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Theimplementation of energy equity is a pivotal goal of the global
energy transition, driven by widespread recognition of energy inequities
worldwide. Energy equity has been broadly regarded as asociological
conceptrather thananengineering one. The absence of technical
engineering methods necessitates the development of ajustified and
sound approach to making energy equity an actionable practicein

the broader realms of energy, environment and sustainability. In this
Perspective, we propose a generalized definition of energy equity from
the engineering perspective of electric power systems. We look at policies
for energy equity that have already been introduced in Europe and

the USA, noting their limited effectiveness, and provide four categories
of classification for current energy-equity research: quantifying energy
equity, improving equity in the accessibility of electricity, improving
equity in the affordability of electricity, and improving equity in the
resilience of power systems. We then set out aroadmap to address
ongoing research challenges in energy equity.
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Perspective

Key points

o Energy equity means fair and just access to energy for everyone:
the challenge of energy inequity worldwide is urgent.

e Energy equity is a sociological concept, and current research often
fails to integrate that concept in the engineering perspective of electric
power systems.

o Although some policies to tackle energy equity have been enacted,
they lack guidelines for actionable engineering solutions.

e Energy equity has been defined in several ways, but here we make
a generalized definition based on power system characteristics.

e Our roadmap for achieving energy equity in electric power systems
incorporates both technical and application challenges.

Introduction

Equity means achieving equal outcomes for all, even though everyone’s
circumstances are different, through the appropriate allocation of
resources and opportunities’. Equity has been studied and applied in
various fields, including economics?, education®and public health*, and
is also relevant in the ongoing energy transition, intended to reduce
greenhouse-gas emissionsin accordance with the 2016 Paris Agreement
on climate change. Ideally, communities of different circumstances
would all benefit equally from a more sustainable energy system, in
terms of economics, environment and reliability, butin reality there are
many energy inequities builtinto the current electrical power system
(Fig.1),and those inequities need to be addressed. Moreover, pollutive
power plants are harmful to human health, and their unequal distribu-
tion, predominantly in low-income areas, contributes to environmental
inequity. Environmental equity emphasizes that every individual has
therighttobreathe cleanair, drink safe water and live ina healthy com-
munity: equitable access to clean energy contributes to cleaner air,
cleaner water and healthier communities.

Energy inequities can take many forms. For example, according
to a 2023 World Bank report’, the percentage of the population with
accesstoelectricity is lower than100% in many countries or regions of
Africa; many people have no accessto electricity at all. The samereport
shows that100% of the population of the USA has access to electricity
(although a2020 article® reported that approximately 60,000 US citi-
zens, particularly in remote areas such as parts of the Navajo Nation,
lacked access to electricity).

But in the USA, access to clean energy is inequitable. Peaker
plants (which run only when there is high demand for energy) and
fossil-fuel-fired power plants with harmful by-products are more likely
tobedistributed incommunities of colour and communities that have
relatively highrates of poverty” . The installed capacity of small-scale
distributed generators, which entail many benefits, is disproportion-
ately smaller in disadvantaged households™, and access to renewable
energy or clean energy also differs among communities with different
incomes or different ethnicities™"*. Low-income households cannot
afford to install distributed energy resources (DERs)", and renters
and households inmultifamily residences cannotinstall rooftop solar
panels’. In 2018, it was estimated that households with an annual
income of more than US$200,000 are about four times more likely to

adopt rooftop solar energy than households with an annual income
of less than US$50,000 (ref. 17). This unequal distribution of rooftop
solar energy has the potential to shift grid costs from high-income
households tolow-income households, increasing the energy burden
of low-income households’®. Similarly, unequal take-up of electric
vehicles is related to income and race: electric-vehicle penetration is
higher in high-income and white-majority or Asian-majority zip code
areas”, and one of the reasons for thisis the lack of adequate charging
stations in low-income areas®®”, more are located in higher-income
neighbourhoods™.

Inthe USA, many households are unable to pay their energy bills or
sustainadequate heatingand cooling indoors, whichis aform of energy
insecurity. The 2020 Residential Energy Consumption Survey showed
that 34 million households (thatis, about 27% of the population) expe-
rienced energy insecurity”. Marginalized groups, individuals needing
medical equipment and those living in low-energy-efficiency houses
were more likely to experience energy insecurity?**. Low-income
households living in low-energy-efficiency houses will spend US$18
more per 100 square feet on utilities than high-income households?,
whichindicatesanincreased energy burdenonlow-income households.
Itis estimated that the energy burdens of low-income and high-income
households in the USA are about 10% and 3.3%, respectively**. Moreo-
ver, there is a higher energy burden in disadvantaged counties with
larger populations of people who are older, impoverished or disabled,
aswell asthose with limited access to healthinsurance”. Toreduce their
energy burden, low-income households are more likely to use unsafe
alternative energy sources (that is, wood and peat) to save money,
which exposes them to indoor air pollution — one of the most critical
global public-health threats?®*. By contrast, low-income households
may also use less energy by sustaining unsafe indoor temperatures
in summer and winter***', Additionally, time-of-use rates and carbon
taxes increase the energy bills of households with older and disabled
occupants and exacerbate energy inequity*> .

When extreme events occur, households with different incomes
have different electricity consumption behaviours. Affected by
three severe winter storms in 2021, service areas in Texas with more
minority populations were four times more likely to lose power than
white-majority neighbourhoods®; Black, Hispanic and Asian popula-
tions made up 72% of carbon-monoxide-poisoning cases owing to peo-
ple using unconventional heating sources”. In California, the energy
distribution systems of low-income communities during wildfires are
a safety deficit®®. During the COVID-19 pandemic that began in 2020,
more people at home during the day led to increases in household
electricity consumption®, increasing energy burden of low-income
households. It was estimated that Hispanic households were 4.7 times
more likely than white households to be disconnected from the grid
during the early period of the pandemic and 2.4 times more likely to
be disconnected after 12 months (ref. 25).

Itshould be noted that userincome of course influences electric-
ity consumption behaviour, and addressing income disparity will
contribute to addressing the energy-equity problem. With higher
or more equitable incomes, households can afford adequate energy
consumption, which improves equity in the affordability of energy.
However, this only addresses one aspect of the energy-equity problem
(affordability), and not two other key aspects, namely, accessibility
and resilience: for a community located along a distribution feeder
with inadequate clean-energy infrastructure or a poorly maintained
distribution network, anincrease in household income alone may not
improve access to cleanresources or the ability to restore power after
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Our community is equipped with
rooftop photovoltaic systems.
Power outages are brief because
we have a back-up generator

Power outages occur frequently,
and, following extreme weather
events, our outage durations
are prolonged
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Fig.1|Energy inequity in electric power systems. In an electric power system,
there may be households in remote areas that are not connected to any power
systems. There may also be low-income households that cannot afford their
electricity bills, do not have distributed energy resources or frequently lose
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power after extreme weather. However, the opposite is usually true for high-
income households — they might have rooftop photovoltaic systems or electric
vehicles, beinvolved in demand-response projects and have their power supply
restored quickly following extreme weather events.

extreme weather events. Addressing income disparity is also a much
bigger challenge, and tackling energy inequity concurrently is essential
to achieve a swift and effective energy solution.

Although energy inequity in electric power systems is an urgent
problem, there is a lack of effective solutions or even comprehensive
understanding. In this Perspective, we first analyse the scope of terms
related to energy equity and give a generalized definition of energy
equity from an engineering perspective. We briefly review present
policiesto achieve energy equity in Europe and the USA and comment
ontheir drawbacks. Then we discuss existing research on energy equity
in electric power systems across four aspects of energy equity: quan-
titative methods, accessibility, affordability and resilience. Finally,
we build aroadmap, setting out the problems to be solved in relation
toenergy equity.

Definitions
Termsrelevantto energy equity include energyjustice, energy burden,
energy poverty, energy security and energy vulnerability.

Energy justice

The concept of energy justice is based on environmental justice and
aims to provide all individuals, across all areas, with safe, affordable
and sustainable energy*®*". This concept has been refined into three
dimensions, namely, distributional justice, procedural justice and

recognition justice*'. Restorative justice has been added as a fourth
dimension, which means mitigating the influence of historical energy
injustice in energy systems*,

Energyburden

Energyburdenis defined as the percentage of gross householdincome
spent on energy costs, which is calculated by dividing the average
energy cost by the average annualincome*. Here, energy cost is defined
astheamountof household expenditure on electricity, natural gas and
other fuels (including fuel oil and wood). Energy burden only consid-
ers the costs of energy, although other terms (such as energy justice)
include multiple aspects.

Energy poverty

Energy povertyis the situationin which households are unable toaccess
sufficient energy services®. In addition to a higher energy burden,
households experiencing energy poverty tend to lower their household
energy consumption***,

Energy security

The International Energy Agency defines energy security as the unin-
terrupted availability of energy sources at an affordable price*®. The
dimensions included in energy security include the ability of users
to pay energy bills*>*"*, users’ energy consumption behaviour*® and
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the ability to protect systems from disruption by natural, human or
technological phenomena®.

Energy vulnerability
The World Energy Council defines energy vulnerability as the degree
to which energy systems are able to cope with adverse events*’. This

concept encompasses multiple dimensions such as energy access®*?,

energy efficiency®", energy security™, energy affordability®">, energy
intensity’>**** and total energy consumption®***,

Energy equity

Atpresent, there are many definitions of energy equity®* % each with

adifferent emphasis, such as sharing the benefits and burdens of the
grid, expanding the inclusion and participation of individuals from
underserved communities in all of the programmes offered by the US
Department of Energy and the private energy sector, or ensuring the
affordability of electricity. Although these definitions provide valuable
insights, their focus on particular dimensions of energy consumption
or energy systems does not fully encompass the broader perspective
needed to approach energy equity from an electrical-engineering
perspective.

Toaddress this limitationand integrate the engineering perspec-
tive of electric power systems with the concept of social justice, in this
Perspective we define energy equity as: equal access to energy, equal
affordability of energy and equal ability to restore energy supply in
the face of extreme events, regardless of the user’s race, income or
social status.

Thelogicof this definitionis aligned with the engineering process
to provide reliable electricity service to consumers. In other words, a
consumer needs to have access to energy service first; then, that energy
service should be affordable; and finally, the service must be resilient
to disturbances or faults to minimize energy-service interruption.
It should be noted that equal ability to restore energy supply means
ensuring that users with similar criticality levels have equal potential
and opportunities for energy-supply restoration after outages: impor-
tantloads (forexample, hospitals, fire departments and police stations)
should still have high priority in the restoration list.

Existing policies for energy equity

The United Nations Sustainable Development Goal of affordable and
clean energy (SDG 7) calls for the world to ‘ensure universal access to
affordable, reliable, sustainable and modern energy’. Some countries,
particularlythoseinEurope,andthe USA, haveenacted aseriesof energy-
equity policies to achieve this goal, but many countries or regions of the
world have yet to dedicate major policies or attention to energy equity.

Energy-equity policiesin Europe

To achieve the goal of energy equity, the European Commission has
created the Just Transition Mechanism, which includes a fund of
€19.7 billion, a budgetary guarantee for the region-based Territorial
Just Transition Plans within the InvestEU funding programme, and the
creation of theJust Transition Platform providing collective technical
and financial support. Beyond this European-Union scheme, many
countriesin Europe are also focusing on national solutions to the energy
poverty problem. The UK, for example, uses an energy-burden metric
toassess whether households are facing energy poverty and determine
thelevel of support they need*. Italy has proposed a metric that com-
pares incomes and expenditures with local averages and considers
absolute heating needs, to obtain energy-poverty levels®’, whereas

Poland applies amultidimensional index of building quality and ability
to pay bills®.

These policies are useful to some extent, and they address ineq-
uity at both macroeconomic and microeconomic levels. However,
the expected results may be weakened owing to the lack of technical
implementation details and various uncertainties in the process of
policy demonstration®.

Energy-equity policiesin the USA

The Climate and EconomicJustice Screening Tool was developed within
theJustice 40 Initiative of 2023 to identify disadvantaged communities.
However, it was found that placing greater emphasis on the ‘vulner-
ability communities’ identified by the screening tool is not effective
inthe context of wildfire resilience investments. Allocating 40% of the
totalbudget or 40% of the total load-shed reduction to these communi-
ties failed to reduce power outages and mitigate wildfire risk for Indig-
enous groups, who experience higher load shedding. Thisis due to data
loss and the lack of context specificity in the generalized vulnerability
criteria used by the Climate and EconomicJustice Screening Tool®>. The
US Department of Energy runs the Weatherization Assistance Program
to increase energy efficiency by improving energy systems in houses.
The Low Income Home Energy Assistance Program provides federally
fundedassistance, whichis administrated at the statelevel, toreduce the
costs associated withhome energy bills, energy crises, weatherization
and minor energy-related home repairs. However, a clear definition of
energy povertyisnotincludedineither the Weatherization Assistance
Program or the Low Income Home Energy Assistance Program; more-
over, households who forgo energy consumptionto pay for other neces-
sities are not considered. These two programmes cannot, therefore,
assist alllow-income households. It is estimated that the Weatherization
Assistance Programserves about 100,000 households per year, which
is far fewer than the 36 million households eligible nationally®.

Many cities and states in the USA have also taken measures to
reduce the energy burden of households. For example, Minneapolis,
Minnesota, created a Climate Equity Plan, which requires the number
of households with a high energy burden (more than 4%) to be reduced
tozero®. In Houston, Texas, a weatherization programme has been pro-
moted toreduce residential energy consumption and the energy bur-
denoflow-income households®. In Washington state, the Clean Energy
Transformation Act adds and expands energy assistance programmes
forlow-income households®’. Most of these policies use eitherincome
or energy burden, not both, as the criterion for determining eligibil-
ity and hence may miss the assistance needs of medium-income or
high-income households. For example, medium-income households
that have anotable energy cost owing to the use of medical equipment
by olderresidents are noteligible for assistance underincome-oriented
policies®®. Also, some low-income households who intentionally limit
their use of electricity to reduce energy costs may not be eligible under
programmes that are energy-burden-oriented®**’. Thus, bothincome
level and energy burden should be considered.

Several cities and states have developed policies that attempt to
solve the problem of unequal access to DERs. For example, Washington,
DC, launched the Solar for All Program to provide solar electricity
t0 100,000 low-income households by 2032 (ref. 67). The state of
Illinois developed its own Solar for All Program, providing incen-
tives for low-income distributed generation and community solar
projects®. The Self-Generation Incentive Program enacted by the Cali-
fornia Public Utility Commission allocates dedicated funds toincrease
the adoption of battery storage in lower-income and high-fire-risk
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of our definition of energy equity — accessibility, affordability and resilience.
b, These quantitative models can also be divided into three levels of social
structures — country, neighbourhood and households.

communities®®. Oregon’s Solar + Storage Program provided more
rebates for low-income and moderate-income households toimprove
equity ininstalling DER®. Although these financial incentives have had
some success inincreasing adoption equity, in general the incentives
have declined over time and some have even expired. Indeed, studies
now indicate that photovoltaic incentives and energy policies are
ineffective at increasing equity of DER adoption®7073,

To ensure equity of resilience after extreme events, many state
governments enact emergency policies to protect users during crises —
such as banning disconnection from energy supplies or allowing pay-
ment extensions and energy-bill reductions™. The State of Alaska’s
COVID-19 policy, for example, disallowed utilities from charging late
feesorinterest to households experiencing financial hardship during
the emergency or from disconnecting their residential utility service
owing to non-payment”. Although these measures were effective in
theshortterm,inthelongruntheyincreasetheburdenonlow-income
users: because energy debts are shifted to future bills, once theimple-
mentation period is over, low-income users start to incur huge energy
bills, which can even lead to bankruptcy®~°.

Categories of research in energy equity

We categorize the existing efforts to study energy equity in electric
power systems into four categories. The categories are: quantitative
indices of energy equity, improving equity in the accessibility of elec-
tricity, improving equity in the affordability of electricity and improving
equity in theresilience of power systems.

Quantitative indices

Toanalyse the energy-equity problem effectively, it is essential to inte-
grate the sociological concept of energy equity with the engineering
characteristics of power systems. A number of different quantitative
indices have been developed for such analysis. The classification
summary of the quantitative models based on the three aspects of
our definition — accessibility, affordability and resilience — is shown
in Fig. 2a.

In terms of accessibility, there are two methods: access to
electricity’®”’; and external indicators taken from other fields of
study, such asJain’s fairness index’® and the combined approach of
Wilson coefficients and the Gini coefficient’’. Much existing research
has focused on affordability and here multiple quantitative indices
have been proposed to quantify energy equity, including electric-
ity price and per capita electricity consumption’’’, and the house-
hold income-based method, focused on concepts such as energy
burden***%°-%2and net energy return, whichis the ratio of netincome
(thatis, income minus energy expenditure) to energy expenditure®.
The comfortable-temperature-based method has also been proposed,
which refers to the different outdoor temperatures at which house-
holds turntheir electricity-based cooling and heating units on and off
between low-income and high-income households®***. To quantify
resilience inequity, an indicator combining the recovery time and
outage frequency has been suggested®.

These quantitative indices can also be categorized based on social
structure — country, neighbourhood and households — as shown in
Fig.2b. To quantify the degree of energy equity for a country, the World
Energy Council in partnership with the consulting firm Oliver Wyman
published three indexes: access to electricity, electricity price and
petrol and diesel prices™. Indexes for access to electricity and per
capita electricity consumption have been developed to analyse
energy equity in Bangladesh, India, Nepal, Pakistan and Sri Lanka for
the period 2000-2017 (ref. 77). Recovery time and outage frequency
havebeen combined to analyse resilience equity of neighbourhoods®.
For households, quantitative methods for assessing energy equity can
bebroadly divided into three categories: the household income-based
method**7#86¢8081 the comfortable-temperature-based method***!
and the quantitative method based on indicators from other fields’>”°.
(Thedetails of these three categories are the same as mentioned earlier).

In either approach (Fig. 2a,b), there is at least one quantitative
index for evaluating energy equity in each aspect. However, existing
quantitative indices do not capture the inequity of access to DERs,
give a comprehensive assessment of users’ income and electricity

Nature Reviews Electrical Engineering | Volume 2 | October 2025 | 694-702

698


http://www.nature.com/natrevelectreng

Perspective

consumption or analyse whether users are more vulnerable to power
outages. The lack of acomprehensive quantitative systemfor analysing
energy equity in power systems remains abarrier to further research.

Improving equity in accessibility

Existing research on energy accessibility focuses mainly on access to
clean energy and consists of two categories of technical problem: the
planning problem for electric-vehicle charging stations, and the siting
andsizing problem for DERs. An optimization framework considering
equitable resilience and resource utilization has been proposed to
guide the development of charging infrastructure for electric vehicles
across New York City®, Energy management of smart parking lots has
beendeveloped, considering social equality in access, to optimize the
generating and storage schedules of mobile charging stations®. To
minimize the energy burden of agiven population of energy-insecure
households, alinear programming model has been used to calculate the
optimal portfolio of interventions, including weatherization, rooftop
solar energy, community solar energy and community wind energy*®.
Generalized guidelines for installing distributed generators have been
proposed to reduce the energy burden of low-income households and
achieve energy equity in distribution systems®2,

All the aforementioned studies have considered energy equity
during the planning optimization stage, but none has quantified the
rates of access to DERs. Therefore, the effectiveness of these models
inimproving the equity of accessibility remains to be investigated.

Improving equity in affordability

Currently, the research that we classify as improving equity in afford-
ability is focused on the analysis of electricity pricesin the distribution
market. Time-of-use rates have increased the bills of households that
have older and disabled occupants because these populations have a
greater reliance onenergy for medical equipment and are constrained
inload shifting®. Policies based on volumetric consumption to recover
fixed costs favour affluentincome groups®*: inrelation to this problem,
abilevel model considering economic efficiency and energy equity was
developed to study the optimal design of retail electricity tariffs; the
study concluded that the most efficient policy was to provide financial
compensation directly to low-income households®’. However, in the
USA, thereis alack ofinformation exchange between the Federal Inter-
nal Revenue Service and utility companies, and the implementation of
such income-based compensation policies would require changes in
the political and legal landscape®.

A mechanism to charge users equitably has been proposed,
which regularizes the distribution-system operator’s social wel-
fare objective function with Jain’s index of fairness”® — however,
the charge mechanism emphasizes fairness, rather than improving
affordability for low-income households. In the peer-to-peer market,
ashareholding-based resource-sharing mechanism was proposed to
share distributed-energy-resource assets and to improve individual
energy utilization and energy equity’’. This mechanism assumed that
all households have a DER and an energy storage system, but many
low-income households have neither. Considering energy equity in
the constrained electricity market-clearing model, an energy-equity-
driven multiplayer framework has been proposed to establish differ-
entiated pricing for participants based on theirincome levels®*: market
participants were divided into three layers — high burden, medium
burden and low burden. The market-clearing process was conducted
sequentially, starting with the high-burden layer and progressing to the
low-burden layer, thereby promoting energy equity. However, although

this approach addresses energy equity through energy burden, other
factors such as variations in energy consumption behaviours need to
beincluded in future studies. In conclusion, current research has not
fully solved the problem of affordability equity.

Improving equity in resilience

Resilience refers to the ability to ‘keep the lights on’ during extreme
events such as summer heatwaves, wildfires and polar vortices; reli-
ability pertains to maintaining power during not-so-extreme events,
suchasequipment failures, owing to ageing or protection-device mal-
functions. Both concepts emphasize the capacity to supply electricity
after disturbances, but extreme events often lead to more severe and
widespread infrastructure damage. If grid resilience is improved, it
follows that the grid must also be robust enough to maintain good
reliability under less severe conditions. In other words, a power system
that provides adequate resilience for all users, including low-income
communities, also ensures acceptable reliability. Therefore, in this
Perspective we prioritize equity in resilience.

Energy equity related to the resilience of power systems has not
been extensively studied. However, unequal resilience is a pressing
problem, as low-income households tend to be in areas where distri-
bution facilities are in poorer condition and are thus more vulnerable
to power outages. To solve this inequity, a cost allocation scheme
withanincome threshold has been proposed to improve distribution
facilities, and it requires that if a household’s income falls below the
threshold, the cost is borne by utility-wide ratepayers; otherwise, the
cost is borne locally*. Considering that electric vehicles can serve as
power resources over short time periods, an optimization framework
for the allocation of charging stations has been proposed to improve
the equitable resilience of power systems and resource utilization®.

Thereare three steps for dealing with extreme events and improv-
ing theresilience of power systems: planning before events, operation
during events and recovery after events. Energy equity should be
considered at each step, but research thus far has focused primarily
on the stage of planning before events. More research on improving
equity of resilience is needed.

Challenges in achieving energy equity

Thereis stillalong way to go to achieve energy equity in electric power
systems. We now set out aroadmap (summarized in Fig. 3) toimplement
energy equity, highlighting both technical and application-related
challenges.

Technical challenges
Energy-equity-enabled metrics. Energy equity is asociological prob-
lem. Itis generally difficult to solve technical problemsin electric power
systems while simultaneously considering sociological factors because
thereisnobridge between the elements of power-system models and
the elements of sociological concerns. The energy-equity problem calls
foraquantitative set of metrics to create that bridge and cover this gap.
There are economics-oriented and resilience-oriented indices
that can be used to characterize power systems — for example, DER
access rate, electricity bills and outage duration and frequency, as
shown in Fig. 3. A quantitative system of energy equity can be built
from the power-system perspective by revising or expanding these
existing indices to develop specific new considerations or indices of
energy equity. As previously discussed, several quantitative indices
developed inresearch on energy equity are based on existing indices
used to characterize power systems. For example, the energy burden
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obtained based onelectricity bills has been used to analyse the energy
equity in power systems***?, and the indicator combining the recovery
time and outage frequency has been applied to analyse the resilience
inequity of neighbourhoods®.

Energy-equity-oriented planning. Systeminvestors tend to optimize
the operation state of power systems orimprove the resilience of power
systems by installing distributed generators, energy-storage systems
and electric-vehicle charging stations or by upgrading system infra-
structure. These problems are formulated as an optimization model,
which contains variables and parameters that are based on common
measures in electric power systems. Here again, it is difficult to inte-
grate the sociological concept of equity into the original engineer-
ing problem. Specifically, in addition to the challenge of developing
adaptive quantitative indicators of energy equity, it is also difficult
to integrate the indicators into the original optimization model and
then solve the model.

Apossible approach to deal with the aforementioned difficulties
isto create quantitative indicators of energy equity based on measures
in electric power systems and then integrate those indicators into
the objective function (which defines the goal of the optimization),
or model energy-equity requirements based on those indicators as
additional constraintsin the original optimization model. For example,
energy burden can be used to quantify energy equity, then constraints
onenergy burden can be added to the original model to optimize the
strategy for installing distributed generators — the result is greater
equity in the affordability of the distribution system®.

Energy-equity-equipped operation. Economical and stable opera-
tions are key for electricity users. At present, the electricity price is
determined by minimizing the cost of generation. For low-income areas
inapower system, this electricity price may still be too high to maintain
a comfortable lifestyle. Additionally, downstream households in the
distribution system — often low-income households — will have higher
prices owing to voltage limits and power losses if local and distribution
market operationisimplemented®’. Thereis urgent need toimprove the
equity of affordability by considering energy equity in the electricity
pricing mechanism.

In terms of the electricity price in the transmission market, the
goal of achieving affordability equity could beregarded as a penaltyin
the generation cost function. Then, part of the electricity price willbe
formed from energy inequity. For instance, an additional component
has been incorporated into the locational marginal price to reflect
power system uncertainties in market clearing®¥. The clearing and
pricingmechanisminthe distribution marketis changed by emphasiz-
ing energy equity as a goal of energy trading. This shift, which incor-
porates sociological concerns in the engineering problem and leads
todifferent solutions, has been demonstrated in peer-to-peer energy
sharing. It has been observed that consideration of specific users’social
attributes (such as income and power usage habits) in peer-to-peer
energy sharing leads to different scheduling strategies at the demand
side compared with those obtained without considering these factors®.

Application challenges

Gap between research and practical application. In electric-power-
systems research, usually standard test systems or simplified test
systems with sufficient measurements are used. However, low-income
communities may be served by a small utility that does not have com-
plete measurements and data or the resources for full-scale complex

Solving technical problems

Energy-equity-enabled metrics
Affordability
e Consumption « Outage frequency
* Energy burden » Qutage time
 Price sensitivity » Outage sensitivity

Accessibility Resilience
o Access to electricity

* DER access rate

Energy-equity-oriented planning Energy-equity-equipped operation

Add equity indicators in the
original problem to improve
energy equity in accessibility
and resilience

Consider equity indicators in
the original price-setting
mechanism to improve
energy equity in affordability

( J
1

Solving application challenges

Fill the gap between research and practical
applications and solve the difficulties in
formulating policy for practical applications

Fig. 3| Aroadmap forimplementing energy equity in electric power systems.
There are two steps inimplementing energy equity in electric power systems:

first, the analytical method and thenits application. The analytical step involves
building a quantitative system of energy equity and solving power-system planning
and operation problems with a strong focus on energy equity. In the application
step, the challenges are to bridge the gap between research and practical
applicationand to enact useful policies. DER, distributed energy resource.

analysis. In this case, generalized guidelines obtained from multiple
test systems could be helpful. An example of a generalized guideline
giventoimprove equity in affordability is that it is generally more effec-
tivetoinstall distributed generators near low-income communitiesin
the downstream of feedersif there are multiple low-income communi-
ties spread throughout a distribution system®. Further generalized
guidelines should be sought, toimprove other aspects of energy equity
in low-income communities.

Difficulty of formulating policy for practical applications. Fun-
damental transformations of the present power-system scheme are
inevitable if the goal of energy equity is to be achieved. An effective
policy and its successful implementation rely heavily on consensus
and acceptance by abroad group of participants, including low-income
and high-income communities. Hence, the reasons forimplementing
energy-equity policy need tobe clearly recognized. Those reasons are:
first, thatenergy inequities among consumers within an electric power
system can exacerbate community polarization and cause social and
economic challenges; second, that the absence of affordable energy
can impede the participation of low-income households in a range
of career-development paths and reduce societal productivity; and
third, that achieving energy equity ensures low-income households
canalso meet their individualized essential needs (unlike a flat-rate dis-
countor rebate programme which does not recognize or differentiate
households of differentincome levels).

Energy-equity policies should not only meet the basic needs of
low-income communities but also convince other communities, such
as high-income communities, that everyone will benefitin the long run.
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Perspective

Previous practice and approachesto equity ineducation, now accepted
by broad communities, might offer some useful insights for imple-
menting energy equity. For instance, communities with high-value
properties incur higher property taxes, part of which can be used to
fund primary and secondary (K-12) schools that benefit low-income
familiesin the same area®; and the provision of free school lunches to
students fromlow-income families isnow abroadly accepted approach
forachieving educational equity. Similarly with energy, itis necessary
to explore broadly acceptable technical approaches for long-term
benefits, such as DER planning strategies, variable tariff rates based on
income and tariff compensation mechanisms for low-income commu-
nities. Sound research studies and subsequent policy implementations
have the potential to achieve energy equity inaccessibility, affordability
andresilience in the future.

Published online: 24 September 2025
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