometimes associated to energy
poverty, it measures a different dimension of poverty. It includes elements as-

meet their primary energy needs due to a combination of at
least three factors, i.e., high energy prices, low-income, and low
energy efficiency. Energy poverty analyses focus on seeking
affordability ii) and reducing financial burdens for consumers,
particularly for vulnerable populations. The challenges posed
by energy poverty are compatible for both developed and less
developed countries, but in the case of the latter, they inter-
act with energy access issues in different ways. Despite there
being no consensus on the definition of either energy access
or energy poverty, it is important to note that both definitions
bring different quantitative metrics, and since we intend to pro-
vide an energy justice operationalisable approach for long-term
energy planning, their separation coherently contributes to the
required contextualisation of a just energy transition®. Thirdly,
energy democracy’ incorporates due process iii), transparency
and accountability iv), and responsibility viii), fostering inclu-
sive and fair participation in energy decision-making, including
the idea that the communities should participate in shaping their
energy future since not all communities have the exact needs
[27, 89, 90]. Finally, energy security dimension covers areas
associated with energy availability i), infrastructure and service
reliability, stability, resiliency, energy pricing and energy efli-
ciency [22, 23]. Considering our analysis, this dimension has an
important nuance. It is a techno-economic macro-vision of the
energy system whose justice-related consequences after main-
taining (or not) energy available affect other dimensions [91].
For instance, whether gas imports are reduced or increased is an
issue directly associated with energy justice , but the effects that
price variations will have on consumers , as a reaction, are as-
sociated with energy poverty. Likewise, the characteristics as-
sociated with a reliable and environmentally benign energy ser-
vice are more associated with energy access. In our approach,
sustainability v) represents the global challenge we face, justi-
fying the need for transformation. One essential requirement
for this transition to be genuinely sustainable is that it must also
be just (see Section 2.1) to guarantee inter-generational equity
vii). Thus, in our proposal, sustainability and inter-generational
equity are embedded in all four dimensions and understood as
the starting point of energy justice rather than its endpoint.

This non-normative proposal is designed to support a struc-
tured approach without prescribing specific policies. While it
may not capture the full complexity of energy justice, we do
believe that these dimensions address core principles of energy
justice relevant to long-term energy modelling and decision-
making in a just energy transition.

This energy justice approach is diverse and multifaceted,
founded on procedural, recognitional, distributive, and restora-
tive justice while consolidating eight principles to be promoted

sociated with affordability and aspects associated with the accessibility or non-
availability of transport services, private or public. However, the consideration
of all expenditures, including transport expenditures, is necessary for measur-
ing energy poverty.

©There are long-term energy models designed for considering metrics asso-
ciated with energy access analysis and other modelling approaches that include
energy poverty-related issues.

7We do not intend to reduce the broad theory surrounding energy democracy
but we intend to include it in a practical way in the link between energy justice
and long-term energy models.



in energy systems [7, 92, 93]. Then, addressing energy justice
from a quantifiable perspective should allow us to understand
and respond to energy-related injustices effectively. Table 1
presents a breakdown of energy justice quantifiable dimensions
in an effort to reflect the justice aspects they tend to address,
establish their scope limits and reveal potential tensions in the
context of an energy transition.

It is considerable here that the overarching goals of dis-
tributive justice also underline the need to address historical in-
equalities, engage marginalised communities and rectify previ-
ous damages to ensure a truly equitable and sustainable energy
transition, i.e., applying restorative justice through just proce-
dures. This means recognising that decision-making can affect
people in very different ways and vulnerable portions of society
do not deserve equal but special treatment. In the case of en-
ergy poverty, although mitigation measures rectify unbalanced
distributional impacts, they can even inadvertently perpetuate
existing inequalities, potentially creating an illusion of equality
since they do not contribute to restorative justice [97]. Like-
wise, this holistic perspective allows to understand that energy
access constitutes only a pre-condition for a just energy system,
and it should be followed by policies to reduce all forms of en-
ergy poverty [24, 93, 94, 103] (this will be analysed further in
Section 4). Thus, improving energy access is not only related
to restorative issues but also is directly related to recognising
extra necessities of marginalised societies, establishing a link
between energy access and energy poverty. In developed coun-
tries, the mere assurance of access, security, or democratic par-
ticipation in the energy realm falls short if energy affordability
remains unattained. Energy poverty is identified as the linchpin
that connects and amplifies the impacts of other justice dimen-
sions for future energy scenarios. While addressing injustices
surrounding energy access, energy security, and energy democ-
racy is mandatory, a substantial emphasis should be placed on
tackling energy poverty.

2.2.5. The just energy transition

Making the energy system more just today and ensuring
inter generational equity is a critical challenge for moving to-
wards a post-carbon society [72]. This just energy transition
must simultaneously respond to climate and environmental im-
peratives, unfold at a pace that matches the urgency of the chal-
lenges, and meticulously consider its impacts on society. Con-
sequently, integrating the multiple dimensions of energy jus-
tice within decision-making processes is essential to achieve
an equitable energy transition. This requires that these dimen-
sions not only be operationalised but also quantified in ways
that allow for their endogenous representation within long-term
energy models. In Table 2, we highlight some strategic ac-
tions within the four dimension framework of energy justice
presented above that could be assessed at every stage in the
energy cycle to contribute to a just energy transition. In this
way, under the energy justice definition, we try to show how
the energy transition assesses the impact of decision-making on
vulnerable people and the considerations that should be taken
into account by long-term energy models.

It becomes evident that the different dimensions are inter-
related. First, mechanisms that guarantee access should also
guarantee a reliable and resilient service. But it is also re-
quired to integrate affordability options to assure essential en-
ergy consumption necessary to ensure decent living conditions.
Secondly, an uninterrupted and reliable energy service is not
enough for essential and equal energy consumption unless it
is affordable. Moreover, strategies enhancing energy security,
from diversified energy mixes to stable pricing in extraction,
production, and consumption stages, are intertwined with al-
leviating energy poverty. Third, for a just energy transition,
energy security mechanisms fall short if they only look for
energy availability during a crisis, improving the energy mix
or establishing reliable services. They should also contribute
to minimising the uneven impacts on society by maintaining
the energy service and allowing essential energy consumption.
Fourth, energy democracy implies that decision-making pro-
cedures contemplate all stakeholders’ consequences, including
environmental ones. At the same time, energy poverty col-
lects the characteristics associated with not satisfying essential
consumer needs despite having energy access. Also, address-
ing each of these dimensions, can result in trade-offs. Policies
that prioritise energy security through diversification of energy
sources may lead to higher costs, potentially compromising af-
fordability for vulnerable populations. Similarly, efforts to ex-
pand energy access might involve infrastructure projects that
could conflict with local communities’ democratic rights and
environmental concerns. These trade-offs highlight the com-
plex balance needed when pursuing a just energy transition.
Further research is essential to better understand and navigate
these interdependencies.

3. Quantitative long-term models and the Just Energy
Transition

Before establishing the general characteristics that energy
models require to enable quantitative assessment of energy jus-
tice in the long term, we consider it relevant to analyse how the
energy transitions are planned and why energy models play a
critical role in their planning.

3.1. Planning the energy transition

Energy transitions are envisaged as long-term strategies that
serve as a roadmap setting out clear, ambitious and achievable
energy-related objectives. These strategies include a compre-
hensive set of policies and regulations to incentivise, e.g., re-
newable energy deployment and support the clean energy tran-
sition. However, the decisions that are made to produce this
package of strategies should be evidence-based. Quantitative
modelling provides a powerful tool for stakeholders to make
more informed decisions. However, energy models do not al-
ways endogenously include all the necessary energy justice fea-
tures to enable a just energy transition to be evaluated. The ex-
ample of Spain’s national energy and climate plan is clear [113].
For the design of this plan, all decision-making bodies relied
on the evidence provided by TIMES, which is a well-known



Table 1

Energy justice dimensional challenges in the energy transition context. Based on [72, 74, 101, 102]

JUSTICE

ENERGY JUSTICE#*

Energy access [31-33, 94, 95]

Energy poverty[96-99]

Energy democracy** [27, 89]

Energy security***

Recognition
[75, 100]

Recognise different communities’ particular
necessities and shortcomings, their allocation
and cultural traditions while guaranteeing af-
fordable energy availability within a reliable
energy infrastructure considering its environ-
mental impacts.

Awareness of all forms of energy poverty and
vulnerability to energy prices for recognising,
without stigmatisation, the needs, preferences,
and living conditions in different geographies
of vulnerable and energy-poor households to
guarantee affordable energy service.

Recognise the under-representation of the
community in community-based energy
projects, energy services, energy policy issues
and decision-making. Recognising the em-
ployment implications of decommissioning
power plants.

Procedural
[83]

Promote accountability, community benefits
agreements, and oversight in implementing en-
ergy policies and programs to establish credi-
ble institutions and viable business models that
can implement and enforce regulations with
autonomy to allow generalise energy access
and mitigate energy disruptions with all stake-
holders’ participation.

Foster partnerships between community or-
ganisations, government agencies, and energy
stakeholders to address energy poverty. Imple-
ment mechanisms to hold energy stakeholders
accountable. Devolve decision-making author-
ity to local levels to establish affordable and eq-
uitable energy pricing.

Empower communities with local capacity, au-
thority, employment opportunities and abil-
ity to transparently participate in consensus
and unbiased-based decision-making and the
knowledge and skills to oversee energy gov-
ernance. Provide communities with principles
that guide policy and action towards a just and
democratic energy system.

Distributive
[76, 86]

Distribute equally through a resilient energy
infrastructure, reliable, accessible, affordable
and efficient energy services, technologies and
capacities. Propose energy management mod-
els equitably and fairly to establish energy
availability at society’s overall disposition for
present and future generations.

Address distributional burdens of increases in
energy prices, establish progressive pricing
mechanisms, equitable low rates for essential
energy services, apply targeted subsidies and
distribute equitably outcomes in the form of
benefits and services to different target groups.
Guarantee equal access to strategies to mitigate
energy poverty.

Allow ownership of energy projects, facili-
tate the establishment of energy cooperatives
and decentralise decision-making while creat-
ing value through equitable engagements with
energy systems across all communities and, for
all, outweighs the costs, burdens, and risks that
energy systems impose.

Restorative
[71,73]

Prioritise reinvestment of resources in micro-
grids or decentralised energy systems for his-
torically disadvantaged communities in terms
of energy access improving reliability and re-
silience. Energy policies consider the spe-
cific needs and circumstances of vulnerable
and marginalised populations, aiming to bridge
existing disparities such as lack of access to en-
ergy.

Rectify historical energy poverty by allocating
resources and investments to improve energy
efficiency, prioritising communities dispropor-
tionately affected. Include targeted funding,
household retrofitting, energy efficiency pro-
grams, and innovative financing models that
prioritise the needs of affected populations.
Lifeline tariffs, or innovative pricing models,
incentivise energy conservation and reduce the
financial burden on harmed people.

Expand  opportunities  for historically
marginalised communities to participate
in energy governance and in decision-making
processes that affect them. Rectify negative
employment impacts of the energy transition.

* Following the definition of energy justice, all the mechanisms named in this table, which serve as its elementary pillars, are encapsulated within environmental justice, i.e. care
for the environment, the health of communities and the environmental impacts of such strategies are taken into account.
** The approaches listed do not aim to establish degrees of democracy definitively or to infer that centralised systems are not democratic. Instead, they present options that
challenge the dominance of traditional energy consumption, centralised decision-making and production methods, contributing to a more diversified and inclusive energy landscape.

*** Energy security is a fundamental pillar for energy justice. However, this dimension is a dimension that focuses on operational techno-economic aspects of the energy system to ensure

quality and continuity of service. Then, its impacts at the social level are captured in other dimensions.

and robust long-term energy model. However, the energy-based
notions of justice are considered exogenously in TIMES. This
could result in biased decision-making and increase the risk of
overlooking disparities in access to energy resources, afford-
ability issues, and the equitable distribution of benefits and bur-
dens associated with the energy transition. Then, incorporat-
ing endogenously integrated data related to energy justice into
modelling practices is essential to properly address a just en-
ergy transition.

3.2. Optimisation-based long-term energy models.

Energy models for long-term planning are quantitative and
techno-economic tools that, usually by means of mathemati-
cal optimisation®, seek to find the future optimal configuration
and performance of the energy system that covers the estimated
demand and achieves a given objective while complying with
previously established constraints. Implicit objectives include
cost minimisation of, e.g., primary energy investment, energy
conversion, energy system operating costs, energy generation,

8There are also econometrics, macro-economics, economic equilibrium,
and simulation methodologies. See [58] for a full review of types of energy
models.

minimisation of GHG emissions, or maximisation of net so-
cial benefit. In terms of restrictions, they are usually hard con-
straints that indicate, for example, the maximum investment
that can be made in generation technology, the maximum allow-
able amount of GHG in a particular energy sector, e.g., energy
production, or the minimum amount of investment in the resi-
dential sector that should be allocated every year for vulnerable
households. However, in the modelling exercise, it could be in-
dicated that, in a given situation, there are restrictions that could
be breached. These are called soft constraints. Depending on
the objective of the analysis of a long-term energy model, they
can be designed considering different aspects. To analyse a Just
Energy Transition is no exception.

3.3. Modelling characteristics for a Just Energy Transition.

Energy system models can be categorised using a wide
number of alternative criteria [58, 59, 114]. Focusing on a
Just Energy Transition, we consider five general aspects that
long-term optimisation-based energy models should focus on:
(i) goal, (ii) analytical structure, (iii) timescale, (iv) endogeni-
sation degree, and (v) spatial dimension [115, 116].

In regard to the (i) goal, long-term energy models should
allow the determination of the conditions for a just energy fu-



Table 2

Justice dimensions approaches to the energy transition activities from the social perspective.

Energy Justict

ENERGY CYCLE STAGE

Extraction and Imports Production Operation and Supply” Consumption D issioning and Waste "
Energy  ac-
cess N/A Invest in electric power gener-  Invest in transmission and distribution in-  Electrification requires subsi-  N/A
[31, 104] ation infrastructure, including  frastructures to enhance access to new and  dies and appropriate pricing
on-grid and off-grid solutions  clean energy technologies. Establish credi- structures to ensure sufficient
like microgrids, and prioritise  ble institutions and viable business models  revenue collection for the sys-
long-term investments in elec-  that can implement and enforce regulations tem’s cash flow requirements
trification. with autonomy. and essential energy consump-
tion. Good customer support,
maintenance, accurate billing,
and simple payment processes
are necessary to maintain pos-
itive customer relationships.
Energy
F;Gverty 105— Employmcnt gcncratio_n, tax  Allocate inv_cstmcnts towards Promotc_ long-term contracts,  support En_ha_ncc energy cﬁicicncy in Th; economic costs of_dc_c&?mmissioning,
1 09’] income for energy assistance both centralised and decen-  community-owned energy projects, im- buildings and appliances, of- which are sure to be significant and will
initiatives  targeting disad-  tralised renewable energy tech-  plement interventions during electricity  fer financial support such as  increase as more assets reach the end of
vantaged households, and  nologies directed to vulnera-  price crises, develop strategies for efficient ~ subsidies or grants to en- their life, should be distributed equally be-
community-benefit agree-  ble households to encourage supplier risk management, implement courage rehabilitation. Im-  tween stakeholders. Protect local employ-
ments. competition and diversity in  flexibility support schemes and capacity  plement mechanisms to avoid  ment and income when decommissioning.
the energy market to foster in-  remuneration mechanisms. Invest in local  over-consumption, provide en-
novation and potentially lead  energy infrastructure, promote positive  ergy management education,
to more affordable energy op-  energy districts, and guarantee a mini- and promote community en-
tions. mum essential energy supply providing  ergy projects. Enable pric-
disconnection protection. ing strategies for vulnerable
households and allow inter-
ventions during energy or cli-
mate crises.
Energy
democracy***  Educate and increase com-  Encourage decentralisation, Empower local communities to make en-  Ensure energy affordability, = Promote community-led solutions to en-
[28-31, 110] munity awareness to promote  social and collective owner-  ergy decisions and involve citizens in en-  provide access to energy-  sure that decommissioning and waste man-

Energy secu-
rity
[22, 23, 111,
112]

understanding of the appro-
priate human-natural resource
relationship and the impor-

ship and energy production
while ensuring decarbonisa-
tion is accompanied by social

ergy ownership, distribution, and usage.
Enable affected communities to participate
in selecting the energy sources and distri-

tance of ecological sustain-  energy control. Community  bution entities.
ability and allow their par-  engagement is critical for

ticipation in extraction-related successful electrification

decision-making. projects.

Ensure  protection — against
harmful energy import dis-
ruptions by improving the
energy mix diversity with a
balanced supply of various
energy types.

Improve energy production ef-
ficiency and establish strong
energy trade partnerships with
neighbouring countries and re-
gions to enhance energy re-
source diversification, promote
distributed energy resources,
and invest in improving en-
ergy transformation facilities
to guarantee an uninterrupted
and safe service.

Improve technological safety of transmis-
sion and distribution infrastructure, in-
crease new technologies such as energy
storage capacity, upgrade energy equip-
ment performance, including users’ con-
nections to the grid, and alter consumer
behaviour to reduce energy price exposure
and dependency on energy imports. De-
sign resilient grids to ensure the survival
of the electricity system during an extreme
weather event and guarantee continuity of
service and economic activity.

efficient products and manage-
ment technologies, facilitate
access to energy information
and actively involve commu-
nity members in information
campaigns.

Ensure reliable energy services
to maintain acceptable social
and economic welfare and
minimise price volatility for
present and future generations.
Resilient Housing Standards,
integration of backup power
systems and energy storage ac-
cessibility.

agement processes are both environmen-
tally sustainable and socially just while in-
volving a broad range of stakeholders in
decision-making processes.

Provide alternative energy sources and en-
sure that communities are not negatively
affected by the decommissioning process.
Plan the decommissioning process to min-
imise disruptions to the energy supply and
improve the resilience of the system tran-
sitioning from conventional to renewable
sources.

* Includes infrastructure investments
** Although associated with decreased system capacity, decommissioning is often paid for in energy prices.
*** Although energy democracy features can be identified throughout the energy cycle, stakeholders’ decisions could be considered in further assessing a proposed just energy

transition scenario. In this way, the proposal of a transitional pathway can be democratically decided.

ture, identifying drivers and barriers while defining the steps
to achieve it. In this sense, seeking the shifts to define a just
energy transition, backcasting serves as an alternative to other
approaches that use, e.g., past observations to extrapolate and
predict the future, which is seen as a preservation of the past
and present tendencies. (ii) Analytical structures, top-down or
bottom-up, are principally differentiated by the level of dis-
aggregation. Considering the components and the intercon-
nections of the energy sector in a disaggregated way enables
the study of the end-use of energy in great detail in a partic-
ular subsector, e.g., residential. This is a bottom-up analyti-
cal approach, that contributes to including energy justice con-
siderations in a long-term energy model. (iii) Regarding the
timescale, under a static approach, an energy model optimises
for a single year in the future, assuming that this year is repre-
sentative of the rest of the previous years in the time window.
Instead, dynamic models may be used for longer time horizons
as the final year of analysis considers decisions taken in the pre-

vious years. This is due to the multiple time steps that the opti-
misation time window integrates. This will allow the problems
to be tracked step-by-step and include restrictions for each one,
e.g., coal power generation will no longer be considered after
a certain year. Perfect foresight dynamic models assume the
perfect knowledge of future events at the entire time window,
while limited foresight models optimise for each time step, with
information limitations about the future system evolution. Dy-
namic approaches may allow an understanding of the interac-
tions between energy, economy, environment, and society and
how these interactions affect energy justice over time. The (iv)
endogenisation degree refers to the inclusion of the parameters
directly within the energy model. For a just energy transition,
a high degree of endogeneity of energy justice parameters will
allow for evidence of how energy justice is influenced by the
decisions and outcomes generated within the model. Includ-
ing them exogenously may result in less accurate estimates and
an inability to model how energy policies can influence energy



justice and vice versa. Considering the (v) spatial dimension is
also relevant for a long-term energy model. They can go from
global or international regions, e.g., the EU, to a national-level
analysis. Since energy decision-making rests with national or
sub-national governments, and each country has diverse socio-
economic, political and energy contexts, as well as different pri-
orities in terms of energy justice, we consider that a long-term
energy model should assess the just energy transition at a na-
tional level. Furthermore, the modelling efforts for just energy
transition depend on the energy justice priorities of each terri-
tory.

3.4. Assessing energy justice dimensions in long-term energy
models

To assess the energy access dimension, modelling ap-
proaches should integrate information to identify the most
cost-effective ways to expand access to modern energy services.
To do this, they should disaggregate the data by population
and geography to characterise the potential customer types
and consumption profiles to define the current electrification
status of buildings. Estimating the energy demand is crucial for
building the right systems to serve users, accurately incorporate
more generation technologies and enable better resource
allocation.

In the case of emnergy poverty, long-term energy models
should consider a disaggregation of the residential sector, espe-
cially of the most vulnerable households, according to income,
building type, household composition, and energy efficiency.
In this sense, the integration of the energy expenditures of each
user profile on different energy services is key. Additionally,
the geographical disaggregation of energy demand will allow
for the inclusion of the different needs of final consumers
depending on the climatic circumstances. Integrate the price
of energy for end-consumers to consider expenditures on dif-
ferent energy services. These energy models should consider
covering the estimated real demand and the estimated demand
required to cover basic needs.

Unlike energy poverty and energy access, which are
analysed in different ways and with different considerations
by energy models, energy security is a cross-cutting issue
that seeks to guarantee the continuity of service regardless of
climatic or political conditions that hinder it. To be considered
at a general level, energy models must consider imported and
domestically sourced primary energy as well as ensure that
the energy balance is met in all sectors (transport, industrial,
residential, commercial and services) while fulfilling GHG
emissions constraints. This is considering new technologies for
energy generation and the decommissioning of traditional ones
as well as the costs of operation, conversion and transport of
energy.

As for the link between energy democracy and long-term
energy models, the latter should gather the interests of all stake-
holders in the limits placed on strong and weak constraints as
well as on the objective function that the energy model seeks

to fulfil. So, this dimension is included in a practical way
in the ex-ante modelling exercise in how these are designed
and validated, but, in addition, it should be considered in the
ex-post analysis of results to evaluate and the re-calibrate it.

3.5. Challenges and limitations of modelling energy justice.

In considering energy justice in long-term energy models,
several challenges arise, particularly concerning the limitations
of translating justice principles into quantitative measures. En-
ergy justice frameworks lack a single, universally accepted the-
ory of justice, which introduces potential disanalogies between
chosen parameters and the broader, sometimes competing, the-
ories of justice. This raises tensions, as modelling justice may
rely on measurable proxies, such as energy poverty in this case.
This do not fully capture the philosophical depth of justice de-
bates. Then, models risk oversimplifying complex justice is-
sues, leading to potentially reductive interpretations. This ap-
proximation underscores the importance of cautious interpre-
tation, acknowledging that such models offer valuable insights
yet do not encompass the full depth of energy justice debates

4. Operationalising energy poverty for a Just Energy Tran-
sition in Developed countries

Standing on the previous conceptual ground, this section
presents energy poverty as a central energy justice priority for
developed countries. In developing countries, the issue of en-
ergy access is also followed by affordability challenges. The
case for developed countries is different. In developed coun-
tries, energy access is assured and energy security levels are
robust enough to guarantee the continuity of the energy service.
However, energy security depends on the availability of differ-
ent primary resources. This leads to volatility in final energy
prices. Such volatility disproportionately affects the well-being
of the most vulnerable members of society. Energy poverty
highlights the urgent need to address the complex interplay
between energy security, affordability, and social well-being.
Recognising, addressing, and operationalising it is a sine-qua-
non condition for advancing a Just Energy Transition in devel-
oped countries’. Thus, comprehensively understanding energy
poverty, its metrics, and how a just energy transition can include
its effects is elemental.

4.1. Deepening on Energy Poverty

The European Energy Efficiency Directive establishes that
energy poverty means “a household’s lack of access to essen-
tial energy services, where such services provide basic levels
and decent standards of living and health, including adequate
heating, hot water, cooling, lighting, and energy to power ap-
pliances in the relevant national context, existing national so-
cial policy and other relevant national policies, caused by a

9Affordability is an issue also related to low-income countries. Thus, al-
though our approach stems from an approach for developed countries, it is com-
pletely valid to take into account affordability, with the necessary nuances, in
developing countries.



combination of factors, including at least non-affordability, in-
sufficient disposable income, high energy expenditure and poor
energy efficiency of homes”. In developed countries, economic
factors are the primary drivers of energy poverty [117], while in
developing countries, other restrictions, e.g. prolonged power
outages or low-quality infrastructure, can also contribute to the
problem. Energy poverty has emerged as a significant energy-
related societal challenge with heavy consequences in health,
education, economic opportunities, and generalised well-being.
Mitigating these problems is difficult, especially given the ur-
gency to meet climate objectives. Therefore, addressing energy
poverty in a just energy transition scenario is essential to de-
velop regulatory strategies to deal with these problems while
considering sustainability and climate objectives.

4.2. Integrally measuring energy poverty

The task of measuring energy poverty is not simple. It
manifests in many forms depending on the type of consumer,
the region, the energy consumed, and even interpretations
of their particular situation. Therefore, no single metric
measures energy poverty at a general level. To provide a better
understanding of the variety of approaches, one way to classify
energy poverty metrics is to distinguish them into two main
categories of indicators: subjective and objective [118, 119].
Subjective indicators are focused on qualitative data collected
through surveys, while objective indicators rely on quantitative
data obtained from households. In the context of objective
indicators, the most significant ones refer to household income
and expenditure. Among these, a further categorisation can be
made based on the energy poverty aspect they aim to measure,
namely whether it pertains to disproportionate expenditure
or under-spending. Normally, many discrepancies often arise
when measuring energy poverty depending on the approach
used. Regularly qualitative indicators identify more people
suffering from energy poverty than quantitative ones, but there
are quantitative indicators, e.g., the 2M!© indicator that has a
very similar or higher incidence when compared to qualitative
indicators, such as inadequate temperature. Then, to assess
these discrepancies it is necessary to contrast the results to
conclude and propose measures to mitigate the effects that
each indicator considers. Comprehensive literature reviews
regarding the metrics of energy poverty, their pros, cons,
and policy implications can be consulted at [119—121]. The
calculation of energy poverty indicators in the evaluation of
a just energy transition using a long-term energy planning
approach requires an ex-post analysis based on the results
obtained using the modelling tool, i.e., the energy flows that
show how the energy services are met at the residential level.
Then, the indicators that this calculation allows to obtain are
necessarily quantitative. The 2M indicator, despite being easy
to calculate, is very sensitive to energy prices; e.g., it might
underestimate energy poverty when prices are low. Moreover,
it goes through many other limitations [122]. The Low-Income

10Under this indicator, a household is considered energy poor if it has to
spend more than 10% of its income in adequate energy services.
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High-Cost (LIHC) indicator corrects this issue by considering
also an income threshold, but, despite its relevance, the energy
efficiency aspect remains not considered Then, we will place
particular emphasis on three objective indicators that provide
more detailed information for understanding energy poverty:
Minimum Income Standard (MIS) and Low Income Low
Energy Efficiency (LILEE), for disproportionate expenditure
analysis considering efficiency data, and the Hidden Energy
Poverty (HEP) indicator for under-consuming cases.

MIS: According to the definition established in [123], a
household will be considered energy-poor based on the MIS if,
after taking care of housing costs and other household needs,
there is no budget remaining to cover the required energy costs.
MIS-based indicators identify the percentage of households
that would not fall below the energy poverty threshold but fall
below it due to their energy expenditure. Additionally, since
it is an income-based indicator, it can identify households that
exhibit high vulnerability to energy poverty. This indicator sig-
nificantly emphasises the economic aspect of energy poverty,
highlighting that energy vulnerability stems from income
inequality but also considers the influence of energy prices.
However, determining the minimum income on an objective
basis remains a technical challenge for MIS-based indicators.

LILEE: Under the Low-Income Low Energy Efficiency
(LILEE) metric, that pursues to capture evidence from all
three main drivers of energy poverty, low-income, high energy
costs, and low housing efficiency, an energy poverty household
has an energy efficiency rating equal or lower than D at the
same time that its residual income, after deducting the costs
of housing energy services, fells below the poverty line [124].
LILEE is, on the one hand, an absolute index regarding the
housing energy efficiency but, on the other hand, a relative
measure in terms of household income as it calculates the
number of families in energy poverty and the cost necessary
for them to overcome the energy poverty threshold [124]. An
attractive feature of LILEE is considering an energy poverty
gap that represents the difference in the necessary energy costs
considering the dwelling efficiency rating and the amount of
money required to defeat energy poverty.

HEP: Low-income households regularly adopt strategies
to lower their energy consumption despite requiring a specific
consumption to meet their essential energy needs, given their
inability to pay for it. The term Hidden Energy Poverty (HEP)
seeks precisely to refer to these self-imposed conditions that are
too complex to identify by other metrics used to measure energy
poverty and, therefore, lack regulatory approaches to mitigate
it [125]. HEP metrics can be divided into two categories de-
pending on the required energy expenditure threshold: relative-
based and absolute-based energy expenditure thresholds. The
thresholds of the former category are calculated based on the
median or average values of similar households. The latter
models the required energy expenditure of a household identi-
fying as energy poor those that don’t match the threshold [126].
In this way, it is possible to identify those users who are not



consuming the energy they should consume to meet their basic
needs.

Despite energy poverty being a multidimensional concern,
considering the aforementioned indicators within the context of
a just energy transition allows a complete integration of many
household characteristics that can also be affected by long-term
decision-making. Since energy prices are essential for all three
indicators, the consequences of maintaining energy security de-
spite external situations that modify energy prices can be con-
sidered to measure its effect on vulnerable households. Mea-
suring HEP shows that despite energy availability, i.e., energy
access, households are not guaranteed to consume the essential
energy they need. In this way, using energy poverty analysis
to evaluate transitional pathways can serve as a way to address
the direct impact on vulnerable households and society through
energy sector decisions and determine how energy policies can
mitigate or exacerbate inequalities in many dimensions.

4.3. Integration of energy poverty analysis in Just energy tran-
sition

Addressing energy poverty in the just energy transition
framework takes many challenges; some of them are technical-
related to the comprehensive characterisation of the energy sys-
tem, including primary energy sources, conversion of energy,
energy services and energy consumers, among others, and some
of them are associated to regulatory and political approaches
to mitigate it. It also contributes in many areas. Firstly, an
energy poverty approach for a just energy transition can help
identify vulnerable people globally, not only energy-poor ones,
evidencing inequalities based on income, employment, hous-
ing, energy needs supply, exposure to pollution, contribution to
GHG emissions, etc. This is central to a just energy transition
since identifying and dealing with inequalities, following the
energy justice framework, can lower the energy required to se-
cure universal decent living [127, 128]. Second, it helps to eval-
uate low-carbon transition effects on society, especially on the
most vulnerable. Trade-offs between social goals to mitigate
social inequalities and climate goals to improve environmental
issues are needed since there is evidence that the impacts on
vulnerable communities will worsen since the material basis,
ecological and economic impacts to cover the new energy de-
mand will not be equally distributed. Finally, including energy
poverty analysis in a just energy transition pathway highlights
policy and regulatory decisions to address energy vulnerability
alleviation while enabling a low-carbon future with a more just
level of resource consumption so that the needs of all people can
be met while also ensuring justice between species and a stable
Earth system [54, 55, 129]. However, being at the centre of the
just energy transition, energy poverty partially addresses the en-
ergy justice challenges. A special focus on addressing access,
security, democracy, and other climate challenges is necessary
to create an environment where the just energy transition can
holistically be achieved.
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4.4. Operationalising the Energy Justice framework for energy
poverty mitigation.

After understanding the challenges of just energy transition
and the importance of energy poverty, in the case of developed
countries, we come to the point where it is necessary to fo-
cus: the operationalisation of the problem. The first step to
do this lies in representing residential consumers to effectively
address energy poverty causes, clarify its consequences, bet-
ter understand ways to cope with it, and evaluate the trade-offs
of doing it is required for just decision-making. Assessment
of energy poverty going from macro-to-micro perspectives in-
clude characteristics associated with its economic, social and
environmental aspects [121]. Analysing energy poverty and its
metrics and understanding long-term energy modelling with the
requirements at the energy cycle it needs to consider, allows us
to compile in Table 3, the parameters required for a broad repre-
sentation of households in a just energy transition from different
assessment levels and considering economic, social, technolog-
ical and policy dimensions.

They are divided into eight data categories, each in its ideal
required parameters for its representation. Energy service-
based data (A) provides insights into the amount of energy
consumed in different regions, its purpose, supplied energy ser-
vices, the energy required to meet consumers’ essential services
and its cost. It establishes a possibility from the energy-service
perspective to assess energy poverty contributing to integrat-
ing characteristics associated with energy security and access to
competitive energy prices. Local energy ministries and interna-
tional agencies as the IEA usually provide this data. However,
regarding A4, additional techniques are necessary. Barrella et
al. present an approach in this direction [126]. Representing
economical-based data (B) is necessary for identifying vulner-
able groups and their needs, e.g., economic alleviation. For this
purpose, representing income by deciles and expenditures on
energy by those income deciles will reveal inequalities related
to household income expenditure. This category integrates the
economic characteristics of households, allowing evidence of
the consequences of the impact on their economy associated
with the cost of living, including energy prices. It is important
to point out that, although this proposal represents a signifi-
cant step forward in the endogenous treatment of the energy
justice dimension, and in particular of energy poverty, in long-
term planning models, it is still very convenient to complement
the study with ex-post analyses that scrutinise in detail such
key elements for understanding the dynamics of energy poverty
as income channels and other socio-economic variables of the
household. National statistics offices collect and publish this
kind of data. In particular, the EU statistics on income and liv-
ing conditions (EU-SILC) provide data associated with this cat-
egory for member states. Dwelling conditions (C) allow iden-
tifying households to be more likely to face high energy costs
due to poor energy performance, i.e., the building’s age and sta-
tus. Dwelling typology data (D) helps to understand the inter-
nal conditions of a building. In this case, both data categories,
(C) and (D), include housing characteristics and will shed light
on the interventions needed to improve energy efficiency at the
home level, proper energy access, consumption, and adjusted



Table 3

Input requirements for a wide representation of households in a just energy
transition. [26, 121, 124, 124-126, 130, 131]

Data Category

Description

Parameter?

A: Energy-
Service-based

B: Economical-
based

C: Dwelling
conditions

D: Dwelling ty-
pology

E: Household-
based

F: Climate re-
gion

G: De-
centralised
technology”

H: Alleviation
policies

Information related to the en-
ergy consumed and required
including the costs of energy

Information about people’s so-
cial and economic characteris-
tics

State or quality of a housing
unit, taking into account as-
pects such as its structural in-
tegrity, functionality

Physical characteristics of a
housing unit, including aspects
such as its size, layout, and
availability of basic amenities.

Demographic  characteristics
of a group of people who live
together in a household

Geographic area with a sim-
ilar climate pattern character-
ized by temperature, precipita-
tion, humidity, and other mete-
orological variables.

Information about an opera-
tional strategy or energy tech-
nology placed at the consump-
tion phase

Actions and strategies im-
plemented to reduce energy
poverty

Al: Energy consumed by
region

A2: Energy consumed per
end-use

A3: Energy services (Space
Heating and cooling, wa-
ter heating, lighting, cook-
ing, communication tech-
nology)

A4: Final energy required
to meet essential services
AS: Energy prices (Fuel oil,
biomass, coal, district heat-
ing, household gas, house-
hold electricity)

B1:Income by deciles
B2:Share of energy expen-
diture by income decile
B3:Housing expenditure
B4:Other expenditures®

C1:Efficiency label
C2:Construction years
C3:Conservation status

D1:Block Dwelling/House
D2: Urban/Rural

D3: Walls

D4:Pavement
D5:Ceilling/roof
D6:Glazing
D7:Ventilation
D8:Climatisation tech

E1:Number of members
E2:Ages

E3:Gender

E4:Occupancy rate
E5:Level of owner-
ship/tenure of the house
E6:Employment status?
E7:Health conditions

ES8: Educational level

F1:Outdoor temperature
F2:Humidity
F3:Precipitation
F4:Solar radiation
F5:Wind speed

G1:Demand-side strategies
G2:Distributed energy
G3:Energy communities

H1:Energy bill assistance
H2:Energy efficiency up-
grade.

H3: Social tariff subsidies
H4: Social housing

HS: Vital-minimum supply

¢ Parameters can be included endogenously and exogenously.

b Access to decentralised technologies will affect household energy prices as they can
perform as prosumers.

¢ Includes transportation expenditures.

41t does not include the amount of employment generated or affected by the energy

transition

energy bills to increase well-being. This assessment of energy
poverty integrates social and environmental aspects into the dis-
cussion. This data can be considered by housing surveys but it
might be challenging to collect. Household-based data (E) de-
livered by population census provides significant insights into
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energy needs and consumption patterns at a micro level depend-
ing on demographic household characteristics. Larger families
require more energy to meet their needs, and households with
elderly or young members may have different consumption re-
quirements. Data category (F) characterises consumers based
on their location’s geographical conditions. People can be more
or less vulnerable to energy poverty due to their location, expo-
sure to different climate conditions, and the likelihood of using
renewable energy. Then, a characterisation of consumers with
access to decentralised technologies is also required (G) since
they offer a potential solution for providing reliable and afford-
able energy to communities that may be underserved by cen-
tralised energy systems providing households with energy in-
dependence, moving towards new business models, e.g., energy
communities'!. The characteristics of energy security and reli-
able energy access are then included from a system and house-
hold perspective of energy poverty. Lastly, characterising the
households with the presence or absence of political actions
(H) will allow their evaluation, understand how they mitigate
energy poverty, and identify the disparities in policy implemen-
tation and effectiveness across different regions or population
groups. Government agencies often publish reports and publi-
cations that include data on the prevalence of energy poverty.
This is a macro assessment of the social dimension of energy
poverty. The characterisation of residential energy demand rep-
resents the first step towards operationalising the energy justice
framework. Subsequently, it needs to be included in the tools
that support decision-making for a just energy transition. Al-
though modelling has been widely used for analysing energy
pathways, there is little knowledge about how computer-based
models actually integrate energy poverty characteristics and to
what extent they contribute to just energy transitions.

5. Assessing Models Performance in Capturing Energy
Poverty for a Just Energy Transition

We will analyse how close existent energy models are to
represent the proposed energy justice framework for developed
countries and what remains to be done. As said previously, en-
ergy modelling is a technique that allows to incorporate spe-
cific interests, define boundaries, and provide valuable insights
to develop an energy transition that aligns with operationalis-
ing energy justice. However, they have often been targeted
for focusing on techno-economic aspects and neglecting con-
siderations of justice. This longstanding discussion highlights
the potential benefits and harms decision-making processes can
have on the environment and society [132]. This is because,
traditionally, these models have not been designed with the di-
mension of justice in mind. To effectively incorporate justice
concerns and facilitate the integration of new technologies, it is

""Energy communities refer to structured collaborations within energy sys-
tems, in which end-users, including individuals, businesses, and governmental
bodies, fulfil their energy requirements through a collaborative strategy involv-
ing decentralized energy generation methods that emphasize the utilization of
renewable energy sources.



crucial for energy modelling to be framed in a coherent and rig-
orous energy justice framework. The latter acknowledges that
energy modelling alone is insufficient to drive change; it neces-
sitates the support of comprehensive policies and regulations to
achieve an energy transition that fosters energy justice, particu-
larly in the context of energy poverty as well as a participative
decision-making process that can profit of the use of models
[133].

5.1. Are models framed for a just energy transition in devel-
oped countries?

The extent of how models support (or not) a just en-
ergy transition has been recently addressed by analysing in-
put parameters, optimisation processes, and output discussions
[19, 21, 134]. Nonetheless, despite efforts of integrating jus-
tice principles [21], approaches to modelling often lack includ-
ing energy justice discourses [19]. Here, we will take a step
forward to briefly show how the decision support tools used to
analyse energy transition pathways, either in their original form
or in extended versions, allow evaluation of energy strategies
to inform stakeholders under the proposed conceptual structure
of an energy poverty-centred just energy transition. We con-
ducted an analysis in which we included 37 models that were
selected based on their relevance to energy planning regarding
their model type, time scale, and horizon times. Then, they
were filtered to leave only those with an approach that included
techno-economic, environmental and social aspects (those re-
lated to the final energy consumption). There are 26 energy
models in total, none explicitly including an analysis under the
energy justice framework. Table 4 provides a comparative anal-
ysis of these models, highlighting the extent to which they, ex-
ogenously or endogenously, incorporate parameters from Ta-
ble 3 related to consumer household characteristics. By exam-
ining this, we can gain insights into awareness of the justice
dimension of energy transition, most notably energy poverty.

5.2. Models as a tool for the just energy transition

Although many approaches already go beyond cost-
optimisation objectives, relevant challenges remain. They are
related to the complexity of representing rigorously residen-
tial energy demand, model limitations, or that the engagement
of modellers has been along different pathways to that of en-
ergy justice, i.e., models are not built to provide or receive en-
ergy justice-related information. However, they have to be ad-
dressed to generate impact. The data category A is the best
represented in models since it includes the basis for every en-
ergy planning study, e.g., energy consumed and energy prices.
However, models except [161] and [156] fail to represent the
required energy for meeting essential energy needs vital for
energy poverty evaluation. Despite some exceptions ([156—
158, 160, 162]), models fail to add household characteristics
and their economic situation to study energy poverty on a gen-
eral level (Categories B, C, D and E) and the approaches to
deal with it (Category H). The contrasts of Category F (inclu-
sion of F4 and F5 over F1, F2, and F3), despite some excep-
tions, evidence the interest of models to analyse the advantages
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and disadvantages of integrating wind and solar energy from
a particular region rather than the energy requirements in that
region, e.g., heating or cooling. The effect of energy commu-
nities (G3) has not been considered. Approaches such as the
Times-Actors-Model-Households'? (TAM-HH) [156], the Na-
tional Energy Modelling System'? (NEMS) [157], and Energy
System Modelling Environment '*(ESME) [160] are the tools
that include the higher number of necessary features within the
Energy Justice framework. Notwithstanding, [158] has been
used particularly in analysing the distributional consequences
of the just energy transition [163-165]. TAM-HH was ex-
panded in [166] in a particular way integrating household dis-
aggregation to analyse energy poverty, access and affordability
in the energy transition. Approaches based on the Decent Liv-
ing Energy [159, 167, 168], provide distributional effects anal-
ysis of specific policies towards net-zero [162]. NEMS, has
a broader representation of the residential sector due to inte-
grating a residential demand module (RDM). The RDM utilises
data from NEMS, including energy prices and macroeconomic
indicators, to produce the necessary outputs for the integra-
tion process in NEMS. Using these inputs, the RDM generates
energy consumption projections based on energy consumption
components, including, e.g. personal disposable income, cate-
gorised by fuel type and census division in the residential sec-
tor. Thus, equilibrium energy prices and quantities can be cal-
culated. PRIMES'3, within the residential sector, energy serves
as an input for various processes that deliver essential services
to households, including space heating, water heating, cook-
ing, cooling, lighting, and other requirements. However, being
an energy system model similar to GCAM, it faces greater dif-
ficulty to include non-energy related data. Different to more
economic models as USREP and WITCH. The determination
of energy consumption levels is closely linked to the demand
for these services, considering factors such as efficiency, eco-
nomics (such as costs and prices), and the influence of income
on service demand from energy sources. Yet, energy poverty
is not considered. In summary, this analysis emphasises the
limitations of current models in adequately portraying the var-
ious dimensions of energy consumption in households rele-
vant to achieving an energy transition framed by energy jus-
tice. These models fail to capture the intricate complexities of
energy planning and present significant obstacles in accurately
addressing the energy requirements of diverse household seg-
ments. To address these challenges, future research endeavours

12This model focuses on extracting the household sector out of the TIMES-
Germany model and further expanding the household sector model beyond the
objective of minimising costs to include maximising benefits.

131t is a computer-based energy-economy modelling system for the United
States. Incorporates various factors, including macroeconomic and financial
conditions, global energy markets, availability and costs of resources, criteria
for behavioural and technological choices, characteristics of technologies, and
demographic considerations.

14ESME is a Monte Carlo model which considers the uncertainty in this
problem, particularly the uncertainty in future energy prices and the future cost
and performance of energy technologies.

15The Price-Induced Market Equilibrium System model consists of multiple
sub-models or modules, each representing the actions and characteristics of
different energy supply and demand agents.
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should concentrate on constructing comprehensive models en-
compassing a broad spectrum of household energy consump-
tion patterns, duly considering factors such as income dispari-
ties, socio-economic aspects, and behavioural dynamics.

5.3. Regulatory and policy interventions are essential to ensure
energy justice.

Once the framework for understanding and operationalis-
ing energy justice has been set out, it becomes clear that one
model does not solve everything. An energy justice-aware regu-
latory and policy foundation is additionally necessary to ensure
the energy transition is just. Policy and regulatory assessments
provide a qualitative and context-specific lens that models of-
ten lack. They offer a crucial layer of understanding, delving
into the sociopolitical, cultural, and historical aspects that are
challenging to quantify. Integrating regulatory assessments can
guarantee that the mathematical models utilised in decision-
making are based on realistic assumptions, which can inform
effective policy decisions. Mathematical modelling alone can-
not bring about change and requires supportive policies and reg-
ulations to achieve a just energy transition that addresses energy
poverty and other social inequalities. A fair approach to en-
ergy transition planning is vital to prevent the adoption of new
technologies or infrastructure changes from disproportionately
impacting low-income households. Therefore, a regulatory and
energy policy foundation is essential in providing a framework
that promotes a just energy transition that considers social, eco-
nomic, and environmental sustainability aspects. This makes
it necessary to consider models including household character-
istics to represent residential energy consumers broadly. This
approach acknowledges the role of modelling while accentuat-
ing that it’s not a panacea. It highlights the nuances of justice
that may be overlooked in models and underscores the critical
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role of policy and regulatory assessments in achieving a just
energy transition.

6. Conclusions

Confronting the adverse ecological effects of climate
change simultaneously with its social justice implications is
a complex task. This paper offers a comprehensive analysis
among energy justice, energy transition, and energy poverty
concepts establishing, from the contextualisation of justice,
a non-normative framework to quantitatively integrate energy
justice into long-term energy models, thereby supporting a just
energy transition for developed countries.

We consider that a just energy transition is not just a transi-
tion to a low-cost, low-carbon intensive energy future. Besides,
this transition should fairly and equitably confront the required
adjustments of the energy system to reach a just and equitable
society within environmental boundaries. We see sustainability
as the underlying rationale representing this global challenge
establishing the need for transformation considering that (1) the
level of social welfare and well-being should not decline, (2)
while respecting socio-environmental boundaries, and (3) pro-
moting fair distribution. Although the justice element appears
in this third condition, we consider that it does not capture the
complexities inherent in this dimension. A comprehensive inte-
gration of justice into energy systems is proposed as an attempt
to transform them into truly sustainable ones. In this sense,
framed within an energy justice decision-making approach that
states that energy systems should promote i) availability, ii) af-
fordability, iii) due process, iv) transparency and accountability,
v) sustainability, vi) intra and vii) inter-generational equity and
viii) responsibility, we establish four consolidated quantifiable
dimensions —energy access, energy democracy, energy secu-
rity and energy poverty— that might serve as a proxy mech-



anism for measuring justice in long-term energy models and
for designing future just energy systems. We consider that ap-
proaching energy justice should extend beyond distributional
impact assessment, although it covers a fundamental aspect.
Instead, we suggest that implementing energy justice in the
full cycle of energy systems requires a holistic approach while
encompassing the four quantifiable dimensions of energy jus-
tice We outline the quantifiable dimensions of energy justice to
highlight the specific justice aspects they address, clarify their
limitations, and identify potential trade-offs. As a result of our
analysis, after proposing strategic actions to assess energy jus-
tice through the energy system process, and after establishing
long-term energy modelling as a fundamental tool in design-
ing the transition, energy poverty stands as a key factor in the
context of developed countries.

Therefore, as a first step to quantify the impacts of the en-
ergy transition on vulnerable households, considering the multi-
dimensional nature of energy poverty, a detailed representa-
tion of the energy aspects associated with the residential sector
within long-term energy planning models is necessary. This pa-
per proposes a set of 41 essential parameters divided into eight
categories to be included in energy models and make energy
justice operative through the lens of energy poverty. Yet, our
study reveals a significant gap in a sample of existing energy
planning models regarding including parameters related to con-
sumer household characteristics, particularly those associated
with energy poverty. The absence of such crucial parameters
limits the accuracy and effectiveness of these models in inform-
ing decision-making processes for a just energy transition.

Besides, while quantitative modelling is an indispensable
instrument in shaping informed energy policies, it has inherent
limitations to comprehensively encompass the nuanced dimen-
sions of energy justice, notably energy democracy. Taking it
into account goes beyond the computational exercise itself and
needs to be addressed in a more extensive way. This dimension
demands stakeholder-driven participation approaches to gather
insights for scenario-building and energy-modelling considera-
tions. This could enrich the quality and viability of proposed
energy scenarios, enabling debates around energy futures while
building trust and fostering collaboration. Our approach aims
to provide one perspective on fair outcomes in long-term en-
ergy planning, without claiming to offer an exhaustive or ab-
solute measure of justice. In this sense, we call for continued
academic efforts to refine and expand quantitative approaches,
fostering a deeper understanding of justice in energy transitions
that support more equitable policy frameworks.
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