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The exploitation of limited energy resources can generate socio-economic inequalities calling for a combination
of justice with the socio-technical study of modern energy systems to advance its understanding and remedia-
tion. Within this context, this paper uses energy justice and econophysics as theoretical and methodological
frameworks to discuss issues of energy poverty in Mexico. The results emerging from this research illustrate
that, according to data from2014, around 61% ofMexican households suffered from energy poverty due to issues
of accessibility or affordability of modern energy services and fuels (with 11.54 % of households facing both types
of energypoverty). This paper provides a novel approach that combines advanced quantitativemethods based on
econophysics, with conceptual frameworks from social sciences like energy justice to discuss issues of energy
poverty in Mexico. Furthermore, this research performs an approximation to energy consumption in Mexican
households based on monetary expenditure, the heat value of fuels and unit prices during 2014. These methods
contribute to the understanding and characterisation of household energy needs and energy consumption in
Mexico, reducing the existing gap in the academic literature on the analysis and critical thinking of energy pov-
erty in Global South contexts (specifically in Latin America).
© 2022 The Authors. Published by Elsevier Inc. on behalf of International Energy Initiative. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Although energy consumption and development are widely seen as
interdependent (Goldemberg, 2001; Pasternak, 2001; Dias et al., 2006),
the impact of the former on the latter is not the same in all countries,
gaining relevance for low and middle-income countries (Martínez
& Ebenhack, 2008). Existing inequalities in energy systems can be
identified through, for instance, examining the use of various energy
resources (Yao et al., 2020) or the distribution of burdens and bene-
fits (Jenkins et al., 2016a, 2016b), regardless of whether their energy
systems are operated by the state, private sector or both. The distri-
bution of these energy resources, or their generated wealth, can be
explored through the two-class structure of income distribution
(Chakrabarti, 2013) or the Gini coefficient corresponding to an expo-
nential function for global energy consumption per capita (Banerjee &
Yakovenko, 2010), frequently revealing stable characteristics across dif-
ferent countries.
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Over the last decade, energy justice has provided diverse analytical
tools and conceptual frameworks to assess the distribution of benefits
and burdens from energy systems, allowing researchers to identify the
processes behind suchmisdistribution and recognise themost vulnera-
ble groups (Jenkins et al., 2021). Within this context, frameworks like
the three tenets of energy justice (McCauley et al., 2013) and the energy
justice principles of availability and affordability (Sovacool & Dworkin,
2015; Sovacool et al., 2016) serve as theoretical and methodological
approaches to explore different aspects of issues emerging from energy
systems, such as energy poverty.

As a concept, energy poverty emerged mainly from the experience
of countries in the Global North, notably the United Kingdom, and
has been traditionally constructed by studies focusing on the low-
affordability of fuel and heating services (Li et al., 2014; Sovacool,
2015). Nevertheless, it is essential to recognise the contextual under-
standings of the society in which energy poverty and notions of justice
are to be studied and applied, as studies focusing on countries from
the Global South can provide different approaches or interpretations
of energy poverty (Castán Broto et al., 2018; Monyei et al., 2018). Due
to the lack of accurate data on energy consumption and taking into
account the contextual importance of energy according to the society
tiative. This is an open access article under the CC BY license (http://creativecommons.org/
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in which it is studied, alternative methodologies (compared with
the UK origins of this research field) have emerged to study energy
consumption related to poverty. These methodologies include Jiang
and O'Neill (2004) approach to derive energy consumption from the
expenditure on energy services and fuels, and the method suggested
by García-Ochoa and Graizbord (2016a, 2016b) to measure energy
poverty based on meeting absolute energy needs. Being such a
complex societal phenomenon (influenced by age, geography, in-
come, level of education, etc.), it is necessary to use qualitative and
quantitative methods and an interdisciplinary approach to capture
and discuss energy poverty's complexity (Sovacool et al., 2017;
Thomson et al., 2022).

As Thomson et al. (2022) highlight, it is crucial to develop
research on energy poverty in countries like Mexico to breach the aca-
demic knowledge gap around this phenomenon in regions like Latin
America. Especially inMexico, where academic literature in energy pov-
erty can be reduced to six publications (Ibid.). Against this background,
this paper explores the study of energy poverty in Mexico within the
theoretical framework of energy justice tenets developed by McCauley
et al. (2013) and the principles of availability and affordability initially
suggested by Sovacool and Dworkin (2015). In addition to this distinct
theoretical framing (elaborated in sections Energy justice and Energy
poverty below) and the geographical expansion of energy poverty
research in Latin America, this paper provides a methodological contri-
bution by drawing from econophysics to analyse the existing data on
energy consumption and socio-economic conditions of Mexican house-
holds (further explained in section Econophysics).

Conceptual framing

Energy justice

Guruswamy (2010) coined the term ‘energy justice’ as a concept that
seeks to combine justice (first virtue of social institutions) with energy
(fundamental need and key determinant for human progress). Years
later, the term was endowed with its first conceptual frameworks and
elements drawn from environmental justice (McCauley et al., 2013).
Since then, energy justice has thrived, becoming a recognised and
well-developed area of academic scholarship (Jenkins, 2018; Van
Veelen et al., 2019), aiming to create a positive impact by influencing
energy policy (Jenkins et al., 2016a, 2016b).

According to Heffron and McCauley (2017), the scholarship has
three main conceptual frameworks, two of which are relevant to this
paper due to their direct implication for the study of energy poverty.

The first framework, proposed by McCauley et al. (2013), considers
three tenets of energy justice that address social justice concernswithin
energy systems: distributional, recognition and procedural justice.
Distributive justice calls for the equitable distribution of costs and
benefits coming from energy systems among all members of society,
regardless of socio-economic status, race, or gender, among others
(Jenkins et al., 2016a, 2016b). Recognition justice draws attention to
the specific needs, conditions and characteristics of particular social
groups, avoiding forms of cultural domination, degradation and devalu-
ation (McCauley et al., 2013), or the distortion in people's opinions that
might come across as despicable or degrading (Schlosberg, 2003). Pro-
cedural justice concerns access to decision-making processes, calling
for fair and equitable processes that involve all stakeholders in a partic-
ipatory, impartial and non-discriminatorymanner to pursue social goals
(Jenkins et al., 2016a, 2016b). Therefore, within this framework, energy
justice aims to apply these three tenets throughout the energy system
(Jenkins et al., 2016a, 2016b). Thus, energy justice serves as a concep-
tual framework to link energy production and consumption research
through the principles of distributional, recognition and procedural jus-
tice (Ibid). This integral vision of justice allows us to raise questions
about how the different levels of energy needs are recognised and
addressed in society (Gillard et al., 2017). Our paper mobilises the
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three tenet energy justice framework to explore how energy poverty is-
sues in Mexico relate to the dimensions of distributive, procedural and
recognition justice.

The second framework of relevance for this work was initially pro-
posed by Sovacool and Dworkin (2015), conceptualising energy justice
as a set of eight principles. Although this original framework has slightly
changed over time by adding, replacing or modifying different princi-
ples (Sovacool et al., 2017), the principles of availability and affordabil-
ity have remained, being of particular interest for this research. The
principle of availability can be understood as the ability of a given en-
ergy system to guarantee the provision of sufficient energy resources
when needed, encompassing the availability of technological solutions,
infrastructure or physical and economic resources in the energy system
to ensure energy needs aremet (Sovacool & Dworkin, 2015). Under this
premise, the principle of availability includes the accessibility to the
technologies or devices that enable people to enjoy energy services.
Consequently, the deprivation or lack of access to modern energy ser-
vices, also understood as energy poverty (Sovacool et al., 2016), directly
violates the energy principle of availability. This link between the prin-
ciple of availability and energy poverty through the accessibility or dep-
rivation of energy services is of great relevance for the discussions in this
paper. On the other hand, the principle of affordability in energy justice
is defined as the right for people, including the poor, to pay no more
than 10 % of their income for energy services (Sovacool & Dworkin,
2015; Sovacool et al., 2017). Such definition has a clear link with
Boardman's (1991) seminal work, which, as the next section will illus-
trate, provided one of the first definitions of energy poverty based on
an absolute measure to identify fuel poor households.

One of themain limitations of the energy justice frameworks lays in
the ambiguity present in some of the definitions and terms (Monyei
et al., 2018, 2019). As an example, despite the widespread of energy
justice, some authors such as Monyei et al. (2018) argue that its frame-
works are not yet complete and that it has failed to provide ample
exploration and tangible definitions for concepts like ‘sufficient’ en-
ergy access and mobility. Such ambiguity manifests, for instance,
when trying to define the meaning of ‘sufficiency’ of high-quality
energy services for the satisfaction of human needs or financial bur-
dens for consumers, both relevant for the discussions in this paper
and related to the principles of availability and affordability.
Energy poverty

Energy is fundamental to providing services like cooking, refrig-
erating or lighting, as well as efficient and reliable transportation
and telecommunication services, among others (Sorrell et al.,
2020). Furthermore, lack of access to modern energy services can
trap groups, communities and countries in vicious circles of poverty,
social instability and underdevelopment (International Energy
Agency, 2004). In an effort to avoid such vicious circles, the UN in-
cludes access to clean and affordable energy as one of the UN sustain-
able development goals (SDGs) (UN, 2020). Within this context, the
link between energy use and well-being has been increasingly
mobilised in development discourses since the beginning of the
20th century with the expansion of the electricity grid in the Global
North (Reynolds & Hughes, 1984; Nye, 1999).

As an area of academic interest, energy poverty has been explored
extensively over the last decades (Li et al., 2014). Such exploration
has happened mainly in the United Kingdom (UK) where the concept
of fuel poverty emerged during the 1980s (Li et al., 2014; Day et al.,
2016). The concept of fuel poverty was coined in response to serious
concerns related to heating standards in British households (Ministry
of Fuel andPower, 1946;Morris, 1961), in parallelwith the oil crisis dur-
ing the 1970s (Owen, 2010), bringing a strong focus on the affordability
of fuels and services (Li et al., 2014; Sovacool, 2015). The concept of fuel
poverty evolved to amorewidely definition of energy poverty, reaching
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organisations like the European Commission and the International
Energy Agency (EIA) (IEA, 2020; European Commission, 2021).

Although both energy poverty and fuel poverty are descriptors of
household energy consumption issues, they are typically used to repre-
sent different problems. Energy poverty is generally defined as the lack
of access tomodern energy services, frequently focusing on countries of
the Global South. On the other hand, fuel poverty is mainly used in
countries from the Global North (especially the UK) to describe the in-
ability to afford adequate heating services in households (Bouzarovski
& Petrova, 2015). Nevertheless, fuel poverty and energy poverty con-
cepts are sometimes used as synonyms to describe issues related to
the distribution of energy services, sharing common elements, depend-
ing on the geography where households are located and their economy
(Li et al., 2014).

Some pioneering works on fuel poverty adopted the so-called ‘sub-
sistence approach’, according to which “a household is poor when its in-
come does not cover different basic satisfiers necessary to maintain
people's physical efficiency” (Price & Rowntree, 1902). For instance,
Lewis (1982) defined fuel poverty as the inability to afford adequate
heating in the household, taking the subsistence approach as a refer-
ence. Subsequently, the seminal work of Boardman (1991) linked fuel
poverty in households to income, proposing a clear definition of a
poor fuel home based on fuel expenditure. Under this definition, a fuel
poor household is the one which spends >10 % of its income on fuel
costs. The relevance of this absolute 10 % expenditure to identifying
households facing energy poverty has been mobilised in different stud-
ies, especially in the global north (Balaskas et al., 2021; Tundys et al.,
2021; Das et al., 2022), but with increasing participation of countries
in the global south (Olawumi Israel-Akinbo et al., 2018; Pablo et al.,
2019).

Nevertheless, it is essential to recognise that the definition of energy
poverty has changed over time. Initially Boardman's 10 % definition of
fuel poverty in the UK covered only the cost of heating a space to a par-
ticular temperature, typically 21 °C (Boardman, 2012). However, actual
expenditure on energy services and fuels can actually vary dramatically
if other expenses, such as mobility, are included. It is in such cases that
proposals such as Hills' for a context-specific relative definition of en-
ergy poverty that considers a combination of household income, house-
hold needs and energy costs must be considered and applied. In 2013
Hills (2011, 2012) proposed the ‘low-income high cost’ measure.
Under this new criterion, a household suffers from fuel poverty if
its residual income (after fuel costs) falls below the poverty line.
This is a relative measure instead of the initial Boardman's definition
of 10 % of income spent on fuel (Li et al., 2014). Although often
connected, economic poverty does not necessarily lead to energy
poverty. For instance, people facing economic poverty might still
have access to affordable thermal comfort if they have an energy-
efficient home or heating system. In contrast, other economically
well-off people might not be able to afford adequate heating without
high quality technologies or infrastructure (Bradshaw & Hutton,
1983). Therefore, increasing income can reduce household poverty
more broadly without necessarily tackling energy poverty issues
(Howden-Chapman et al., 2012). Since energy poverty is a broader
concept, even encompassing fuel poverty, some authors have pro-
posed to extend this concept further. For example, Sovacool et al.
(2012) suggest that mobility and power should be included as essen-
tial energy services. It has also been argued to include the lack of
good options to access these services in an affordable, reliable, ade-
quate, quality, safe and environmentally benign manner for eco-
nomic and human development (Parajuli, 2011).

The energy justice principle of affordability incorporates energy pov-
erty under one of its main conceptual frameworks (Sovacool et al.,
2017), making this absolute value of 10 % of household expenditure
on energy services a handy tool to identify Mexican households facing
energy poverty in this research. Moreover, addressing energy poverty
within an energy justice framework could facilitate identifying and
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remediation of energy injustices across different social strata fairly
and inclusively, facilitating the mobilisation of energy justice tenets
and principles (McCauley et al., 2013). How energy poverty ismeasured
and vulnerable groups are identified remains a challenge for re-
searchers; it is here where econophysics can shed some light on the
matter.

Econophysics

The term econophysics emerged during the 1990s, coined by H. E.
Stanley, to characterise the contributions of physics in economics and
finance (Mantegna et al., 2000). The kinetic theory of gas collision in-
spires econophysics literature to suggest alternative mechanisms to
the traditional economics that use stochastic processes to describe the
variation in individual income/wealth (Kalecki, 1945; Chakravarty &
Ghosh, 2009). Thus, econophysics examines the regular patterns ob-
served in the distribution of income (and wealth) as statistical prop-
erties arising from the dynamic interaction of various bodies or
agents equivalent to the energy transfer resulting from collisions be-
tween the atoms of a gas. Such interaction-based models had been
suggested and promoted by some statisticians Angle (1986, 2006)
and economists (Bennati, 1988) previously. Still, it was not until
the 1990s, when econophysics emerged, that these models became
widely used (Mantegna et al., 2000).

Econophysics literature argues that the unequal distribution
of wealth among individuals or companies can often be analysed fol-
lowing central concepts for thermodynamics and statistical mechanics,
such as the Maximum Entropy Principle. Entropy is originally defined
in physics as the unavailability of a system's thermal energy for conver-
sion into work, which also relates to the amount of order in a given sys-
tem (Brissaud, 2005). However, it was not until Shannon's Theory of
Information Transmitted through Communication Channels was
published that entropy was mobilised to understand socio-technical
systems (Shannon, 1948; Montroll, 1981). Within this context, some
econophysicists have become involved in the study of energy consump-
tion, recognising the importance of understanding quantitative
characterisations of existing inequalities (Banerjee & Yakovenko,
2010; Lawrence et al., 2013). For example, Banerjee and Yakovenko
(2010) argue that an exponential distribution can describe the distribu-
tion of countries depending on energy consumption per capita, with the
number of high energy consumption countries (most in the Global
North) decreasing dramatically. It is also argued that inequality in global
energy consumption could be closely related to the worldwide redistri-
bution processes of fossil fuels, causing the distribution of global wealth
inequity to fit accordingly with this constraint (Lawrence et al., 2013).
These examples of econophysics facilitate the elaboration of insights
related to the lack of distributive justice comprising the gap in energy
consumption between countries in the Global North and the Global
South as measured by the Gini coefficient.

Despite the great systemic importance of energy inequality, econo-
mists have little research on the extent and evolution of global energy
inequality compared toworks on income and consumption. Partially in-
spired by this gap, this work suggests using tools and methods from
econophysics to analyse energy poverty and inequality in household
energy consumption, discussing the results through the lenses of
energy justice.

Methods

Data on income, expenditure and characteristics of Mexican house-
holds were analysed using Python programming language version 2.7
and Microsoft Excel version 365. Data was collected from Mexico's
National Household Income and Expenditure Survey (ENIGH) and its
Module of Socio-economic Conditions, carried out every two years by
the National Institute of Statistics and Geography (INEGI, 2015) and
published on its website for free and public access. In addition to
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collecting information on income and expenditure, this survey in-
cludes socio-demographic information about households, such as
health, education, social security, access to essential services, house-
hold appliances, etc.

The available records are only a representative sample of all house-
holds in Mexico, including a numerical factor that indicates the number
of households they represent on a national scale. Such representative-
nessmeans that the results and discussions in this papermust be under-
stood as a useful but speculativemodelling of a highly complexMexican
energy poverty landscape. The sample size includes 19,124 households
representing 31,128,396 households nationwide (each household re-
cord in the sample consists of a weight, indicating the number of house-
holds it represents nationally).

The records from INEGI include sufficiently disaggregated data to
allow a detailed analysis of the amount, organisation, and distribution
of household income and the destination of household expenditures
for different goods and services. These records also contain information
on the family composition, goods and assets (i.e. refrigerators, automo-
biles, light bulbs, etc.) held by the surveyed households. The dataset
does not include personal information of any kind as INEGI anonymises
it, so the privacy of households is not compromised, maintaining their
personal and social identities. Finally, the use of household data is for
purely academic and non-profit purposes in line with the criteria set
out in OECD (2016) research ethics standards. These methods are de-
scribed in the following sections.

Accessibility of energy services: meeting absolute energy needs

García (2014) points out that the key to understanding energy
poverty is to define households' needs and satisfiers through the
way energy is used. Therefore, any deprivation of these needs
would imply living in energy poverty. Against this background,
García created the Meeting of Absolute Energy Needs (MAEN)
method taking up Sen's ideas (Sen, 1981) on the complementarity
between absolute and relative deprivation. Such an approach implies
the differentiation between categories of absolute needs (subsis-
tence, protection, affection, entertainment, participation, leisure,
creation, identity and freedom) from existential needs (being, hav-
ing, doing, interacting) and satisfiers (e.g., shelter, work, privacy,
equal rights, language, religion, etcetera) (Max-neef et al., 1992).
Since, for Max-neef, Sen and García fundamental human needs are
the same in all cultures regardless of the historical and geographical
context, they become finite and classifiable. Consequently, it is possi-
ble to measure energy poverty through the Household Energy
Poverty (HEP) Index. The HEP index measures the lack of ownership
of the economic goods or appliances in households listed in Table 1,
causing deprivation of energy services for households to satisfy such
absolute needs (García, 2014; García-Ochoa & Graizbord, 2016b).

To obtain the HEP index, García identifies six basic energy end-
uses for the satisfaction of the absolute, axiological human needs
Table 1
Selected six key energy services for the Household Energy Poverty Index (HEP). Summary
based on García-Ochoa and Graizbord (2016a).

Energy service Selected economic good Absolut need satisfied

Food cooking Gas or electric stove Subsistence
Food refrigeration Refrigerator (1998 or later models) Subsistence and protection
Entertainment TV or computer with internet access Entertainment, leisure

and creation
Lighting Incandescent bulb or fluorescent

lamp per room in the house
Protection,
entertainment, pleasure
and creation

Water heating Water heater or electric/gas stove Subsistence and
protection

Air conditioning
or ventilation

A fan for every three people in a
household or air conditioning

Subsistence and
protection
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proposed by Max-neef et al. (1992) listed in the fourth column of
Table 11. To select economic goods necessary for different final uses
of energy, García performed a comparative analysis on each device,
its share in the total energy consumption, the percentage of homes
that have each device, and the social impact that its deprivation
would represent. Thus, if a person or household does not have access
to the economic goods or appliances (listed in Table 1), that person or
household is considered in energy poverty as it cannot satisfy its
human needs through an energy service (García-Ochoa & Graizbord,
2016b). For the case of air-conditioning or ventilation energy end-use,
García-Ochoa proposes to take it into account for the HEP index only
for households in geographic locations where the average annual tem-
perature is above 26 °C.

Once the final energy uses, economic goods and absolute needs have
been defined, the HEP index can be constructed assumption a house-
hold is living in energy poverty if:

HEP xið Þ < 1 ð1Þ

where:

HEP xið Þ ¼ 1
n
∑
n

i¼1
xi ð2Þ

In these equations xi corresponds to the different selected economic
goods from Table 1. The summation is done up to n depending on the
climate where the household is located, as stated by García-Ochoa and
Graizbord (2016a): if the household is in a hot climate location, n = 6
as it will require ventilation/cooling appliances; otherwise, in
temperate climate households, n = 5, excluding these appliances.
Hence, a household has the selected economic good to satisfy the
corresponding absolute need, then xi = 1, otherwise xi = 0. Thus, any
lack of an economic good leads to HEP(xi) < 1, meaning that the
household would face different degrees of energy poverty.

Approximation of household energy consumption based on their monetary
expenditure

The second method used in this work is based on the percentage of
income that Mexican households spend on energy services and fuels.
This method is based on Boardman's (1991) definition embedded in
the energy justice principle of affordability (Sovacool et al., 2017),
which states that any household spends 10 % or more of its income on
energy and fuel services will be considered energy poor. This method
is therefore slightly different from Boardman's initial approach based
on an expenditure to satisfy energy needs which vary across geogra-
phies or households (for Boardman and theUK the focuswas on heating
for keeping houses at 21 °C as previously discussed). Additionally, as the
definition of energy poverty has been traditionally limited to heating,
Sovacool proposed to include expenditure for mobility and mechanical
power, broadening the conceptualisation of fuel poverty (Sovacool
et al., 2012). Such conceptualisation implies the inclusion of expendi-
ture on gasoline due to the high number of vehicles registered. Accord-
ing to official figures, in 2014, there was a vehicle fleet of >25 million
cars in Mexico (INEGI, 2021), approximately one for each fiveMexicans
or almost one per household (excludingmotorcycles, trucks, cargo vans
and passenger trucks). Thiswork considers the relevance of such fuel for
theMexican case in contrast to the low figures of expenditure on energy
1 These end useswere identified byGarcia analyzing information from the 2011 reports
of the Ministry of Energy (SENER) and the Institute of Statistics (INEGI) in Mexico. More
recently, ECLAC reports show different variations in the percentages of the distribution
of energy consumption for final use in the residential sector, with cooking occupying the
highest percentage in use and not water heating, as García states in his 2014 paper. This
does not exclude theuse of the economic goods listed in Table 2 for these energy end-uses.
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services focused on household heating due to most temperate climates
throughout the territory. On the other hand, the expenditure on public
transport would be a very relevant statistic to include as it is captured
by the ENIGH data. Other studies related to energy and transport pov-
erty highlight the importance of public transport in understanding en-
ergy poverty related to transport (Lowans et al., 2021; Sareen et al.,
2022). However, the level of data aggregation of the survey does not
allow us to identify relevant information related to its analysis, such as
the type of transport, fuel or the percentage of the fare that is directly
used in fuel consumption. Solving such lack of data aggregation repre-
sents a methodological barrier that scapes to the scope of this
study. However, this challenge also represents an opportunity to im-
prove the current state of statistical tools existing in the country.
Therefore, we make a call for academics and decision makers to
work jointly on addressing this issue to have a better grasp on how
energy in transport is used in Mexico.

Additionally, much ofMexico's energy services and fuels are concen-
trated in cooking andwater heating (García-Ochoa&Graizbord, 2016b),
either with electricity or with some fossil fuel like liquified petroleum
gas. I addition, some households also use some form of biomass (fire-
wood, charcoal) for the same purposes. Although official figures for
the use of this type of fuel are debatable (Sánchez-Peña, 2012), the
National Forestry Commission in Mexico (CONAFOR, 2013) argues
that some rural households could use firewood to satisfy around
80 % of their energy needs. Nevertheless, official figures reported in
the ENIGH seem to only include firewood that is purchased, which
might underestimate the fact that much of the firewood is collected
rather than purchased (Santos González et al., 2012; Silva Aparicio
et al., 2018). Consequently, although this work relies on the statistics
from ENIGH on purchased firewood, it makes a call to further de-
velop the surveys that facilitate to better quantify energy sources
like recollected firewood. The fuels and energy services under con-
sideration for this work are listed in Table 2.

Approximation of household energy consumption based on their monetary
expenditure

The methods for measuring energy poverty mentioned so far con-
sider only monetary values (affordability) or accessibility/deprivation
of energy services without measuring the amount of energy used at
the end of the production chain. Obtaining the amount of end-use
energy in households helps deepen the recognition of energy poverty.
Thus, we can identify household energy consumption by the level of
accessibility/deprivation or expenditure, providing a first approxima-
tion to the amount of energy needed to satisfy absolute needs and the
required expenditure. Nevertheless, in Mexico, it was not until 2018
that a specific survey was conducted to measure energy use in the res-
idential sector. Such information gap impedes studying the temporal
behaviour of energy consumption and expenditure on energy services
at the household level. Nevertheless, this work provides an approxima-
tion of energy consumption based on the methodology suggested by
Jiang and O'Neill (2004), allowing to transform monetary expenditure
Table 2
Average price and heat values per fuel or energy service in Mexico in 2014.
Sources: Estimations based on (Castillo et al., 2012; CFE, 2014; CONAFOR, 2014; SENER,
2014).

Fuel/service Average price in 2014 ($/unit) Heat value

Electricity 0.0036 per GJ –
Petroleum liquified gas (PLG) 13.762 per kg 0.046 GJ/kg
Natural Gas (NG) 13.94 per GJ –
Coal 9.8 per kg 0.03 GJ/kg
Firewood 3.2 per kg 0.015 GJ/kg
Oil 13.94 per liter 0.038 GJ/l
87 Octane gasoline 13.31 per liter 0.0311 GJ/l
92 Octane gasoline 14.11 per liter 0.0314 GJ/l
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of fuels and services into energy values considering unit prices and
heat values2 of fuels or services in Mexico for 2014 (See Table 2).

Once the information on prices and calorific values is obtained,
energy consumption in households can be calculated from their ex-
penditure on these fuels or services using the following equation,

HEC ¼ ∑
n

i¼1

AFEi
AFPi

� CVFi ð3Þ

where:HEC = Total Household Energy Consumption in Joules.
AFE = expenditure on the ith fuel in monetary values.
AFP= price of the ith fuel in monetary values per unit ($/kg or $/l).
CVF = Heat value of the ith fuel in Joules/kg or Joules/liter.
It is vital to notice that energy values do not consider losses due to

the efficiency of appliances nor losses due to the storage, distribution,
or transmission of energy. Therefore, the energy per household ob-
tained represent an approximation of the actual energy consumption.

Results

In order to make a comparison between the MAEN method (based
on accessibility) and themonetary expendituremethod, a filter was ap-
plied to use data from households reporting; 1) quarterly expenditure
on energy services; 2) responses to questions about the goods consid-
ered in the MAEN method; and 3) quarterly income. Such filter meant
to reduce the sample to 18,102 households, representing 29,901,931
households in Mexico (96.15 %).

The following sections provide the results obtained for themeasure-
ment of energy poverty in Mexico according to the methods previously
described. Section Energy poverty by accessibility provides the results
from the MAENmethodology related to accessibility of energy services,
while section Energy poverty by affordability present the results follow-
ing the absolute value of 10 % expenditure from total household income
related to affordability. Both methods are subsequently used for the
identification of households suffering from both types of vulnerabilities
in section Mexican households experiencing double energy poverty:
vulnerability status based on issues of affordability and accessibility of
energy services. Finally, the distributions of household energy expendi-
ture from 2008 to 2014 are shown, and Jiang and O'Neil's methodology
is used to estimate household energy consumption during 2014 in sec-
tion Distribution and inequality of energy monetary expenditure and
consumption.

Energy poverty by accessibility

Based on the MAEN method proposed by García-Ochoa and
Graizbord (2016a), theHEP indexwas obtained tomeasure energy pov-
erty by accessibility. Tables 3 and 4 (below) are developed considering
access or deprivation of the economic goods described in Table 1, con-
sidering the geographical location of households and the temperature
of this location. Table 3 shows the HEP index and the number of house-
holds that do not require thermal comfort (fans or air conditioning),
while Table 4 contains the cases where households in locations
with annual average temperatures above 26 °C, make a requirement
of these appliances.

Thus, under the MAEN method, there were 11,613,578 households
suffering fromdifferent degrees of energy poverty inMexico, equivalent
to 38.84 % of the total national figure of households. These results are
closely aligned with those reported by García-Ochoa and Graizbord
(2016a, 2016b), meaning only a slight increase in the number of poor
households by 1.84 % compared to numbers from 2012 reported by
the authors.
2 The heat value ismeasured inunits of energy/mass or energy/volume and is defined as
the amount of heat energy released during the combustion of a specific amount of fuel.



Table 3
EstimatedMexican households in energy pov-
erty in areas where climatic conditions do not
require thermal comfort, segmented accord-
ing to HEP score. The estimated number of
households that fall into energy poverty by
the MAEN method are highlighted in yellow.

HEP Index Household %

0 37,516 0.3

0.2 162,962 1.1

0.4 367,557 2.5

0.6 455,911 3.1

0.8 2,842,711 19.6

1 10,646,465 73.4
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Energy poverty by affordability

Under the same conditions as in themeasurement of poverty by the
MAEN Method, household income and expenditure datasets for 2014
were used. The items of expenditure on energy services and fuels are
those considered in Table 2. Therefore, although this method follows
Boardman's definition of energy poverty (Boardman, 1991) and the en-
ergy justice principle of affordability (Sovacool et al., 2017), our defini-
tion includes household expenditure on gasoline (transport in private
vehicles), following the ideas of different studies (Robinson & Mattioli,
2020; Martiskainen et al., 2021). Using the criterion of 10 % or more of
the income spent on the energy services and fuels listed above, the
quotient between expenditure and income is calculated, finding
10,164,200 Mexican households living in energy poverty, represent-
ing 34 % of the total Mexican households.
Mexican households experiencing double energy poverty: vulnerability
status based on issues of affordability and accessibility of energy services

The similarity in energy poverty figures obtained by the accessibility
and affordability principles raises a question related to the distribution
of houses facing energy poverty due to issues of affordability, accessibil-
ity of energy services, or both. The subsequent application of both the
MAEN and the monetary expenditure methods to the same dataset,
demonstrates that 3,449,280 Mexican households (11.54 % of total)
face energy poverty both through deprivation of energy services and
an excessive monetary expenditure on energy services and fuels. Addi-
tionally, the average energy consumption at each level of deprivation
was approximated using Jiang and O'Neil's methodology. The results
Table 4
Estimated Mexican households in energy
poverty in areas where climatic conditions
need thermal comfort, segmented according
to HEP score. The estimated households that
fall into energy poverty by this method are
highlighted in yellow.

HEP Index Household %

0 57,526 0.4

0.17 456,055 3.0

0.33 662,488 4.3

0.5 766,663 5.0

0.67 1,315,700 8.5

0.83 4,488,489 29.2

1 7,641,888 49.7
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are shown in Tables 5 and 6, highlighting in yellow the number of
households suffering both types of energy poverty, being the most
vulnerable households.

The results highlight that energy poverty due to monetary expendi-
ture occurs at all levels of deprivation of accessibility to energy services.
Moreover, vulnerability related to monetary expenditure occurs in
households without any issues of accessibility (HEP index equal to 1),
adding up to 6.7 million households in both tables. The data also
shows some counter intuitive results such as, the average amount of en-
ergy being used per household being lower at HEP = 0.2 (0.17 for
households requiring thermal comfort) than HEP = 0 (households
with a higher level of energy poverty by accessibility). Even households
atHEP=0 (that do not require thermal comfort) consumemore energy
on average than households with HEP = 0.4. These results might be
considered contradictory, since households at level 0 lack all the ser-
vices covered by the MAEN method. A possible explanation for this is
that households at level 0 use a higher amount of ‘dirty’ and inefficient
fuels with high heat values, such as firewood, coal, or oil than house-
holds within the next highest index. Finally, it could be striking that
the households in greatest energy poverty due to deprivation that do
not require thermal comfort (HEP = 0, 0.2 and 0.4) spend on average
>10 % of their income on energy services and fuels. However, this result
is reversed in households that require thermal comfort, with the lowest
levels of energy poverty (HEP = 0.83 and 1) spending, on average,
>10 % of their income on energy services. These results in combina-
tion with the high average quarterly energy consumption could sug-
gest that households experiencing lower levels of energy poverty
due to deprivation are more energy-dependent, making them more
likely to suffer energy poverty due to monetary expenditure.
Distribution and inequality of energy monetary expenditure and
consumption

The distribution of monetary expenditure on energy services is
relevant for characterising energy poverty by affordability and thus,
identifying vulnerable groups. Fig. 1 shows histograms of monetary ex-
penditure on energy by Mexican households over ten years. As a first
impression, this figure shows the high left skewness of the data, leading
to a logarithmic analysis of the data to reduce its dispersion around its
mean and avoid working with a heavy tail in the data.

After applying a logarithm to the data for each period and normalis-
ing the histogram, some statistical properties of the data emerge. First, it
is possible to appreciate the stability of the distribution of monetary ex-
penditure over time. Fig. 2 shows that except for some deviations, the
histograms of monetary expenditure remainmore or less stable around
amean value ranging between 50 and 400USD (between 4 and 6 on the
X-axis in Fig. 2 on the logarithmic scale). Secondly, as these distributions
are stable around a mean point, it is possible to recognise normality in
the log-log scale monetary expenditure energy data. Fitting these data
to a Normal Distribution (red curve in Fig. 2) on this scale yields corre-
lation coefficients between the data and this theoretical curve >0.9 in
almost all years (the remaining relevant parameters of these distribu-
tions are shown in Table 7). This implies that a log-normal distribution
would adequately fit the shape of the data on a linear scale. The implica-
tions of such stability in the distribution of monetary expenditure are
briefly addressed in the next section.

Table 7 notes the slight change in the average logarithm of expen-
diture μ since 2010 and the constancy of the standard deviation σ
throughout the whole period. The quasi-stability of these parame-
ters is an indication that, despite variations (primarily increases) in
the prices of energy services and fuels, there are no drastic changes
in the behaviour of consumers of these services and products, and,
overall, Mexican households maintained their energy consumption
patterns. This same table shows the Gini G coefficient for expendi-
ture on energy services and fuels, showing that inequality in energy
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Table 5
Key indicators of households that do not require thermal comfort by deprivation level. Households experiencing energy
poverty by affordability and by accessibility are highlighted in yellow.

HEP Index 0 0.2 0.4 0.6 0.8 1

Households 37,516 162,962 367,557 455,911 2,842,711 10,646,465

Households spending >10% of income in energy 12,572 33,125 60,767 108,460 922,447 3,341,658

Average expenditure (% of total income) 10.52% 10.01% 16.31% 9.02% 9.40% 9.51%

Average quarterly energy consumption (GJ) 2.81 1.34 2.38 4.04 5.58 8.53

Total households 14,513,122
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expenditure has an upward trend in 2008–2012, then dropping back
a bit and stabilising just below 0.56.

Measuring energy poverty at three different levels of expenditure
(below 31 USD, between 31 USD and 366.5 USD, and above 366.5 USD)
levels of the distribution in Fig. 4 during 2014 yields noteworthy
results, shown in Table 8. Although these results will be discussed
in the next section, it is essential to highlight how all expenditure
levels show levels of energy poverty either in terms of affordability
or accessibility.

A graphical representation of inequality using the Lorenz curves
is shown in Fig. 3. Note the increase in the area under the ideal
curve in blue, indicating a gradual increase in inequality in monetary
energy consumption.

The last plot presented is the complementary cumulative distribu-
tion function (CCDF) of household energy consumption obtained
using Jiang and O'Neil's method (Fig. 4). This adjustment was made in
line with the trend in econophysics of two different distributions.
Most of the households (98 %) seem to follow an exponential distri-
bution (red curve), while a minority (2 %) seem to be well fitted by a
Pareto distribution (green curve), similar to income distribution.
This behaviour is similar to the one described by Yakovenko for the dis-
tribution of energy consumption per capita worldwide (Lawrence et al.,
2013). The meaning behind the duality of the distribution of energy
consumption will be briefly addressed in the next section.

Discussion

The study of energy poverty in Mexico and other Latin American
countries remains a persistent gap in the existing academic literature
(Thomson et al., 2022). Sheinbaum et al. (1996) argued that during
the 1970s, 1980s and 1990s, the number of individuals per household
was regarded as a more important factor for measuring energy con-
sumption than income or prices. Other studies (Sánchez-Peña, 2012;
Franco & Velázquez, 2016) have already shown the importance of
socio-demographic factors in energy consumption for Mexican house-
holds, based on Jiang and O'Neill (2004) methodology. However, none
of these works measured the number of households in energy poverty
conditions. It was not until Garcia's works (García, 2014; García-Ochoa
Table 6
Key indicators of households that require thermal comfort by de
affordability and by accessibility are highlighted in yellow.

HEP Index 0 0.17

Households 57,526 456,055

Households spending >10% of 
income in energy

12,258 68,027

Average expenditure (% of total 
income)

7.87% 6.28%

Average quarterly energy 
consumption (GJ)

1.45 1.32

Total households 15,388,809
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& Graizbord, 2016b), that other few studies in Mexico (six including
the work of Garcia-Ochoa) continued with this effort (Thomson et al.,
2022). Therefore, this paper contributes to the exploration of energy
poverty in Mexico and Latin American countries through the use of
statistics and econophysics as secondary data analysis, framed in
the energy justice tenets. In the following sections, we discuss this
novel contribution to the measurement of energy poverty for the
case study of Mexico, also elaborating on how the results from this
research contribute to theorisations of energy justice and energy
poverty.

Energy justice as distribution and recognition: identifying types and levels
of energy poverty in Mexico

Regarding distributional justice, the individual application of MAEN
and monetary expenditure methods in 2014 expenditure data allows
for an account of the distribution of energy poverty burdens in Mexican
households based on their socio-economic and geographic features.
Particularly, theMAENmethod enables the identification of households
suffering from energy poverty due to a lack of access to modern energy
services, thus preventing households from satisfying their absolute en-
ergy needs. The most prevalent final energy uses among Mexican
households are cooking, water heating, lighting, and entertainment.
On the other hand, Boardman's method accounts for the number of
households suffering from energy poverty due to a high percentage of
income spent on energy and fuel services. Themost significant expendi-
tures are gasoline, electricity, and liquefied petroleum gas (LPG). The
similarity of the distributional figures obtained by each method raises
the question of whether the same households suffering from energy
poverty due to deprivation of energy services (issues of accessibility)
also suffered fromexcessivemonetary expenditure (issues of affordabil-
ity). The results presented in this work allowed to open an even deeper
discussion grounded on the subsequent application of both methods in
combination, leading the discussion toward the tenet of recognition.

First, it was possible to identify the most energy-vulnerable group.
These households experience what might be defined as double or over-
lapping energy poverty since they require a highmonetary expenditure
to pay for energy services, and yet they do not have all the necessary
privation level. Households experiencing energy poverty by

0.33 0.5 0.67 0.83 1

662,488 766,663 1,315,700 4,488,489 7,641,888

99,880 151,273 388,727 1,591,744 3,373,262

6.47% 7.92% 8.28% 10.26% 12.11%

1.62 2.61 4.26 6.73 11.08
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Fig. 1. Histograms representing the distribution of monetary expenditure on energy ser-
vices and fuels by Mexican households from 2008 to 2018.

Table 7
Parameters of the log-normal distributions that best fit the data: average of logarithm of
expenditure μ, standard deviation σ, and correlation coefficient ρ2, Gini index G
and entropy H for the 2008–2018 period.

Year <μ> σ ρ2 Gini (G)

2008 4.942 1.088 0.912 0.519
2010 4.448 1.259 0.914 0.565
2012 4.456 1.324 0.892 0.581
2014 4.679 1.249 0.919 0.559
2016 4.345 1.270 0.915 0.556
2018 4.547 1.292 0.902 0.558
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satisfiers tomeet their energy needs. Even if the distributive figures rep-
resenting a solution for applying both methodologies individually lead
to similar figures of energy poverty in Mexico, in isolation, they miss-
recognise this most vulnerable group. Slightly >1 in 10Mexican house-
holds live in this situation. Two out of three of these most energy-
vulnerable households are in states with hot climates, which means
they require thermal comfort. The recognition of these households by
their geographical location and type of population, and their consump-
tion habits for the satisfaction of their absolute energy needs should
allow the implementation of concrete strategies targeted to minimise
their energy vulnerability. Lack of recognition or misrecognition of
these households could condemn them to a vicious circle of poverty
from which they will not be able to escape, affecting other aspects of
the household such as education or health. The satisfaction of the abso-
lute energy needs of households at the worst level of energy poverty by
deprivation is compromised or unsatisfied by modern energy services,
forcing them to use ‘dirty’ fuels as substitutes, especially for cooking or
heating. Despite the relatively small number of households experienc-
ing double or overlapping energy poverty, it is vital to recognise them
as the most vulnerable groups in the situation of energy poverty.

The results obtained from the different methods used in this work
allow us to recognise the complexity of the energy poverty problem in
Fig. 2. Normalised histograms of monetary expenditure on energy services and fuels in
logarithmic scale and normal curve fit.

207
the country. Thus, although the importance of economic, geographical
and behavioural factors for the satisfaction of energy needs was
recognised, it would be interesting to evaluate the role that other factors
have in energy decision-making, such as education, type of employment
or gender. Furthermore, considering geographic information systems
(GIS) to explore energy poverty in Mexico would further enrich the
MAEN method, which already considers the average annual tempera-
ture of the state where the household is located. The use of GIS tools
would also allow a much more precise characterisation of energy pov-
erty in Mexico, as Chatterton et al. (2016) demonstrated with machine
learning algorithms implemented to find common patterns (clusters)
among socio-demographic, geographic and economic data of house-
holds in the UK. Poruschi and Ambrey (2018) also used these methods
to illustrate how a higher urban density corresponds to a higher proba-
bility of experiencing fuel poverty in Australia. Hence, this work opens
the debate to implement this type of technique in socio-demographic,
geographic and economic data to make a punctual characterisation of
energy poverty in Mexico.

Multicausal energy poverty in Mexico: energy poverty by accessibility and
affordability

This paper suggests that, in Mexico, having a high level of monetary
expenditure, it is more likely to suffer from energy poverty by afford-
ability, as households require >10 % of their income to pay for energy
and fuel services. At the other extreme, the situation is reversed, with
fewer households using >10 % of their income to pay for energy and
fuel services. However, when measuring the capacity to meet their
basic energy needs, most of these households suffer from energy
poverty, which means that in this region of the distribution mone-
tary expenditure is not a determinant factor of their vulnerability.

Another interesting result is that the low affordability of energy
services and fuels permeates all levels of energy poverty by depriva-
tion or the energy principle of availability. This result is not minor
and highlights the multicausal nature of energy poverty in Mexico.
As the level of poverty due to incapability of meeting absolute energy
needs decreases, the percentage of households spending >10 % of
their income on energy by level of deprivation stagnates at around
26 %. Such results suggest that in the group of households located
in hot climates (i.e., requiring thermal comfort), up to 44 % of house-
holds that do not suffer from energy poverty due to deprivation
do live in energy poverty due to monetary expenditure. In other
Table 8
Energy poverty figures at different expenditure levels.

Energy poor by
(% of total households)

Level of expenditures

Expenditure
< 31 USD

31 USD ≤
expenditure
≤ 366.5 USD

366.5 USD <
expenditure

Total households 16.1 % 67.4 % 16.5 %
Affordability 0.4 % 22.6 % 11.0 %
Accessibility 10.8 % 25 % 3.1 %
% of total residential energy consumed 1.4 % 48.6 % 50.0 %
Average income spent on energy (%) 2.7 % 10.3 % 17.0 %

Image of Fig. 1
Image of Fig. 2


Fig. 3. Lorenz curves of expenditure in energy for each year from 2008 to 2018. Note
the shift to the right in the curves, increasing the area and, therefore, the estimates
of inequality.
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words, it seems that in Mexico access to the goods needed to satisfy
absolute energy needs (avoiding energy poverty by issues of accessi-
bility) causes some households to acquire new levels of expenses
that make them fall into energy poverty by expenditure. This phe-
nomenon may be explained because as levels of deprivation are
overcome, new needs such as mobility begin to be acquired, and
with it, the purchase of motor vehicles or even larger and more
energy-consuming household appliances. This compromises the
economic stability of households, as their income may not be suffi-
cient to maintain the new levels of consumption acquired, thus fall-
ing into energy poverty by expenditure.

Conversely, up to 34.5 % of households that meet none of their abso-
lute energy needs (HEP=0, households not requiring thermal comfort)
also suffer from energy poverty due to affordability (see the second col-
umnof Table 3). Themost significant expenditure in these households is
on firewood and gasoline, without full consideration of potential costs
associated with variables like time spent by people in recollecting
Fig. 4.CCDF of household energy consumption during 2014, built on Jiang and O'Neil's
methodology. Notice the dual behaviour of the distribution, fitted with exponential
distribution for the bulk of the data (red dotted curve) and power-law for the highest
values (green curve). The minimum value from which the power-law begins Emin is
shown in green.
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wood (Santos González et al., 2012) which its outside of the scope of
this work. Therefore, it could be concluded that most households in
Mexico (around 61 %) suffer from at least one type of energy poverty
(access or affordability), and in the worst case, from a combination of
both (11.54 % of households). Therefore, only a little <4 out of 10 house-
holds in Mexico are free from suffering any kind of energy poverty.
Thus, in Mexico, the issue of energy poverty mutates from an issue
of accessibility to modern energy services to a problem of affordabil-
ity of these required services, with most households suffering any of
these two types of energy poverty in 2014.

This transition from energy poverty by accessibility to energy pov-
erty by affordability could be explained by different aspects that force
households to change their consumption habits. Households that have
already met most or all their absolute energy needs are likely to seek
to meet a new satisfier, such as mobility, as suggested by Sovacool
et al. (2012). This new satisfier generates a new consumption habit, as
is the use of gasoline for motor vehicles or the acquisition of a cooling
system. Consideration of this new satisfier would create newmethodo-
logical issues. The main variable would be the inclusion of motor vehi-
cles in the HEP index for satisfying the fundamental axiological need
of subsistence, protection, or even leisure and entertainment. Although
arguably, not all households require a private vehicle for the displace-
ment of theirmembers, they do requiremeeting theirmobility or trans-
portation needs differently. Therefore, the index may consider either
the ownership of a vehicle or the possibility of using public transporta-
tion for their displacement. This addition, in turn, forces an increase in
the consideration of a 10 % of income spent on energy services and
fuels as an absolute value for the energy poverty line. Alternatively,
Hills' relative approximation based on a poverty threshold and the re-
sidual income aftermonetary expenditure on energymay be considered
to contextualise energy poverty in Mexico (Hills, 2011, 2012). Such
recognition of public transport as a relevant element of energy pov-
erty, along with the methodological challenges to access sufficiently
disaggregated data for the accurate measurement of energy in public
transport comprise a clear gap for future research.

The inclusion of energy consumption as a function of monetary ex-
penditure at each poverty level highlights the importance of the rela-
tionship between these indicators. As energy poverty by deprivation is
reduced, the amount of energy used by households increases. Thus, con-
sumption habits are altered as modern energy services become accessi-
ble and more money is available to pay for them. More access implies
more energy use and monetary expenditure, with one notable excep-
tion. By the MAEN method, it was possible to identify for 2014 that
households that do not meet any of their fundamental energy needs
consume more energy on average than households that meet only one
need (see Tables 5 and 6).Moreover, in the case of not requiring thermal
comfort, homes that do not satisfy any need even consumemore energy
on average than homes that meet two absolute needs. The simplest
explanation for this is the small number of households with a
HEP = 0 compared to households in the two higher levels (HEP
index of 0.2 and 0.4). Also, the total amount of energy consumed at
this lower level is relatively comparable to the consumption at
higher levels, although with significant inputs of “dirty” fuels such
as firewood, oil or LPG and relatively low electricity consumption.
A similar explanation can be provided for this higher energy con-
sumption of the lower deprivation level in households that do re-
quire thermal comfort.

Based on Sen's (1981) work on the irreducible core of absolute
deprivation and Max-Neef et al. fundamental needs (Max-neef et al.,
1992), the MAEN method can be the starting point for the calculation
of a ‘sufficient’ value of energy consumption in Mexican households.
This value would work as a guide to estimate a minimum value of en-
ergy that meets the absolute energy needs considering the satisfiers
raised by García-Ochoa and Graizbord (2016a) by estimating their en-
ergy use and probably with additional energy uses such as mobility.
The ‘sufficient’ energy value, in addition to functioning as a strategy to
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reduce energy consumption in households with low levels of depri-
vation measured by the MAEN method, could be considered a
guide to estimate a minimum ‘fair’ consumption in households
with the highest levels of deprivation. Such fair minimum consump-
tion must enable households to exercise their energy rights, thus
promoting proper and adequate social development (Sovacool &
Dworkin, 2015; Thomas et al., 2019; Sorrell et al., 2020). Further-
more, the value must be obtained by considering the most efficient
and least polluting energy services and fuels to promote the sustain-
able use of energy. However, it would not be fair to limit the usage of
‘dirty’ fuels if households do not have access to modern energy ser-
vices to avoid the energy ‘bullying’ raised by Monyei et al. (2018)
(on a domestic scale). Nevertheless, it is also essential to consider
that such ‘fair’ consumption value will be different across different
households where individuals have unique energy needs (Snell
et al., 2015) or across locations with different climates (García-
Ochoa & Graizbord, 2016b). Exploring the usefulness of finding and
proposing these fair values and translating them into policy that
aims to ensure a fair and equitable energy basis could be an impor-
tant research topic for future work.
Econophysics enriching energy poverty and energy justice debates

Up to this point, the indicators and tools proposed in this work allow
the identification and recognition of the different groups formed when
contemplating the different ways of defining energy poverty. The tools
used in this work have allowed us to dive in the empirical study of en-
ergy poverty and possible theoretical mechanisms that explain the
global behaviour of this phenomenon.

The stability of the distribution of monetary expenditure over ten
years is remarkable (Fig. 1), being fairly fitted by the log-normal distri-
bution function every year. The only significant variation is in the aver-
age logarithm of expenditure μ (see Table 7), which increases from
2010, just after an abrupt fall during the 2008 crisis. The variation of μ
in a 10-year period reflects the changes in the purchase cost of fuels
and energy services. However, it is notable that the dispersion σ in
this period has hardly changed. The average value of σ is 1.247 with

〈 σ � σð Þ2〉1=2 ¼ 0:075 (standard deviation of the very same standard
deviation values). The largest variation from the average σ is 1.088 in
2008, just after the financial crisis as previously mentioned. The
Weber-Fechner law could give a possible explanation for the stability
of the standard deviation in this period. In short, this law tells us that
the slightest discriminable change in themagnitude of a stimulus is pro-
portional to themagnitude of the stimulus itself. Therefore, and in anal-
ogy to the argument used by Montroll (1981), the consumption of
energy services and fuels is independent of the variation of prices
since these usually cannot be replaced and are necessary to satisfy the
absolute energy needs shaped by their habitual behaviours, as sug-
gested by García.

In other words, as long as the energy system organises to keep the
spread of prices in a ‘reasonable’ range, people may not notice (or care
for) these variations, stagnating both the spread σ and average μ of
the logarithm of monetary expenditure. Furthermore, the increase in
the price of certain energy services or fuels due to inflation will be bal-
anced with the reduction of others due to, for example, technological
improvements, keeping the dispersion of monetary expenditure on
energy constant. Similar results had already been documented in
Mexico by Sheinbaum et al. (1996) from the 1970s to 1990. These re-
sults show that the strategy followed by each household to meet
their absolute energy needs will not have a strong influence on the
overall behaviour of the probability distribution of monetary expen-
diture. Thus, if the log-normal distribution well represents the distri-
bution of expenditure, it could be argued that the energy system
itself would be self-organising to ensure energy services and fuels
continue to be consumed, even if this means restricting the average
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expenditure and its dispersion. Hence, complex issues such as en-
ergy poverty at the household level could be modelled and analysed
with relatively statistical simplicity over time, allowing relevant discus-
sions and potential solutions to emerge. It is expected that the use of
maximum entropy methods, along with the proper integration of a case
study social context, can serve to develop appropriate contextualised
solutions for the eradication of energy poverty.

Finally, the cumulative complementary distribution shown in Fig. 4
shows a somewhat different behaviour than the other graphs. This re-
sult is relevant as it opens the debate on the origin of this two-class
structure in energy consumption. Indeed, the volume of data used in
thiswork is larger than the available data on the study energy consump-
tion per capita worldwide used by Banerjee and Yakovenko (2010),
where the simple exponential distribution seems to fit all the range of
energy consumption, so it is more likely to have larger deviations
from the exponential behaviour. However, it is also possible that the ex-
ponential function as equilibrium distribution does not hold for the en-
tire range of domestic energy consumption. Semieniuk and Weber
(2020) predicts the absence of statistical equilibrium in data sets that
consider multiple reasonable methods to add up heterogeneous energy
carriers (coal, oil, electricity, etcetera), which might hold for domestic
energy consumption in Mexico during 2014. The consideration of sev-
eral types of these carriers in the domestic consumption seems to
show that although about 99 % of the households in Mexico seem to
be in statistical equilibrium during this year (exponential distribution),
there is at least 1 % that is far from this equilibrium in the high energy
consumption range following a power-law distribution instead. This re-
sult opens the debate to consider the entire energy production chain in
subsequent work to characterise energy consumption among individ-
uals or households better. The stability on energy consumption could
be inferred from the constancy in the distribution of monetary con-
sumption in energy services and fuels over the last ten years. However,
due to the dependence of Jiang and O'Neil's method on unit prices of
services and fuels, yearly variations in these values could lead to differ-
ent results in final energy consumption. Therefore, it is suggested to
make an exhaustive investigation on the unit prices for more years to
have more precise results when obtaining the probability distributions.

Conclusions

This work demonstrates the usability of econophysics as a concep-
tual and analytical tool to examine energy poverty. When linked to
the conceptual framework of energy justice, econophysics provides a
tool to identify the levels and types of energy poverty experienced in
Mexico based on the distribution and recognition tenets. Relying also
on concepts and methods that emerged within the same field of study
of energy poverty, it was possible to characterise this phenomenon
using 2014 data with precision.

Firstly, this work demonstrates that Mexican households suffer
from poverty due to issues of accessibility of modern energy services
and low affordability of these services and fuels. The application of
two methods arising from different approaches to energy poverty
allows for recognising the most vulnerable households in this coun-
try. Thus, it was possible to identify that during 2014 around 6 out of
10 households (61.3 %) faced energy poverty. 38.84 % of Mexican
households suffered from accessibility issues impeding meeting
their absolute energy needs, 34 % faced a high economic burden
while purchasing energy services and fuels, and about 11.54 % of
Mexican households simultaneously suffered both situations. These
results demonstrate the multicausal origin of energy poverty in
Mexico. As energy poverty by issues of accessibility to energy ser-
vices (energy justice principle of availability) is overcame, some
households start suffering from energy poverty by monetary expen-
diture (energy justice principle of affordability).

Secondly, this study shows that households have a significant
monetary expenditure on gasolines in Mexico. Therefore, this study
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demonstrates the need to consider the transportation of household
members as a core element when debating or calculating energy
poverty in future studies. This argument is confirmed by the posses-
sion, on average, of almost one car per household in Mexico, so ig-
noring the mobility needs of household members means excluding
the satisfaction of an essential absolute energy need. However, the
inclusion of this new need would represent a considerable method-
ological challenge for the MAEN method. Furthermore, it would
force the monetary expenditure method to either increase the 10 %
threshold or use a relative definition of energy poverty by expendi-
ture, as proposed by Hills (2011, 2012). Such recognition of transport
for Mexican energy poverty also comprises a call for future research
that challenges traditional conceptualisations of what are energy
needs, and advance the understanding of energy poverty in tradi-
tionally overlooked regions like Latin America (Thomson et al.,
2022).

Thirdly, the use of advanced quantitative methods and tools such as
those proposed by econophysics might enrich the field of energy pov-
erty and justice. These tools are helpful for an in-depth study that better
identifies vulnerable groups and the burdens that lie on them. Never-
theless, this work also joins the call for strengthening the use of qualita-
tive methods in energy poverty studies. We believe such an approach
would allow us to better navigate the nuances required for developing
new conceptualisations and understandings that are both inclusive
and context-sensitive for countries in the global south, like Mexico.
The methodology used for this study excludes the energy efficiency of
the goods and appliances considered, which reduces the precision of
the energy values obtained by the Jiang and O'Neil method. The quanti-
tative analysis developed in this work also highlights the need for aca-
demics and decision makers to jointly improve statistical tools and
energy related surveys, facilitating to capture relevant ormore disaggre-
gated information (i.e. collectedfirewood or public transport) necessary
for an in-depth understanding of energy poverty in Mexico. Addition-
ally, the work could also be improved or complemented by qualitative
methods, such as surveys to know households perceptions and provide
a deeper understanding of their energy consumption habits. In addition,
this type of survey would help know if households themselves are
aware of their energy vulnerability condition,whichwould allowgener-
ating awareness campaigns in the country on energy use. The most re-
cent surveys carried out by INEGI on energy consumption seem to
include some questions along these lines, although they do not delve
into the feelings that the members have about their energy condition.

This work contributes to the efforts of opening new venues for
studying energy poverty in countries of the Global South, such as
Mexico, broadening the criteria established in this work. For example,
applying the MAEN method to characterise energy poverty depends
on the location of households in rural or urban areas. Including geo-
graphical information systems (GIS) that allow more precise mapping
of the climatic conditions of the areas under study in analogy to
Chatterton et al. (2016) could refine the MAEN method. Therefore, the
MAEN method should be adapted to include the need for mobility and
precise GIS data to improve the results shown in this work. There is
still a lot of ground to cover in studying energy poverty in Mexico.
This work aims to contribute to the recognition of the most energy-
vulnerable households and advance toward the procedural principle
of energy justice (through policy and decision making) to alleviate
their vulnerability. Thus, this work is expected to motivate future
projects related to decision-making processes that make Mexican
households' energy consumption more equitable, in a safe and sus-
tainable manner.
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