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global energy landscapes. We discuss the limitations of prevalent metrics such as the Gini coefficient and
Generalized Entropy Indices in the evaluation of energy justice concerns. Finally, we analyze publications
that examined current practices and proposed improving methods toward a more equitable energy market for
society from policy, planning, and operation perspectives.

Contents

B 06 (T LE 10 T o OO PPN 2
2. Energy justice and equity in government definitions..........coooiiiuiiiiiiiiiiiiiiiiiii e 3
D8 O 8 1 <3 < 1w PPN 3

2.2. Energy equity 3

3. Energy justice and eqUIty N LEEIATUIE ........uiieienni ettt eteee ettt e e e teaa e e etten s et tena s eetanaa e ereenae s eetenaeseenennassentenaesearennesseresnansemmennnseerennneenennnns 3
3.1, EDNEIGY JUSHICE «ueteeniieiiiieeeeitiie ettt e et ettt s et taae s e e teaa e e ettana s e e tana s e e tasaas s et tanae e e tanaessetannasentanseseetansesseneenassertenneseenesnassertenseseenenneseerans 4

3.2 EDNETEY EQUILY .uveieunuiiiiiniiieiiii ettt ete ettt e ettt s et taaa s s e ttaaa s e e taaa s e et e aa s e et an s e e tana s et a e s e et e bt e et e n s et a e s e et e n s e et e a s e et et e et ana s etaes 4
3.2.1.  Energy poverty .. 4

3.2.2. Energy insecurity .. 5

3.2.3.  Energy burden...... .. 5

3.2.4.  ENEIZY VUINETADIIILY .. eeeenniiiiiii ettt ettt ettt e e ettt s ettt s e e ten e e eetana s eetana st etanaa s eetenaeeetennestanennaseatenaeseerennanseneennns 5

3.2.5.  BeyONnd eXiStING CAtEGOTIES .evuuuuriiiienerettinat ettt ettt e etenu et etten s eetenaeeerennestertenaeseetenaeseeresnassermenaeseeresnessenesnsssentenseseerennassereennns 7

4. Measuring energy jUStICE ANd EQUILY.....ccuuuuiiiruuniiiiiiietetiiie ettt ettt ettt e e ttaa s e etana s eetanaasettasaeseetesaessetaanessettenaeseerannesseresnassentenseseerannsserennnns 7
L I € oo <14 e 1S o LSOO PPN 7
4.1.1.  Definition of Gini coefficient 7

4.1.2.  Application of Gini coefficient in €NEIZY EQUILY .....cceeetiiiiiimmimmiiiiiiiir ettt e e e ettt tert b e se e s e e e e eeestetasnsrsassaaaessans 8

4.1.3.  Limitation of Gini COBFICIENt......cciiiiiiiimiiiiiiiiiiiiii e e e e e e et e et e s e e s e eeestesabasbaab b seesees 9

4.2, Generalized eNtrOPY INAICES .....uieiiuuuiiieiine ettt ettt e ettt e ettt e et tena s eetenua e ettanae s eatenaesteteanaseatenaesaetennesareenaseetennestenennansereennseenennaseenenn 10
4.2.1.  GENETAlIZEA ENLIOPY rvuueniirinnieetiniereetteiee e ettt etteuaereettnatettanaseetanaeseerannassettenaeseerennessereanasseetenneseenesnassentenseseerenneseenennassernannenees 10

4.2.2. GE INICES ceeiiiiiiiiiiiiiiiiii e e e a s e e s e e e e e e e e b e e e bbb e s e e e e e e e e s e e b e b bt ees 10

4.2.3. ADDLICAtION Of GE INAICES...eietiieieiiiiiiiiiiiiiieiieeete et ettt tttttrttiie e eee s s eseeeeetettanessaesaaaesaeseeeeseestanessssnassasesssseeseeeesseresnssnmnsnnssnssees 11

4.2.4.  Limitation Of GE INAICES ..uueviiiiiiiiiiiiiiiiiiiiiiiiiee ettt s e et e et ettt taae b eeseeseeee et et tanasssssassaseeseeseeeestesessssssssanassensaes 11

4.3.  Other equity measures.............. 11

5. Incorporating energy justice in policy, planning, and OPETATIONS .......ccuuuurtetemuereeiteuereeteuereettuueeeetteuereetenuseetennesaeetenaeseerennestereenasseatenneseerennasseseennns 12

* Corresponding author.
E-mail address: guan@ise.ufl.edu (Y. Guan).

https://doi.org/10.1016/j.rser.2025.115900

Received 10 March 2025; Received in revised form 30 April 2025; Accepted 27 May 2025

Available online 18 June 2025

1364-0321/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://www.elsevier.com/locate/rser
https://www.elsevier.com/locate/rser
https://orcid.org/0009-0001-7243-3353
https://orcid.org/0000-0002-6587-7730
mailto:guan@ise.ufl.edu
https://doi.org/10.1016/j.rser.2025.115900
https://doi.org/10.1016/j.rser.2025.115900
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2025.115900&domain=pdf

W. Ren et al.

L3 R 20 | ) U PP PPN
5.2, Planning...cccuueiieiiiniiieeiie ettt e et e e e

5.3.  Operation

6.  Challenges and OpPpOTtUNItIes .......ccvvvvvirmumuiiiiiiniiiiiiiiiiiii s
6.1.  Energy justice recoOgnition..........cccceevriiiriiiiimminiiiiiienninnninnininnnn,
6.2.  Measuring energy justiCe........ccevierrumiiiiiininiiiinniniiiinninnieiinnnnen
6.3. Integration of energy justice in planning and operations.............
7. ConCIUSION ...coviiniiiiiiiiiiiiiiiiiiiee e
Declaration of competing interest.........ceeeeereeueereriemiereeremneneereenereenennens
Appendix. Derivation of Theil indices.......cceevvviviiiiiiiiiiiiiiiiiiiiiiiinnnnnnns
Data availability .....eeueeeeeeereereereeiiiieiiiiiireeeee e eeeeeeererrereee e e e e
REfEICIICES. . uuuiiiiiiiiiiiiiiiiiiiiitce e

Renewable and Sustainable Energy Reviews 222 (2025) 115900

1. Introduction

In the last three decades, energy justice and its companion concept,
energy equity, have emerged as an important subject among research
communities and policymakers. Energy justice refers to the fair dis-
tribution of benefits and burdens associated with energy production,
distribution, and consumption. It encompasses the idea that all individ-
uals, regardless of socioeconomic status, race, or geographic location,
should have equal access to the benefits of clean and affordable energy,
as well as a fair share of the costs and risks associated with energy
development. Energy equity translates these justice objectives into
concrete targets and quantitative metrics to guide policy and measure
progress.

Recent shifts in the energy landscape have only intensified these
equity challenges. High renewable penetration stresses aging grids,
exposing uneven access to reliable power in underfunded regions and
highlighting the need for a just transition [1]. Electric vehicle (EV)
incentives and charging networks have disproportionately benefited
higher-income, urban drivers, leaving low-income and rural households
with limited access [2]. Market reforms like zonal pricing promise ef-
ficiency gains but risk amplifying price volatility for energy-vulnerable
consumers [3]. In addition, pandemic-era utility measures delayed
but did not resolve deep energy burdens, as lower-income families
continued to face rising bills and service interruptions [4]. Beyond
these operational challenges, the field also struggles with conceptual
ambiguity, particularly the need to standardize key concepts and clarify
the evolution of metrics used to assess energy justice and equity [5].

In a major step toward achieving energy justice and equity, the 2021
Biden administration’s Justice40 Initiative [6] aims to deliver at least
40% of the overall benefits of relevant federal investments in climate
and clean energy to disadvantaged communities. Besides government
efforts, there has been significant research progress on the related
topics. For instance, the number of publications on energy justice
during 2019-2021 (1003) exceeds the total number of publications in
the previous 30 years (879) [7], as shown in Fig. 1. This recent surge
in research highlights both the urgency and the evolving complexity of
these issues.

It is timely to provide a systematic review of related definitions,
quantitative measures, and their influence on energy system practice in
policy, planning, and operations. There have been literature on related
topics, which have addressed various dimensions of energy justice. For
instance, some have explored conceptual frameworks, such as the tenet
framework of energy justice [8-10] and energy equity [11]. Some have
focused on specific issues within energy systems, including equitable
electricity tariffs [12], sustainable development [13], energy transi-
tion [1], gender dimensions [14], and hydrogen economy [15]. While
these reviews provide valuable insights and demonstrate significant
steps toward achieving fair energy systems, this field still faces key
gaps. Specifically, there is a need to standardize and differentiate evolv-
ing terms such as energy equity, energy burden, energy security, and
energy poverty. Additionally, a comprehensive toolbox for quantitative
metrics and indices for measuring energy justice is lacking. Finally,
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Fig. 1. Annual number of publications on “energy justice” from 1992 to 2021, counted
by [7].

addressing current challenges and identifying actionable opportunities
are crucial to guide future studies.

To address these gaps, in this review, we explore the historical
evolution of energy justice and equity definitions and summarize the
key metrics used to identify various forms of energy inequities globally.
We also highlight policy efforts, grid planning strategies, and opera-
tional initiatives dedicated to advancing justice within energy systems.
Our ultimate goal is to provide the audience with a comprehensive
understanding and a holistic view of the broad domain of energy justice
and equity.

To achieve our goal, we adopted a systematic methodology to
ensure a comprehensive and unbiased examination of energy justice lit-
erature. We conducted a structured search across reputable platforms—
including Scopus, Taylor & Francis, Springer, and ScienceDirect—using
keywords such as “energy justice”, “energy equity”, “fairness”, and
“equality”. The search focused on a diverse array of materials pub-
lished up to 2024. Studies were included based on predefined criteria:
(i) relevance to defining, measuring, or integrating energy justice or
equity; (ii) empirical or theoretical contributions; and (iii) accessibility
in English. We excluded studies that focused solely on energy systems
without addressing justice-related dimensions. To ensure quality, the
selected studies were assessed for methodological rigor, relevance, and
credibility. Finally, we employed a thematic synthesis approach to
categorize the findings into key themes — including definitions, metrics,
policy, and operational perspectives — providing a balanced and well-
supported discussion of energy justice and energy equity across diverse
contexts.

Finally, the four main contributions of this review can be summa-
rized as follows:

1. Examine historical and contemporary definitions of energy jus-
tice and equity from governmental and academic perspectives,
focusing on distinctions and connections among related terms.

2. Analyze widely used quantitative metrics, such as the Gini coef-
ficient and Generalized entropy indices, and their applications in
global energy landscapes.
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3. Investigate recent advancements in integrating energy justice
into policy-making, system planning, and operations for equitable
energy systems.

4. Assess the challenges and opportunities in advancing both schol-
arly discourse and empirical practices related to energy justice
and equity.

The remainder of the review is organized as follows. Section 2
first examines and unpacks the evolving concepts of energy justice
and energy equity from the government point of view. Following that,
Section 3 surveys prior literature in academia to clarify the energy
justice/energy equity definitions and identifies the distinctions and
connections among energy poverty, security, burden, and vulnerability.
Then, in Section 4, we explore widely used equity metrics, such as the
Gini coefficient and Generalized Entropy indices, covering their defini-
tions, applications, and limitations. Next, Section 5 illustrates how the
energy justice framework and equity metrics can inform and enhance
policy, planning, and operational decisions in the energy system. We
further explore the challenges and opportunities in defining, quantify-
ing, and operationalizing energy justice and equity in Section 6. Finally,
Section 7 concludes the study.

2. Energy justice and equity in government definitions

Energy justice and energy equity are crucial concepts affecting
society in many ways. Before delving into the broad academic research
on them, we start with the government definitions that reflect the
comprehensive ideas behind these terms.

2.1. Energy justice

As energy is an indispensable branch of the environment, there
was no formal government definition of energy justice alone in the
20th century, instead, the energy justice concept was covered under
the umbrella of environmental justice. The latter was provided in 1994
during President Clinton’s administration and defined as “identifying
and addressing, as appropriate, disproportionately high and adverse
human health or environmental effects of its programs, policies, and
activities on minority populations and low-income populations” [16].
Based on this definition, energy justice could be interpreted as applying
justice principles to the health and environmental consequences of
energy programs, energy policies, and energy activities on minority and
low-income populations.

As renewable energy increasingly penetrates the power grid, the
energy price gets more volatile, among others, and accordingly, dis-
proportionately distributed benefits from renewable energy broaden
the coverage of energy justice. The economic consequence has thus
stood out in the government definitions. In 2019, the US Department
of Energy (DOE) defined energy justice as “the goal of achieving equity
in both the social and economic participation in the energy system,
while also remediating social, economic, and health burdens on those
disproportionately harmed by the energy system” [17]. As compared
to the 1994 interpretation, this definition specifically highlights a new
dimension of achieving equity (with the definition below in Section 2.2)
in both the social and economic participation in the energy system,
besides health and environmental concerns.

Most recently, along this direction, a guideline regarding a quan-
titative measure has been introduced in 2021 by President Biden’s
Administration to characterize justice. It is called Justice40 Initiative,
which guides certain Federal investments intending to direct 40 percent
of the overall benefits in climate and clean energy to disadvantaged
communities [6]. The “disadvantaged communities” are specifically
identified by DOE through 36 indicators covering fossil dependence,
energy burden, environmental and climate hazards, and vulnerability
(socioeconomic, housing burden, transportation burdens, etc.) [18].
This guideline delineates a quantifiable goal and adds more dimensions
by not limiting the subject to specific injustice matters.
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2.2. Energy equity

As mentioned in Section 2.1, energy equity is a term associated
with energy justice. While energy justice sets overarching goals of
justice in energy systems as mentioned above, energy equity provides
the practical means to achieve these goals, such as through energy
accessibility, participation in energy programs, and fair treatment of
all individuals.

The definition of energy equity evolves from a simple concept to
specified implementable policies. The earliest government definition of
energy equity dates back to 2015 when the United Nations (UN) advo-
cated equality and non-discrimination in energy usage in its Sustainable
Development Goals (SDGs) and envisaged a world where “the needs
of the most vulnerable are met”. Specifically, SDG 7 aimed to provide
all people with affordable, reliable, sustainable, and modern energy by
2030 [19]. It defines energy equity as unlocking access to energy for
everyone to realize the goal of energy justice.

To achieve this, the main focus should be empowering people who
are most vulnerable to access energy. Accordingly, DOE launched the
Equity in Energy initiative in 2020. It aims to “expand the inclusion
and participation of individuals in underserved communities, such as
minorities, women, veterans, and formerly incarcerated persons, in all
the programs of the DOE and the private energy sector [20]”. This ini-
tiative focuses on the underserved communities out of all populations,
which are usually the most vulnerable groups, gathering the resources
where they are needed the most.

Lately, the “equity” and “underserved communities” have been
specified by the US government in 2021, to enrich the coverage of
energy equity to better carry out policies. The government defined
“equity” as “the consistent and systematic fair, just, and impartial
treatment of all individuals, including individuals who belong to un-
derserved communities that have been denied such treatment, such
as Black, Latino, and Indigenous and Native American persons, Asian
Americans and Pacific Islanders and other persons of color; mem-
bers of religious minorities; lesbian, gay, bisexual, transgender, and
queer (LGBTQ+) persons; persons with disabilities; persons who live
in rural areas; and persons otherwise adversely affected by persistent
poverty or inequality”. It further defined “underserved communities” as
“populations sharing a particular characteristic, as well as geographic
communities, that have been systematically denied a full opportunity to
participate in aspects of economic, social, and civic life, as exemplified
by the list in the preceding definition of ‘equity’” [21]. This definition
provides a detailed guideline for society to actually implement energy
equity policies to achieve justice. In addition, this state-of-the-art cate-
gorization of the underserved communities highlights the modern focus
of the energy equity programs.

At the end of this section, we summarize the timeline and evolution
process of energy justice and energy equity government definitions in
Table 1.

3. Energy justice and equity in literature

The energy fairness issues have been studied in the academic do-
main earlier than the government definitions were provided. As com-
pared to high-level conceptual governmental definitions, energy justice,
and energy equity in the academic domain focus on establishing de-
tailed analytical frameworks and quantitative methods on injustice,
unfair, or disproportionate issues. More specifically, the lens of energy
justice in literature analyzes justice issues from three or more dimen-
sions emphasizing various aspects of justice, such as the distribution
of resources, the decision-making procedure, and the recognition of
injustice. The concept of energy equity is further specified by mea-
suring the severity of the sufferings resulting from energy injustice,
covering common types of unfair treatment in energy-related areas. It
is worthwhile mentioning here that different concepts, such as energy
democracy, have been proposed in the literature to promote individual
participation in decision-making processes relating to energy systems,
and eventually are included in the energy justice framework [25].
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Table 1
Summary of government definitions on energy justice and energy equity.
Concept Institute Time Subject Target
Environmental justice [16] White house 1994 Health or environmental effects Minority and low-income populations
Energy equality [19] UN 2015 Access to energy All individuals
Energy justice [17] DOE 2019 Participation in the energy system; Those disproportionately harmed by the
burdens energy system
Just transition [22] ESDN 2020 Fair and inclusive transition to a Those affected by the shift from fossil
sustainable economy fuels
Equity in energy [20] DOE 2020 Inclusion and participation in energy Underserved communities
programs
Equity [21] White house 2021 Consistent and systematic treatment All individuals; underserved communities
Justice40 [6] White house 2021 Federal investments Disadvantaged communities
Energy security [23] DESNZ 2023 Equitable energy access, affordability, Billpayers and disadvantaged households
and emissions reduction
Energy and Water equity [24] JEC 2024 Advocacy for equitable access to energy Disadvantaged communities

and water

Notes: ESDN = European Sustainable Development Network (EU), DESNZ = Department for Energy Security and Net Zero (UK), JEC = Justice and Equity Centre (Australia).

3.1. Energy justice

As a conceptual notion derived from justice [26], energy justice in
literature can be summarized as a framework for analyzing the fair
and impartial accessibility and opportunity for all individuals involved
in energy systems. This analytical framework mainly consists of three
core tenets: distributional justice, procedural justice, and recognition
justice [10,27,28].

Distributional justice initially addressed the locational disparities of
benefits or burdens related to energy [10]. The purpose of distribu-
tional justice is to identify and avoid situations where some populations
carry a disproportionate share of the burdens or lack access to benefits.
This concept has been extended in [27] from across geographic loca-
tions to across populations, because the locational difference can be
seen as a character within a community, among other characteristics.
It is worth noting that, while the unfair distributions across locations
and economic statuses have been studied, the unequal treatments across
gender, race, and other characteristics still require more attention [29].

Procedural justice is concerned with who has access to energy
decision-making processes. It aims for equitable energy procedures by
encouraging the inclusiveness of persons involved at all levels. Three
mechanisms to facilitate inclusion for procedural justice were proposed,
namely, local knowledge mobilization, full information disclosure, and
equal institutional representation [10]. For instance, overlooking In-
digenous knowledge in energy decision-making violates procedural
justice and can be detrimental to the local community [30].

Recognition justice calls for efforts to identify individuals affected
by energy injustices. While some publications include it as part of
procedural justice given its fair representation feature [28], many take
it as a separate tenet because it recognized energy injustice from
more perspectives than the coverage of procedural justice, such as
historical energy inequalities [27]. Failure to recognize injustice sit-
uations postpones the realization of energy justice. Three main cate-
gories of misrecognition are cultural domination, non-recognition, and
disrespect [31].

Some researchers add a fourth dimension to the framework: restora-
tive justice, which describes the remediation of a perceived energy
injustice [28]. As a concept primarily used in criminal law, restorative
justice can be applied to each phase of the energy life-cycle to repair
the harm caused by injustice [32].

By utilizing this framework, researchers can analyze and uncover
existing energy injustice-related issues. For example, one study applied
the framework to explore urban residential energy consumption for
heating and discovered the significance of spatial, racial, and socioeco-
nomic factors in the unjust distribution of energy efficiency in Detroit,
Michigan [33]. In another study, the framework was used to survey
and categorize energy equity metrics (with the details to be described
in the following section), such that the focus of each metric in terms

of energy justice dimensions is identified, which helps facilitate inter-
actions among metric users [34]. Moreover, researchers have utilized
energy justice to investigate specific issues in energy policy, plan-
ning, and operations, including energy transitions [27,35], community
energy initiatives [28], gas policy and planning [36], power plant
pollution [37], energy storage [38], and electricity tariff designs [39].
Finally, as a by-product, researchers surveyed energy programs across
the US and identified 253 energy justice programs in total, with 83%
of them being run by nonprofit organizations, indicating less effective
actions from governments (less than 17%) [40].

3.2. Energy equity

Within the framework of energy justice, “energy equity” serves as
a comprehensive goal. Solving energy inequity issues, such as energy
poverty, energy burden, and energy insecurity, helps achieving energy
equity goal. Some publications have previously used these notions of
inequity issues interchangeably [33,41,42], but recent studies have in-
creasingly emphasized their unique angles in characterizing situations
that challenge the goal of energy equity.

Tarekegne et al. [5] summarized four primary categories within
the realm of energy inequity: energy poverty, energy burden, en-
ergy insecurity, and energy vulnerability. While the boundaries of
each category do not have a universal consensus in research [43], a
rigorous delineation of these concepts holds significant importance.
Such a classification not only standardizes research within the field
of energy justice but also facilitates the identification of those who
are disproportionately affected. By dissecting and distinguishing these
categories based on demographic and energy-related indicators [44],
this approach enhances our understanding of energy inequities.

In this section, we aim to categorize and present the prevalent
definitions, status quo, and challenges associated with these equity
angles. It is important to note that our focus here is on these inequity
terms within the context of households, they should not be confused
with the same words in other contexts, such as “energy burden” in the
context of energy generation systems [45] or “energy insecurity” for a
nation [46].

3.2.1. Energy poverty

Energy poverty, defined as inadequate access to modern energy
services, stems from various causes, including a lack of energy infras-
tructure and utility disconnections due to the inability to pay the energy
bills [42]. For instance, in Africa, the persistence of energy poverty is
exacerbated by the high costs associated with extending power grids,
while in South American urban communities, where the grid exists,
unpaid utility bills pose significant challenges [35]. Energy poverty
extends beyond electricity; it encompasses inadequate access to cooking
and heating fuels, transportation gas, and other essential daily energy
needs, making its eradication a complex endeavor.
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The consequences of energy poverty are far-reaching, including
social exclusion, material deprivation, and poor health resulting from
the lack of access to essential lighting, cooling, or heating services [47].
Additionally, gender and ethnicity disparities play a substantial role
in perpetuating energy poverty, further exacerbating the imbalance in
access to energy resources [48-50]. As an intersection of poverty and
the energy system, energy poverty contradicts the fundamental goal of
energy equity, resulting in unequal access to vital energy resources.

Alarmingly, as of 2021, approximately 770 million people world-
wide still lack access to electricity, with the majority residing in Africa
and developing Asian countries [51]. The Coronavirus Disease 2019
(COVID-19) disrupted the steady progress towards universal access
to electricity and clean cooking. In response, researchers and policy-
makers have been actively addressing these challenges through ini-
tiatives such as rural electrification [52] and revising energy pricing
strategies [12] to promote greater accessibility among marginalized
communities.

3.2.2. Energy insecurity

Energy insecurity is defined as the inability to adequately meet
household energy needs [5]. It is worth clarifying that energy inse-
curity is a term often applied in the studies for developed countries,
in contrast to “energy poverty” which is more commonly used in
discussions of less developed regions [53]. Interestingly, some studies
in developed countries use ‘“energy poverty” interchangeably with
“energy insecurity” [54].

The notion of energy insecurity can be traced back to “fuel poverty”.
Boardman [55] first used “fuel poverty” to describe the homes that
could not afford adequate warmth. This concept invoked rigorous
studies on fuel pricing and energy efficiency in the UK and North-
ern Europe. Unlike “energy poverty”, people who suffer from fuel
poverty have access to the required energy service but struggle with
affordability [56].

Households often experience energy insecurity issues as a result
of extreme heat or cold-related events. Yoon and Hernindez [57],
through a thematic analysis of US news media articles from 1980
to 2019, shed light on geographical distinction in energy insecurity
risks. They found that Southern states were the predominant victims of
extreme heat, whereas Midwestern and Northeastern states had more
coverage of extreme cold-related issues. The authors emphasized that
income and wealth inequalities within states played a significant role
in shaping the disproportionate impact of extreme temperatures on
various demographic groups.

However, Baker et al. [58] warned that ethnicity disparities in
energy insecurity were often more severe than the disparities based
on socioeconomic levels. Memmott et al. [4] further showed that
households at or below 200% of the federal poverty line, as well as
Black and Hispanic households, were more likely to experience energy
insecurity.

A critical issue highlighted by Bednar and Reames [59] is that,
despite its prevalence, the United States has not formally recognized
energy insecurity as a distinct problem from general poverty at the
federal level, limiting effective responses. They argued for a shift in
current metrics, which primarily focus on resource distribution, toward
metrics that prioritize improving household well-being and reducing
overall energy insecurity. In this regard, Cong et al. [60] developed a
novel energy insecurity metric known as the “energy equity gap”. This
metric is calculated based on the difference in the inflection tempera-
tures between low and high-income groups, with inflection temperature
defined as the outdoor temperature at which a household begins to
use its cooling system. Fig. 2 illustrates the disparities in inflection
temperatures. The figure on the left compares the median inflection
temperature for each ethnicity over a span of 4 years. The figure on
the right presents the “Energy Equity Gap” within each ethnicity over
the same period, where each data point represents the difference in
inflection temperatures between low- and high-income populations for
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a given ethnicity. The figure on the right shows increasing Energy
Equity Gaps for all four races from 2017 to 2019. The Black population
experienced both the highest overall inflection temperature and the
most significant energy equity gap during the years 2015-2019.

Recent publications have also examined the disproportionate impact
of the pandemic on energy insecurity. Lou et al. [61] analyzed the
percentage changes in hourly electricity consumption resulting from
measures taken against COVID-19 and found an increasing trend in
energy insecurity among ethnic-minority households and low-income
households.

3.2.3. Energy burden

Energy burden measures the percent of a household’s income spent
to cover energy cost [62]. This financially induced definition implies
low affordability of energy for low-income families. When the energy
burden surpasses a certain threshold, it can push a family into a state
of energy insecurity. In many studies, 6% has become a widely used
threshold, based on the idea that families can reasonably allocate up
to 30% of their income on shelter costs, with energy bills usually
accounting for 20% of that expenditure [63].

Scheier and Kittner [54] highlighted a lag in energy burden studies
in the US due to the absence of more modern metrics. The energy
burden formula results in a long tail of households with very low
incomes and fails to capture zero income and negative energy cost
scenarios. To address this gap, they introduced the Household Net
Energy Return (N,), defined as:

N, =(G-29)/S, )

where G represents the gross income for a household and .S denotes
their spending on energy. With the established threshold for energy
burden at §/G = 6%, the energy insecurity line for N, is approximately
16. In practical terms, this means that a household earning less than $16
for each dollar spent on energy will be considered energy insecure (or
“energy poor” in the developed country context). This is shown as the
horizontal red dotted line in Fig. 3a, where the horizontal axis shows
the proportion of households and the vertical axis shows the Net Energy
Return. The black curve in Fig. 3a shows the distribution of N, across
all populations.

It is crucial to emphasize that, despite the financial nature of the
notion of energy burden, the income gap is not the only aspect that
needs to be addressed. Some other important household characteristics
are shown in Fig. 3cf, including primary heating fuel type, housing
type, household race, and education. As Executive Order 13985 [21]
advocated, all underserved communities who have been denied oppor-
tunities to modern energy services are worth further attention from
researchers and policy-makers. Consequently, there is a growing need
to establish effective and tailored metrics to facilitate the recognition
and support of energy-burdened families.

Bird and Herndndez [64] estimated potential annual savings ranging
from $4 billion to $11 billion by addressing the energy burdens for the
poorest renters in the United States. To facilitate the recognition and
assisting process for energy-burdened families, the U.S. DOE developed
the Low-income Energy Affordability Data (LEAD) Tool [65]. This tool
provides census-tract-level data on low-income household populations
and their associated energy use characteristics.

3.2.4. Energy vulnerability

Energy vulnerability, a lesser-explored aspect of energy equity, de-
scribes the propensity of a household to suffer from a lack of adequate
energy services due to an advert event or change [5]. Households facing
severe energy vulnerability may in turn experience high energy burden,
energy insecurity, or even energy poverty in the foreseeable future.
This vulnerability often arises from mismatches between the supply and
demand of energy, influenced by a multitude of factors. These factors
include risks associated with weather and climate, which are common
causes of changes in energy demand and setbacks in energy generation
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and transmission. Additionally, trade patterns and geopolitical concerns
can cause volatile energy prices [51].

Recent studies show that the transition and development of the en-
ergy grid can affect households’ energy supply unintentionally. Carley
et al. [66] provided a framework for understanding energy vulner-
ability from energy transitions across three dimensions: exposure to
risk, sensitivity to the impacts of these risks, and adaptive capacity
to attenuate, cope with, or mitigate the negative effects. To quantify
vulnerability, the authors proposed a Vulnerability score V' based on
this framework, calculated as follows:

-5 (ngn(50) -wEn(80))

Jj= i i

@

where p is each policy (risk) under consideration, /,J, and K denote
the total number of exposure types i, sensitivity types j, and adaptive

capacity types k, respectively, E; measures the exposure of type i
associated with a policy, and S; and A, evaluate the sensitivity of type j
and adaptive capacity of type k for a given exposure type, respectively.
A higher vulnerability score indicates less resilience to the risk for a
community. In Fig. 4, the authors demonstrated significant geographic
variation in energy vulnerability by 2013.

Numerous publications have attempted to enhance energy resilience
(mitigate energy resilience) through initiatives related to housing and
energy supply infrastructure [67], vulnerability indices [68], and trad-
ing policies [69]. While efforts to improve energy resilience benefit
those directly involved, it is important to acknowledge that the unequal
distribution of energy vulnerability across the country remains a signif-
icant concern. Factors influencing energy vulnerability are expected to
exacerbate such injustices.
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Fig. 4. Vulnerability score map [66]. Each colored range of the vulnerability score has the same number of observations.

Chen et al. [70] addressed disproportionate impacts of disasters and
pandemics from both micro-level (socio-demographic and household
factors) and macro-level (quality of energy and infrastructure) perspec-
tives. They discussed the applications of mathematical and statistical
models to understand and predict the outcomes of disasters, further
highlighting the multifaceted nature of energy vulnerability within
communities.

3.2.5. Beyond existing categories

While these four energy equity categories provide valuable building
blocks for studying energy inequity situations based on the accessibility
and affordability of energy resources to households and communities,
they fall short in capturing the full spectrum of energy equity issues.
More perspectives must be explored to more precisely and effectively
address energy justice.

A crucial aspect often overlooked is the differentiation of energy re-
sources and energy services. Various energy types and evolving energy
services have distinct impacts on consumer behaviors and priorities. For
instance, the utility bills associated with electricity used for cooking
may differ significantly from those used for charging electric vehicles.
These nuances are not given sufficient attention in current energy
equity discussions.

Moreover, the portrayal of “underserved communities” and “disad-
vantaged communities” based solely on income, race, and location is
limited. Ivanova and Middlemiss [71] highlighted that households with
disabled members often earn less and consume 10% less than other
households in the EU, making them more susceptible to energy poverty.
Baker et al. [58] made a critical distinction between marginalized com-
munities and low-income neighborhoods, emphasizing that marginal-
ized populations are often underrepresented in decision-making pro-
cesses related to energy justice. Raising the voices of underrepresented
populations can introduce greater diversity into studies and help over-
come the inertia within traditional frameworks. Pinpoint the target
persons and communities who have suffered from energy injustice
can enhance the recognition process and improve the effectiveness of
assistance programs.

Furthermore, despite the innovative scores we have reviewed ear-
lier, there remain energy equity issues that lack a satisfying quantitative
measure. Additionally, special attention should be given to the localiza-
tion of energy metrics derived from foreign research. When translating
energy metrics across countries, these methods often necessitate the
normalization of various variables among different types of data, which
can be a complex and challenging endeavor [54]. This highlights the
need for further research and the development of more adaptable and
context-specific metrics to address energy justice on a global scale.

4. Measuring energy justice and equity

While many methods were applied to recognize and correct en-
ergy inequities, such as regression models [42,53,71,72], net energy
analysis [54], principal component analysis [73], along with various
data mappings and visualizations [74-76], there are well-established
equity measuring tools from economics and network communications

being widely adopted in energy equity studies. The most popular
instruments are the Gini coefficient and Generalized Entropy indices. In
this section, we introduce the definition of each measurement, present
their applications in energy equity, and analyze the shortcomings of
these tools.

4.1. Gini coefficient

4.1.1. Definition of Gini coefficient

Gini coefficients have been widely used in economics to estimate
income inequality as an indicator of social welfare [77] thanks to
its simple mathematical formulation and instinctive graphical inter-
pretation of inequality. The Gini coefficient quantifies inequality as
the difference between an ideal situation of equality where everyone
has the same shares of a resource and the actual distribution of the
resource. It ranges from 0 to 1 with value 0 denoting the perfect equality
while value 1 denoting the maximum inequality, where only one person
possesses all the resources.

There are two mathematical expressions of the Gini coefficient. For
the first one, it is used to measure the variability of any statistical
distribution. As proposed by Gini [78], it is represented as the average
absolute difference between pairs of observations x, y divided by twice
the mean 4, i.e.,

G =E(lx - yD/@2pw). 3

For the second one, it can be regarded as a summary statistic of the
Lorenz Curve for a resource [79]. More specifically, as shown in Fig. 5,
in which the x axis represents the cumulative share of components F(i)
and the y axis represents the cumulative share of attribute value L(i),
where i is the index of population group, the Lorenz curve specifies the
cumulative amount of the resource that belongs to the lowest 100ith
percentile of the population. If it is perfect equality, the Lorenz curve
converges towards the diagonal line (red line in the figure) from the
origin (0,0) to the upper right corner (1, 1), corresponding to a uniform
distribution, which indicates that everyone receives the same amount
of the resource. The general Lorenz curve can be represented as the
black line in the figure, corresponding to the actual distribution of the
resource. This black line splits the lower triangle into two areas A and
B, in which A is the area between the egalitarian line and the general
Lorenz curve, representing the gap between the actual allocation and
the uniform distribution, and B is the area below the Lorenz curve.
Based on this, the Gini coefficient is defined as the ratio of A to A + B,
ie.,

G=A/(A+B). &)

Because A + B = 1/2 and it is easy to obtain B, we can rewrite the
above formula (4) for the discrete case as
N
G=24=1-2B=1-Y (F, = F_)(L; + L)), (5)
i=1
where F; is the cumulative proportion of the population up to group
i (with Fy = 0), in which the population groups are non-decreasingly
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Fig. 5. The Lorenz curve for the Gini coefficient [80].

ordered, and L, is the cumulative proportion of the resource possessed
by population groups up to group i (with L, = 0). In the less-used
continuous case, area B can be measured by integration. Because the
area under the equality line is constant, the further the Lorenz curve is
away from the diagonal line, the higher the Gini coefficient gets, and
the more severe inequality underlies. Yitzhaki and Schechtman [77]
pointed out that the second definition can be applied to both discrete
and continuous distributions while the first definition is only valid for
the continuous case. Furthermore, different shapes of Lorenz curves
may result in the same Gini coefficient value. In this case, the Gini
coefficient ignores the structural difference among various inequalities.
Therefore, when comparing similar Gini coefficients, a graphical repre-
sentation based on the Lorenz curve is more precise in explaining the
inequality structure.

4.1.2. Application of Gini coefficient in energy equity

To quantify the equity issues in energy production, access, and
consumption among different population groups, an increasing number
of researchers have turned to Gini coefficients, as listed below. The
Gini coefficient has been used to identify the distribution of energy
among population groups [81] before the concept of energy justice was
involved.

The first notable literature on Gini coefficient application in the con-
text of energy justice focused on power consumption inequality [82].
In this work, the authors revealed the significant disparities across
nations, using the intra-country distribution of residential electricity
consumption with the Lorenz curves for five countries. By the compar-
ison of Gini coefficients, they highlighted the stark contrast between
Norway, where 38% of the population used half of the residential
electricity (Gini coefficient of 0.61), and Kenya, where 6% of the
households consumed half of its electricity (Gini coefficient of 0.87).
Following this landmark study, many papers have employed the Gini
coefficient to assess the energy consumption inequality.

Some publications utilizing the Gini Coefficient of energy consump-
tion focused on one country. In Brazil, the decreasing of the Gini
Coefficient after the expansion of access to electricity endorses the
effectiveness of rural electrification in terms of energy equity [83]. In
China, fossil energy consumption was getting more equitable among
provinces from 1997 to 2013 [84] while a reversal relationship between
the Gini ratio and urbanization level indicates more energy equality
among buildings in more developed provinces [85]. In rural China,
two major energy types contributing to the overall energy inequality
were biomass (61.4%) and electricity (12.1%) [86]. In both urban
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and rural India, equity in energy consumption was improved over
1987-2012 [87]. In the U.S., little inequality in residential energy
consumption was seen during 1990-2015 while the energy poverty rate
increased from 15.7% in 1990 to 22.6% in 2015 [88].

Some publications took a global perspective. While global inequality
in energy consumption has been decreasing [89], more prominent
inequalities were evident across countries in specific energy services,
including renewable energy [90], air transport energy [91], and solid
fuels [92].

Beyond energy consumption, various Gini coefficients related to
other energy equity have been explored, including carbon emission
[93-95], energy services [96], photovoltaic solar installation [97],
energy supply [98,99], energy system’s reliability [100,101], energy
technology [102], and global energy trade [103].

In addition to depicting the static status of energy equity at a time
point, the Gini coefficient can be further integrated into the decision-
making process for dynamic analyses of energy equity. This integration
allows for monitoring changes in Gini coefficients related to a spe-
cific energy topic, thus demonstrating the positive impact on energy
equity resulting from proposed frameworks or models. For instance,
one study adopted the efficiency-fairness trade-off curve for evaluating
the electricity pricing scheme, where fairness is measured by the Gini
Coefficient [104]. Another research compared the Gini coefficients of
natural gas consumption for actual and simulated data to support the
proposed tariff scheme over the existing one [105]. The Gini coefficient
was also employed to measure the regional equity as the result of their
decentralized renewable electricity generation allocation that balanced
cost-efficiency and energy equity [106]. Humfrey et al. [2] monitored
the resulting Gini coefficient of CO, emission from the proposed dy-
namic charging system integrated with renewable energy to ensure a
fair impact on user experience.

Moreover, the Gini coefficient can be set as part of the objective
to be optimized for the consideration of energy equity. For instance,
one study introduced a preference for equality measured by the Gini
coefficient in their generation expansion planning model for people
with limited electricity infrastructure to appraise the trade-offs between
energy inequality and total electricity consumption [3]. Ma et al. [107]
included minimizing the Gini coefficient of coal production capacity in
their coal capacity allocation model to balance efficiency and equity.
Sasse and Trutnevyte [75] modeled the regional equality of the impacts
of energy transition using the Gini coefficient and discussed the trade-
offs among minimizing system costs, maximizing regional equality, and
maximizing renewable electricity generation. Levinson and Silva [108]
constructed a cost redistribution model for electricity pricing based on
the Gini coefficients of electricity bills for each electricity utility in the
US which shifted more costs in utilities with higher Ginis.

Publications also pointed out caveats of the Gini method when
applied in energy equity studies. Considering the financial origin of
the Gini coefficient, Jacobson et al. [82] emphasized the difference
between income and energy data when applying the Lorenz curve.
The authors stated two requirements when quantifying energy as a
reasonable attribute for the Gini coefficient: (i) roughly constant overall
energy efficiency among consumers, and (ii) approximately consistent
marginal utility from the energy for each consumer. In other words,
all individuals should produce similar results with the same level of
energy usage and all individuals should have similar improvement
with one unit of extra energy. Otherwise, the Gini coefficient may lose
reliability when an equal amount of energy generates distinct levels of
utility for different users. Shu and Xiong [109] validated the continuous
Gini coefficient method for the fat-tailed data of China’s inter-regional
energy consumption.

Now, we summarize the energy equity applications of the Gini coef-
ficient based on the attribute values and population group criteria and
reveal weak points in current studies addressing the modern concept of
energy equity.
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Table 2
Publications on energy equity using Gini coefficient by attribute value.

Table 3
Literature on energy equity using Gini coefficient by comparison focus.

Attribute value Publications

Energy consumption
Energy supply

[3,82-92,105]
[98,99,103,106,1071]
Energy expenditure [87,91,96,108]
Pollution emission [2,89,93-95,109]
Other [97,100-102,104]

Table 2 and Fig. 6 provide a summary of the attribute values used
in the 33 publications discussed above. As can be seen, a large majority
of the publications focused on energy consumption (39%). Compared
to other data, energy consumption data is more accessible, accurate,
and relatively more stable concerning energy-based inequality [86]. As
shown in publications, inequality in energy consumption exists from
emerging markets to developed areas, from past to present.

However, consumption alone cannot depict the whole picture of the
energy equity issues. Besides energy consumption revealing inequality
in energy poverty, energy expenditure sheds light on energy accessibil-
ity and burden [88], and energy production and supply affect energy
security and diversification [98].

In addition to the general energy consumption data, researchers
also have studied inequalities in terms of specific energy types and
energy usages, revealing greater inequalities in less accessible energy
sources (e.g., liquefied petroleum gas and biomass) and more expensive
applications (e.g., space cooling and air transportation) [86,91].

Most studies show energy inequality measured by direct data, while
some recent publications utilize constructed indicators as attribute val-
ues for the Gini coefficient calculation. For example, Wang et al. [88]
focused on the residential energy burden, defined as the ratio of the
energy expenditure to the household income.

Finally, we report literature on energy equity based on the popula-
tion group criterion. Table 3 and Fig. 7 outline comparison scopes that
have been published using the Gini method. Almost all Gini coefficients
were calculated based on the population data grouped by region except
for Zhang and Wang [101], who used a GDP-based Gini. Hence, most of
the publications focused on regional gaps (78.3%), either concentrated
on one country or investigated multiple countries at the same time.
In the latter case, regional inequalities can be evaluated in two ways.
Some studied global allocation of the energy by plotting multiple
countries on the same Lorenz curve [90-93,97,99,110] while some
displayed Lorenz curves for each country and compared the structural
difference among their inequalities [82,87,98,101,111].

Recent publications shifted their comparison scope from geography
to other features, such as economic status and race. To evaluate dis-
parities across prosperity levels, Zhang and Wang [101] established

Comparison focus Literature
Region
- One country Brazil [83], China

[84,85,94,101,107,109],
Switzerland [106], US [97]
Visegrad Group [98], EU [92,99],
global [82,89,90,93,96,96,110]
Economic status [87,91,101]

Race [88,111]

- Multiple countries

Lorenz curves based on GDP standards, and Ranjan and Singh [87] and
Zhang and Wang [101] compared inequalities in rural and urban parts
of a country. To study racial inequalities, Tong et al. [111] represented
each block of a city by its racial minority percentage, while Wang
et al. [88] used household data categorized by ethnic group. There
are two approaches to investigating inequalities among communities
considering features, including region, race, gender, sexuality, and
disability. One is using feature-based data, whose components can be
divided into groups based on the characteristics of interest. The other
one is using region-based data, where we can extract the feature for
each region by quantifying its composition structure and distinguish
the groups by regional difference.

4.1.3. Limitation of Gini coefficient

However, energy equality is not the same as energy justice. Despite
wide applications, the Gini coefficient suffers from reductiveness that
impedes the progress of solving energy injustices. It describes the state
of inequality in a number while often ignoring the structure of the
inequality which can be the center of today’s energy issues. Hence, two
very different Lorenz curves may produce the same value of the Gini
index even though the actual distributions vary. For example, based
on the data from the World Bank, in 2015, Greece and Thailand had
the same Gini index of income (0.36) but the ratio of the income share
held by the richest 10% to the income share held by the poorest 10%
in Greece is 13.8 while that in Thailand is 8.9 [112].

Furthermore, a situation with a certain amount of population in-
accessible to the resource may still exhibit a good Gini coefficient as
long as the resource is more equally distributed among the rest of the
population albeit the people who suffer most are usually the focus of
social problems. Graphically, this scenario can be represented as the
lower end of a Lorenz curve staying at 0 for some population shares.
For example, consider two communities, A and B, with the same 100
individuals who divide 100 units of energy in total. Twenty people
in community A are allocated 0 energy resources while the rest of
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Fig. 8. Lorenz curve of energy distribution. The diagonal line denotes the perfect
equality. The Gini coefficient of community A is 0.2 and the Gini coefficient of
community B is 0.25.

the community divides the energy equally. In community B, half of
the population divides 25 units of energy evenly while the other half
consumes the rest 75 units of the energy uniformly. As shown in Fig. 8,
community A has a Gini coefficient of 0.2 and community B has 0.25.
Because community A has a lower Gini value, we may conclude A is a
better community regarding equity in energy consumption. However,
there is a 20% population that has no access to the energy in A while
everyone in B has a similar amount of energy. The underserved people
in community A are the focus of Executive Order 13985 signed by
President Biden [21]. Real-world data confirm this blind spot. For
example, in 2018 the Slovakia’s household-electricity Gini coefficient
stood at a moderate 0.57, compared to the EU average of 0.61, yet
about 10 percent of residents reported being unable to keep their homes
adequately warm [98]. Hence, this limitation makes the Gini coefficient
ineffective in addressing the energy inequity issues for underserved
communities.

Moreover, the underserved community remains on the frontier that
suffers from the fatal impacts of energy inequity. In reality, lack of
access to energy services costs lives. An average of 702 heat-related

10

deaths occurred in the US each year from 2004 to 2018 [113], the key
driver of which is inaccessibility to the cooling service [114,115]. In
2020, there were more than 20 million American families owed about
$23 billion in utility bills in total [116]. Therefore, failure to address
the structural characteristics of the observed inequality when applying
the Gini method can lead to ineffective or even false results.

4.2. Generalized entropy indices

4.2.1. Generalized entropy

Besides the Gini Coefficient, inequality measures derived from the
Generalized Entropy (GE) are another group of popular indices for
evaluating income inequality. First used in thermodynamics, Entropy
was introduced to information theory by Shannon as the information
of a random variable [117]. Generalized Entropy is defined as [118]

n
GE(a) = [1 /n Y (a/p)"* - 1] /(@ = a), O]
i=1
where g; = L; — L,_; denotes the resource share in group i and p; =
F, — F;,_; denotes the population share in group i with L; and F; defined
the same as in (5), and « is a non-negative sensitivity parameter. Note
here a # 1 and GE(a) > 0 for all a # 1. Further, GE indices vary from 0
to infinity with 0 denoting the ideal egalitarian state of equal allocation
and higher values meaning more severe inequality. The parameter «
indicates the weight on the higher and lower ends of the distribution.
Low values for « make GE more sensitive to changes in the lower tail,
while higher values emphasize the population with more resources.

4.2.2. GE indices

Theil’s T [119] and Theil’s L [120] are two commonly used Entropy
indices with p; = 1/n. Taking the limits of (6) when a goes to 1 or 0
gives Theil’s T (see (7)) or L (see (8)) (the derivation is provided in
Appendix), which are given by

T =3 a:In(q,/p). @)

i=1

n
L= pinp/q). ®
i=1
Theil’s L sometimes is referred to as the mean log deviation measure.
It is worth noting that the specification of « affects the configuration of
the GE(a) index, making it hard for comparison between studies [112].
While this class of equity measures is more complicated and graph-
ically lacks intuitive representation, they help decompose inequali-
ties for in-depth analysis, which is hard to accomplish with the Gini
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Table 4
Energy equity using generalized entropy indices by country.

Focus Details

One country China [124,125], Indonesia
[126,127], Iran [128]

EU [129], Eurasian Economic
Union [130], Europe [131,132],

global [123,133,134]

Multiple countries

coefficient. If we arrange the groups into different categories, then
inequalities measured by Theil indices can be decomposed into the
“within-category” component and the “between-category” component.
Depending on the categorizing criterion (e.g., region, GDP, educa-
tion, or gender), decomposition can be helpful in policy-making and
planning [121].

Atkinson index is another equity index related to GE. It ranges from
0 to 1 (with 0 representing ideal equality) and is defined as follows:

1= [1/n 2 /=],
- (m,a") /.

€#1,

e=1.

Ale) = ©)]

where ¢ is an inequality aversion parameter and g is the average
resource share per group. When ¢ increases to infinity, the smallest
group resource share, i.e., ¢, = min,_;__,q;, dominates the value of
A(e), because g, < g. It is worth mentioning that the order sequences
of the values obtained using the Atkinson index (9) and GE index (6)
are the same when a = 1 — ¢ [122].

4.2.3. Application of GE indices

These GE indices have provided insights into equity issues within
energy-related domains. Notably, three prominent areas of examination
include energy intensity, energy consumption, and carbon emissions.

The GE index Theil’s L was first proposed to assess energy intensity
(measured by the quantity of energy required per unit output or ac-
tivity) inequalities across Organization for Economic Co-operation and
Development (OECD) countries during 1971-1999 [123]. In this study,
the authors divided OECD countries into 4 groups by geographical
neighborhood and concluded that between-group inequality was the
main contributor to the whole inequality. It further shows that the
energy intensity inequality was alleviated during this study period,
by reporting a 64% decrease in the Theil index. Another study ap-
plied Theil’s T on China’s energy intensity data from 1985 to 2010
and illustrated narrowing gaps in regional inequality starting from
2004 [124].

For energy consumption equity, Theil indices were utilized to ana-
lyze regional disparities of energy consumption based on 57 countries’
data over the period 1995-2018 [133]. This study depicted a dynamic
evolution of inequalities among geographical country groups for dif-
ferent energy sources, including oil, coal, natural gas, hydroelectricity,
and renewable energy. Another study measured Theil indices of energy
consumption in five countries of the Eurasian Economic Union from
2000-2017, revealing decreasing GDP-related inequality and increasing
population-related inequality [130]. In addition to measuring the en-
ergy consumption inequality among countries, researchers also used GE
indices to reveal within-country disparities, such as in Indonesia [126]
and China [125]. Moreover, it is noteworthy that GE indices are
often used complementary to the Gini Coefficient, demonstrating the
reliability of the inequality result [127,131,134].

For carbon emission equity, Theil’s L was used to investigate the
evolution of CO, emission inequalities in the EU during 1990-2009
[129], revealing a reduction in inequality between the groups of coun-
tries and providing insights for future environmental agreements. Later,
for the EU from 2008-2016, a stable trend of carbon emission inequal-
ity was spotted using the GE indices [132]. Besides, research utilizing
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GE indices revealed an increasing trend of provincial inequalities of
CO, emission in Iran’s agriculture sector [128].

As summarized in Table 4, the literature on energy equity using GE
indices spans a wide geographic scope. The insufficient focus on regions
like Sub-Saharan Africa and South America reveals a critical research
gap that warrants further exploration.

4.2.4. Limitation of GE indices

While GE indices are useful tools for quantifying energy equity,
they also exhibit important limitations [132,134]. First, their sensitivity
to the choice of parameters can lead to very different conclusions
depending on whether greater weight is placed on the lower or upper
tail of the distribution. Second, by focusing on relative disparities, they
can obscure the absolute hardships faced by those with little or no
energy access. Third, although the GE indices decompose neatly into
“within-group” and “between-group” components, this decomposition
can oversimplify complex socio-technical factors driving inequity. For
instance, a study compared national Theil indices for coal consumption
and found that while global coal-use inequality fell between 2000
and 2015, inequality across East Asia and Pacific countries actually
rose [133]. This case shows the importance to analyze Theil index with
other important metrics, such as resource endowments and industrial
structures, for a more holistic view of energy equity.

4.3. Other equity measures

Besides Gini Coefficient and GE indices, there are several other
quantitative metrics for energy justice-related studies.

First, two variance-based statistics, standard deviation and coeffi-
cient of variation, have been applied as fairness indices to measure the
inequality and inequity of the distribution of reliability among users
in power systems [100]. Standard deviation, or the square root of the
variance, measures the amount of dispersion of data points around their
mean. A standard deviation of 0 indicates perfect equality. However,
due to its lack of scale invariance, comparing inequality levels across
diverse datasets can be challenging. In contrast, the coefficient of
variation, defined as the ratio of standard deviation to the mean, offers
a scale-adjusted assessment, aiding in the comparison of inequality
across different contexts.

Next, Quality of Service (QoS) and Quality of Experience (QoE),
which are commonly used in telecommunications, have been adapted
to guide equitable decision-making in energy [135]. QoS and QoE
consider fairness based on service and user experience. Specifically,
QoS measures the overall performance of a service which depends on
the fulfillment of the user’s need. Jain’s index (J) is the most often used
metric for QoS fairness [136] and can be formulated as

T=1/0+c), (10)

where ¢ = o/u is the coefficient of variation of QoS value. It ranges
from O to 1 and reaches 1 when the standard deviation is 0, i.e., the
same QoS across all entities.

QoE measures “the degree of delight or annoyance of the user of an
application or service” [137]. Fairness index F is often used to evaluate
the equity of QoE values among surveyed users. It is defined as

an

where o is observed standard deviation of the surveyed QoE values,
Omax 1S the maximum possible standard deviation. o,,,, is calculated by
the difference between H and L, which are the upper bound and lower
bound of the QoE value. By normalizing the standard deviation, index
F transforms the o of QoE to interval [0, 1] and attains the endpoint at
minimum or maximum standard deviation.

For the usage in various energy-related contexts, Jain’s index was
utilized along with the Gini coefficient as fairness indicators in an
electricity pricing scheme, which aimed to maximize social welfare
while enhancing fairness [104]. Both Jain’s index and F index are used

F=1-0/o4,=1—-20/(H—-L),

max
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in [135] to assess community fairness in their decentralized electricity
market design, where prosumers (consumers who also produce power)
share energy with the community. In the proposed framework, QoS rep-
resents the energy allocated to each individual, while QoE represents
the perceived price of energy.

These fairness indices are also adapted to EVs charging research.
A fair charging mechanism for electrical vehicles, based on a queuing
system, was proposed in [137]. The study defined three QoS and two
QOE criteria for the charging service and calculated their fairness with
F index. Through the integration of these metrics, their weighted
fair queuing approach demonstrated superior performance in terms
of QoS results and fairness level. Also, transactive energy framework
was established for the real-time coordination of EVs with voltage
control [138]. The fairness among EV owners was measured regarding
energy trading volume (QoS) and their satisfaction (QoE) using Jain’s
and F indices, respectively.

Last but not least, while the metrics discussed above primarily
focus on various dimensions of energy equity, Principal Component
Analysis (PCA) has been employed to quantify the tenets of energy
justice [73]. The PCA extracts a single composite “energy justice score”
that captures the dominant variance across all distributional, procedu-
ral, and restorative indicators. This unified index is then used to assess
quantitatively how renewable energy deployment influences the overall
energy justice score at the country level.

5. Incorporating energy justice in policy, planning, and opera-
tions

The review of energy justice and equity definitions and metrics pro-
vides a foundation for recommending how elements of energy justice
can be more effectively incorporated into the energy system. In this sec-
tion, we highlight recent endeavors aimed at promoting energy justice
in policy, planning, and operations in the US, while also delineating
opportunities for future enhancements and progress.

Fig. 9 provides a breakdown of publications discussed in this sec-
tion, categorized by their integration category and equity concerns.
Notably, previous research in policy advancement has predominantly
highlighted disparities across races and income levels, while studies
centered on planning have primarily focused on rural-urban inequali-
ties. Emerging trends in equity concerns reveal an increasing interest in
disabled communities [139], while significant gaps related to religion
or sexuality await attention.

5.1. Policy

Policies are guidelines or programs adopted by governments or
other entities to guide decisions and achieve desired outcomes. Policies
on improving energy justice have been focused on bill assistance, elec-
tricity pricing, and infrastructure deployment. However, these policies
may face challenges of inefficient progress or unintended consequences.

Bill assistance policies can be categorized into two types based
on the target population. The first type primarily concentrates on
aiding low-income families, constituting the majority of bill assis-
tance initiatives. Despite the implementation of various low-income
energy programs like the Low-Income Home Energy Assistance Pro-
gram (LIHEAP) in the US, energy poverty and insecurity persist among
low-income households, particularly in rural areas, minority commu-
nities, and households with vulnerable members [140]. Researchers
criticized the short-term nature of these programs may be insufficient to
address the enduring and structurally racialized consequences of energy
insecurity [41].

The second type of bill assistance policy does not exclusively target
the low-income population. Government and utility programs subsi-
dizing residential rooftop solar power and EV adoption often remain
out of reach for low-income households. While rooftop solar holds
promise for transforming the US electric grid, high adoption costs
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have led to disparities in installation rates across demographics and
regions [139]. To address these inequities, there is a growing focus
on ensuring that low- and moderate-income (LMI) residents benefit
from solar power. Initiatives like the State Energy Strategies project
aim to expand the adoption of solar photovoltaic (PV) technology
among LMI residents and communities, to benefit at least 15,000 LMI
households [141]. Similarly, policies that subsidize EVs to promote
them as a clean alternative mode of transportation have also faced
equity challenges. An equity analysis of the California Clean Vehicle
Rebate Project discovered that, while the share of rebates distributed
to low-income groups and disadvantaged communities increased over
time, high-income buyers received the most share of rebates [142].
They emphasized the need for more equitable incentive policies that
take into account underserved individuals and communities.

Next, electricity pricing is another way to address energy justice
through policy. It recovers utility costs for generation and indirectly
affects energy justice compared to bill assistance [12]. In general, the
common equity considerations in electricity pricing can be summarized
as allocative equity, distributional equity, and transitional equity [143].
Specifically, an allocative equitable tariff charges customers at the same
location and time the same marginal rate for electricity consumption;
distributional equity requires a tariff design to address the equitable
access to electricity services for vulnerable customers, as identified by
local standards; transitional equity considers the fair impact on cus-
tomers when transitioning to new tariff structures. In practice, lifeline
rates and energy affordability policies have been proposed to subsidize
electricity consumption for low-income households [63,144]. Besides,
a justice-aware tariff design has been introduced to account for socio-
economic and demographic profiles to create an equitable locational
hourly tariff [39]. Moreover, while transitioning to more economically
efficient tariffs has been observed to lead to bill increases for low-
income customers in some cases, simple adjustments to tariff designs,
such as discounted fix charges for low-income customers, can help
mitigate these disparities [145]. Interestingly, a recent study suggests
that bill assistance, such as providing direct financial compensation
to low-income households, would be more economically efficient than
subsidizing their utility rates [146].

In contrast, infrastructure deployment policies focus on improv-
ing energy efficiency and have a longer-term impact on alleviating
energy inequity. Weatherization and community Distributed Energy
Resources (DERs) emerge as focal points of such policies. The Weath-
erization Assistance Program (WAP) funds low-income households for
weatherization, aiming to improve energy efficiency in homes [41].
Proposed initiatives like on-bill financing policies with split incentives
seek to amplify the benefits of weatherization for renters while opti-
mizing energy efficiency for landlords [64]. Notably, the Biden-Harris
Administration has taken steps to bolster federal programs targeting
disadvantaged communities, including LIHEAP, WAP, and clean energy
programs, intending to lower energy burdens, increase access to clean
energy, and modernize the grid [147].

Moreover, community DER policies prioritize disadvantaged com-
munities as sites for emerging energy technologies. DERs are small-
scale electricity generation modules that can be integrated into the
power grid, providing significant advantages to retailers and consumers
by reducing cost and emission and increasing power reliability. Pro-
grams such as the California Energy Storage Initiative (SB 700) strive
to integrate revenue-generating energy storage systems in low-income
and underserved communities, ensuring equitable access to this tech-
nology’s advantages [38]. Similarly, initiatives like the Oakland Clean
Energy Initiative (OCEI) aim to replace legacy fossil fuel power plants
with clean energy storage deployment, thereby addressing historical
disparities in energy access and environmental impacts [148].

Despite the promising development of these energy policies, in-
equitable consequences may arise if not given enough scrutiny. Policies
prioritizing economic stimulation may inadvertently overlook energy
justice, as seen in the UK’s fracking policy for shale gas, which shifted
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Fig. 9. Heat map of publication count on integrating energy justice by category and equity concerns. Each literature is categorized into one or more tiles of the heat map based
on its equity concern. The darker blue color of a tile means more publication while White tiles mean no publications identified by authors. Besides, the top bar plot displays the
total count of unique publications for each equity concern; the right bar plot shows the total count of unique publications by category.

focus from community protection to pro-industry benefits, resulting in
distributive injustices [36]. To mitigate such issues, experts advocate
for procedural justice through the energy justice framework, empow-
ering communities in decision-making processes. Moreover, studies
have highlighted disparities in funding allocation within certain clean
energy programs, underscoring the importance of ensuring equitable
distribution among diverse demographic groups [149]. Additionally,
research suggests that asset tests in bill assistance programs dispropor-
tionately affect the lowest-income families and increase administrative
costs [150]. Removing such tests could potentially expand program
accessibility, yet as of 2024, their persistence varies across states,
indicating the need for further evaluation and reform.!

5.2. Planning

Power system planning involves the design and construction of
electricity networks. Publications integrating energy justice into power
systems planning have primarily focused on rural electrification, renew-
able generator allocation, and EV charging station planning.

First, the planning of rural electrification brings utility services to
less developed areas and combats energy poverty. While the progress in
rural electrification has often been sluggish [151], researchers started
to incorporate energy justice in their electrification planning models.
For instance, an electrification planning model minimizing energy ac-
cess inequality has been proposed to determine the location, type,
capacity, and timing of power system infrastructure additions [152].
Specifically, the model minimizes the electrification inequality by re-
ducing the maximum absolute discrepancy between urban and rural
electrification rates. Their application on Uganda’s national power
system suggests that the equal access goal for 2040 can be achieved
by increasing the system cost by only 3%. Similarly, a study on power
system expansion planning in sub-Saharan Africa developed a mathe-
matical model that sought to ensure equal electrification for all urban
and rural regions across the country [153]. This research highlights the
significant impact of varying the timeline for achieving full electrifi-
cation on costs and generation capacity. Furthermore, another study

1 https://liheapch.acf.hhs.gov/tables/assets.htm.
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proposed a generation expansion and transmission planning model
minimizing per-capita energy consumption to achieve justice [3]. By
incorporating stakeholders’ preference for equality, this study found
that a strong preference for equality led to lower overall electricity con-
sumption but higher electrification costs, due to increased investment
in transmission infrastructure. Conversely, indifference to equality re-
sulted in higher overall consumption levels in urban areas but lower
electrification costs.

Second, planning on the equitable allocation of renewable power
plants has surged as renewable energy technologies advance [51]. A
study in Germany models the allocation of different types of renewable
power plants, with a focus on equal distribution of the negative envi-
ronmental impacts [154]. They highlight the conflict between the pur-
suit of equity and planning efficiency. An efficient planning approach
for energy generation follows energy harvesting conditions, such as
placing wind turbines in windy northern regions and photovoltaic
power plants in sunny southern areas, whereas equity considerations
advocate for a more even and mixed allocation of renewable power
plants, which may undermine overall efficiency. Another renewable
power planning study in Switzerland quantified this cost-efficiency
trade-off by examining the balance between regional equity and the
total generation cost [106]. They found that 50% increase in equity
led to an 18% increase in cost, highlighting the challenges of achieving
both equity and cost-efficiency simultaneously in generation planning.

Last but not least, the rising popularity of EVs raises equitable
concerns regarding the planning of EV charging stations. For example,
in California, disparities in access to charging facilities have been
recognized, with data indicating that Black and Hispanic majority
neighborhoods have approximately half less access than other neigh-
borhoods [155]. To address these disparities, a comprehensive four-
stage framework has been proposed to integrate spatial equity into
urban EV charging station planning [156]. By evaluating the spatial
autocorrelation in neighborhoods, the framework can detect significant
spatial patterns of an EV charging station distribution in terms of
residential accessibility. Meanwhile, a machine learning approach has
been developed to optimize the placement of EV charging stations
while considering spatial disparities [157]. Their model predicts the
future charging station density in Orange County, California, using
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the Random Forest algorithm, and optimizes the access equity by
weighing various factors, including vehicle ownership rates, population
density, the percentage of minority populations, education levels, and
household income.

5.3. Operation

Power system operations describe the process of decision-making
from one day to minutes before the power delivery [158]. In contrast
to planning, power system operations have a more immediate and
tangible impact on users. While studies on achieving energy justice
through power system operations are still in their infancy, existing
literature has focused on system reliability, EV charging mechanisms,
and energy community operations.

Power system reliability is significantly influenced by decisions
made in power system operations, raising equity concerns. A study
[100] introduced fairness ratios to assess the distribution of reliability
among end-users based on the energy demand and various reliability
indicators, such as load curtailment, total interruption duration, and
interruption cost. These indicators are evaluated through equity mea-
sures, including the Gini coefficient and variance-based methods, to
assess the impact of reliability on consumers. This approach enables
the real-time evaluation of operational decisions in the power system,
ensuring that the distribution of reliability aligns with energy justice
principles.

Integrating energy justice into the operational aspect of EV charging
has been studied. For instance, study examined the fairness of the
charging order for EVs [159]. They proposed an EV charging ranking
mechanism, based on the demand urgency and fairness, where the fair-
ness is quantified by Jain’s index. This method outperformed existing
charging operation rules by maximizing the number of satisfied EVs.

Recently, the concept of self-sustaining energy community is gaining
more popularity as it operates relatively independently from the grid
and demonstrates significant opportunities to alleviate energy poverty,
boost social inclusion, promote energy-saving measures, and transit
to more sustainable and environmentally friendly energy sources [62,
160]. From the operational perspective, a study [135] demonstrates a
fair self-sustaining energy community model that reflects the true pref-
erence of consumers while protecting their privacy. In this optimization
model, the goals of the community manager, including preserving
fairness, were realized by integrating energy importing and exporting,
penalties, and geographical preferences into the optimization objective.
Another study on self-sustaining energy community system factorized
a fairness index into their optimization model, allowing for equitable
allocation of benefits and the prevention of penalties based on each
member’s contribution to the community [160]. Their approach com-
pensates for individuals who may be suffering from disadvantages,
ensuring a more consistent distribution of benefits to all users.

6. Challenges and opportunities

Based on discussions in previous sections, we can observe limiting
factors that persist in the way to achieve energy justice. Meanwhile, we
explore potential corresponding future work. The challenges and oppor-
tunities can appear in energy justice recognition, tools of measurement,
and integration in policy, planning, and operations, explored below.

6.1. Energy justice recognition

Blurred distinctions among diverse energy justice and equity con-
cepts increase the likelihood of overlooking or congesting research
areas, obstructing the recognition of injustices. While the framework
of energy justice is well established, some categories of energy equity
problems have been ambiguous, such as the mixed-use of “energy
poverty” and “energy insecurity” in some literature. To mitigate such
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confusion, we provided clear definitions of each category and distin-
guished them by their extent of severity in Section 3.2. Even though,
these classifications actually should be further clearly described by
energy types, energy services, and target demographics, which may
enhance the recognition process for energy justice.

Another important issue is the imbalanced recognition of energy
justice. This includes three aspects: First, although energy poverty and
burden are becoming more and more addressed, energy insecurity
and vulnerability deserve more attention because they complement
the landscape of energy justice. Second, communities suffer the most
from energy injustice, as compared to less suffered communities, lack
commensurate studies. For example, a review paper on rural electri-
fication highlights that only 15% of articles focus on countries with
less than 50% electrification rate (defined as the percentage of the
population with access to electricity) [52]. Third, the majority of the
literature has focused on disparities across geographical regions or
income levels, often overlooking otherwise marginalized communities.
For example, existing energy justice papers on planning mostly focused
on the urban-rural gap, often ignoring the special needs of other
underserved communities. All three of these imbalanced recognitions
could lead to biased energy metrics and assistance programs.

6.2. Measuring energy justice

Measuring energy justice from various perspectives provides quan-
titative insights and facilitates actionable progress. However, the mea-
surement of energy justice faces challenges from a lack of high-quality
data and limitations of existing equality indices.

First, lack of data not only leads to inaccurate quantification of
energy inequity but also influences policy designs, as the availability
of collected data significantly influences the design and implementation
of energy assistance policies and programs [141]. Especially with var-
ious innovative energy justice metrics being proposed [3,59,60,153],
acquirement of such data becomes crucial in promoting these metrics
universally. Besides, it is worth noting that the current data collection
processes might suffer from static time frames and financially skewed
surveys, suggesting periodic evaluation for such datasets [59].

Second, the limitations of existing tools for measuring energy jus-
tice need careful consideration. For instance, as we discussed in Sec-
tion 4.1.3, while the Gini Coefficient is widely applied in measuring
energy equities, it reduces the complex social issues to a number and
may cause an improper representation of inequalities.

6.3. Integration of energy justice in planning and operations

Current models have made substantial progress in incorporating
energy justice into planning and operational issues. However, for
widespread acceptance among planners and operators, these models are
expected to accommodate more practical power system constraints. Ad-
ditionally, their objectives could expand from using a single index, such
as an economic goal, to explore other objectives, such as reliability,
environmental impacts, food security, and gender equality could also
be taken into account. Balancing these factors with economic objectives
poses a significant challenge.

Another issue arises from the hardware limitations of power sys-
tems, as the hardware of power system components could restrict
assistance programs to advance energy equity, which can cause delayed
participation for a community and further exaggerated disparity gaps
relative to other communities that have gained access earlier [74].
Hence, synchronizing hardware upgrade of power system is desired to
bring timely and equitable access for underserved communities.
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7. Conclusion

We conclude this review by offering three core takeaways: first,
the definitions of energy justice and equity summarized in this review
create a shared language that removes conceptual barriers and accel-
erates cross-disciplinary collaboration. Second, our curated “metrics
toolbox” saves practitioners from reinventing the wheel and ensures
they can rapidly select the right quantitative measures for any context.
Third, by mapping how justice principles are already shaping energy
policy, planning, and operations, we both highlight current progress
and expose three challenges for future research directions, including
concept alignment, metric innovation, and integrated decision tools.
This review provides a reference for scholars and policymakers on
energy justice and equity.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix. Derivation of Theil indices

Here, we illustrate the derivation of Theil’s T' (7) and Theil’s L (8)
from General Entropy (6). For a constant ¢, according to L’Hopital’s
rule, we have

1/n Z;'=1(qi/pi)a -1

lim GE(a) = lim
a—c a—c
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