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The transition toward sustainable cities requires evaluating current energy policies
to reshape established patterns of energy supply and use. Ignoring socioeconomic
and geographic differences among households in the energy policy-making process
jeopardizes the government’s ability to achieve a fair distribution of resources and
advance energy equity. Hence, tailored urban energy strategies that address specific
opportunities to improve local sustainable development and energy justice are needed.
In this paper, we use the energy burden, i.e., the share of household income spent on
energy services, as a metric to characterize energy affordability for urban households
in Mexico. We estimate the electricity and gas consumption as well as their resulting
financial burden for 17,850 urban households in 72 metropolitan areas. The calculated
median monthly energy consumption of Mexican urban households is 453 kWh and
is dominated by gas consumption. This results in a median energy burden of 3.5%.
However, we observe a large diversity among households in energy consumption and,
consequently, in energy burden, due to variations in energy use among urban households
derived from their socioeconomic and geographic conditions. In addition, we analyze
the role of the temperature-based residential electricity subsidy. We find that even with
subsidized electricity prices, the current subsidy scheme is insufficient to alleviate energy
vulnerability in urban Mexico, and at the same time, it has a regressive effect by benefiting
those consuming more. Based on the analysis of the energy burden at the city level,
we highlight evident problems and potential solutions missed by one-size-fits-all energy
policies. This analysis provides a better understanding of the drivers and distribution
of energy burden in urban households. It also presents practical insights that could
help policymakers ensure that energy is available to all households according to their
needs and that demands for reductions in energy consumption as well as for adoption
of clean energy technologies and energy efficiency measures come from each according
to their capacity.

Keywords: energy burden, electricity consumption, gas consumption, urban households, Mexican metropolitan
areas, electricity subsidy
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1. INTRODUCTION

The transition toward sustainable cities requires that energy
policies have equity and justice at their core (Jenkins, 2016;
Jenkins et al, 2016). Ignoring the social, economic, and
geographic factors of energy use in the development and
implementation of energy policies jeopardizes the fulfillment
of the population’s energy needs and the fair and efficient
distribution of resources. There is a need for more effective
targeting to identify and react to the specific energy needs and
opportunities of all households (Bednar et al., 2017). An initial
step toward this goal is to draw attention to where energy
injustices occur, including the unequal allocation of benefits
and burdens, and to understand the underlying reasons for
their uneven, inefficient, or unfair distribution (Walker, 2009;
Bouzarovski and Simcock, 2017; Lamb et al., 2020; Velasco-
Herrejon and Bauwens, 2020).

Inequitable impacts of residential energy consumption are
often analyzed in the context of energy poverty. Even though
there is no universal definition of energy poverty, it is
widely described as the inability of a household to secure
a socially and materially necessary level of domestic energy
services (Bouzarovski and Tirado Herrero, 2017). Its assessment
depends on the conceptualization and evaluation of the
underlying factors (e.g., accessibility, adequacy and affordability
of energy services) and these are usually particular to the case
under study (Schuessler, 2014).

Energy poverty studies in Mexico are limited and focus mainly
on measuring energy access (Garcia-Ochoa and Graizbord, 2016;
Garcia Ochoa and Graizbord Ed, 2016; Santillan et al., 2020).
They do not take into account the affordability of energy
services. Measuring affordability requires assessing the financial
burden for households resulting from the satisfaction of their
energy needs (Dubois and Meier, 2016). Studies of this sort
traditionally address energy poverty in OECD countries, where
energy access is not an issue (Schuessler, 2014; Dubois and
Meier, 2016; Thomson et al., 2017; Kontokosta et al., 2020).
However, cities in developing countries with high electrification
rates are often overlooked in accessibility studies, as their
energy vulnerability is only associated with access to energy
services and not with the affordability or adequacy of such
services (Nussbaumer et al., 2012; Schuessler, 2014; Santillin
et al., 2020).

The energy burden, i.e., the percentage of household income
used for energy expenditures, is a widely used objective metric
to assess energy poverty in terms of affordability of energy
services (Reames, 2016; Bednar et al., 2017; Thomson et al., 2017;
Tirado Herrero, 2017; Agbim et al., 2020; Drehobl et al., 2020;
Kontokosta et al., 2020). Drehobl et al. (2020) describes that
the intensity of energy burdens is a consequence of the physical
characteristics of the household (e.g., location, housing type,
number and type of appliances, heating and cooling systems),
the resident’s socioeconomic status and behavioral patterns
(e.g., recurrent income level, ability to afford up-front costs
of energy-related investments, energy-saving practices), and the
availability of policy-related resources (e.g., direct or indirect

subsidies for bill assistance and energy efficiency). Therefore,
causes of high or low energy burdens are usually a combination
of these drivers.

High energy burdens can result in energy insecurity
and create a negative feedback loop that reinforces social
inequality (Urban, 2019; Drehobl et al, 2020). According
to Brown et al. (2020), low-income households often make trade-
offs between meeting alternative critical household expenditures
like rent, food, healthcare or telecommunications, to avoid
energy shut-offs. This can lead to or exacerbate poor health
due to constant thermal discomfort and stress caused by
the uncertainty of affording energy bills (Agbim et al.,, 2020;
Drehobl et al., 2020; Memmott et al., 2021). However, high
energy burdens might also be explained by high energy
requirements or low levels of energy-saving practices (Evergreen
Economics, 2016). On the other hand, low energy burdens might
indicate hidden energy poverty, particularly for low-income
households that prioritize other expenditures (Tirado Herrero,
2017). Yet, they might also result from energy efficiency
strategies or low and distorted energy costs resulting from
universal energy policies. Since the underlying factors of
energy burdens are multifaceted and thus, lead to a broad
spectrum of energy burden intensities among households, it
is necessary to carry out studies that address the multiple
dimensions of energy inequality and its drivers, including the
geographic dimension.

The objective of this work is to characterize the distribution
of energy burden of urban households in Mexico at the national
level and across metropolitan areas. For this purpose, we first
estimate the electricity and gas consumption of Mexican urban
households based on their expenditure and local tariffs for these
services. We investigate the variations in energy use among urban
households derived from their socioeconomic and geographic
conditions in terms of income, dwelling and household size,
tenure status, education level, and local temperature. This
analysis is key to understanding the underlying determinants of
the wide range of energy burden values. Then, we categorize
household energy burdens into five levels, from very low to very
high. In doing so, we identify at one end, highly energy burdened
households that, even with the current electricity subsidy scheme,
spend disproportionately more of their income in energy bills,
and at the other end, energy secure households for whom paying
for energy services, with or without subsidy, represents only a
small fraction of their income. In this way, we recognize the
enormous diversity among urban households. We argue that
one-size-fits-all energy policies, especially the current Mexican
residential electricity scheme, invisibilize the particularities of
household energy consumption and, at the same time, have a high
fiscal cost due to their inefficiency in distributing the benefits.
Furthermore, we investigate and compare the energy use and
energy burden of 72 metropolitan areas in Mexico. We identify
similarities and differences across cities that highlight specific
needs and opportunities at this spatial level. Therefore, this study
may assist policy-makers with the development and integration
of better-targeted energy affordability and energy burden goals in
policies toward sustainable cities.
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2. LITERATURE REVIEW
2.1. Measuring Energy Poverty

Energy poverty is a complex phenomenon and has no universal
definition (Schuessler, 2014; Garcia Ochoa and Graizbord Ed,
2016). It can be generally described as the inability of a
household to secure a socially and materially necessary level
of domestic energy services (Bouzarovski and Tirado Herrero,
2017). Schuessler (2014) describes the crux of energy poverty
as the unavailability and/or inappropriately high costs of
procuring such services at the household level. However, how to
measure energy poverty depends on the conceptualization and
assessment of the underlying phenomena, which has prompted
the development of different approaches for measuring it.
Three main directions are identified in literature (Schuessler,
2014; Gonzélez-Eguino, 2015; Tirado Herrero, 2017; Agbim
et al, 2020): (1) comparing the level of domestic energy
services vs a predefined standard for a quantitative measure of
accessibility and/or adequacy of energy services, (2) expenditure-
based indicators for a quantitative measure of affordability of
energy services, and (3) subjective qualitative assessments of
energy-related living conditions. Studies of energy poverty in
developing countries traditionally focus on accessibility of energy
services (Nussbaumer et al., 2012; Garcia Ochoa and Graizbord
Ed, 2016; Sadath and Acharya, 2017; Santillan et al., 2020), while
high electrification rates and rising energy costs have extended
energy poverty studies to adequacy and affordability of energy
services, mainly in OECD countries (Drehobl and Ross, 2016;
Dubois and Meier, 2016; Thomson et al.,, 2017; Brown et al,
2020).

Expenditure-based definitions are the most used quantitative
instruments to define and measure the intensity of energy
poverty (Schuessler, 2014; Tirado Herrero, 2017). Discussions in
this regard began in the UK in the 1970s to identify households
that were unable to attain adequate room warmth at reasonable
costs. Boardman (1991) proposed the popular ten-percent-rule,
which categorized households that spent more than 10% of
their income in energy spending as fuel poor. This threshold
served as the official energy poverty line indicator in the UK
until 2012 and allowed the monitoring of the national incidence
of energy poverty for more than a decade (Thomson et al,
2017). This expenditure-to-income ratio transitioned from being
a metric with a focus on heating costs to an indicator that
captures all domestic energy services, commonly referred as
energy burden (Schuessler, 2014).

Similar to the ten-percent-rule, the energy burden has
been used to identify energy-poor households by defining a
threshold of maximum fraction of income spent on energy
services (Schuessler, 2014). Due to their simplicity, energy
burden studies spread from the UK to other European
countries (Thomson and Snell, 2013; Heindl, 2015; Rademaekers
et al., 2016) and recently also to the US (Drehobl and Ross,
2016; Cook and Shah, 2018; Agbim et al.,, 2020; Brown et al,,
2020; Drehobl et al., 2020; Kontokosta et al., 2020). However,
there is a lot of discussion around the assessment of energy
poverty using solely an objective metric and an arbitrarily
defined or uncritically transferred threshold, as it might not

capture all those facing energy poverty (Tirado Herrero, 2017).
Researchers argue that energy burden analyses often ignore
social, economic and geographic factors, as well as the diversity
in energy end-uses, and thus also fail to identify the drivers
of energy poverty (Tirado Herrero, 2017; Agbim et al., 2020).
Although it is recognized that the assessment of energy poverty
should be a multi-dimension investigation and preferably follow
a multi-indicator approach (Rademaekers et al., 2016; Thomson
et al, 2017), such an analysis would require the availability
of household-level information on all the dimensions to be
investigated, which is rather a difficult task for most countries.
This sustains that using the energy burden as a pragmatic
indicator to establish a baseline for assessing energy poverty is a
good option for case studies with limited information, provided
that a fixed percentage threshold is empirically confirmed,
adequately modified, and regularly updated to account for the
temporal and spatial dynamics of energy poverty Schuessler
(2014); Agbim et al. (2020).

The definition of an energy burden threshold for quantifying
fuel poverty should not necessarily be the same for different
countries and even for different cities within the same country; it
is case-specific. Nevertheless, the underlying assumptions for its
definition should be clearly stated for transparency, replicability,
monitoring, and benchmarking purposes (Rademaekers et al.,
2016). Consider for example, Boardman’s fuel expenditure vs.
household income maximum threshold of 10%. It represented
the actual average share of energy spending among the 30% of
the poorest households in the UK, as well as roughly twice the
median share of the actual energy spending for all households in
1988 (Boardman, 1991). Another example is the 6% affordable
burden for home energy bills commonly used in energy poverty
studies in the US (Fischer Sheehan and Colton, 2013; Drehobl
and Ross, 2016; Reames, 2016; Bednar et al., 2017; Cook and
Shah, 2018; Brown et al., 2020). This maximum energy burden
is based on the premise that housing costs should account for
no more than 30% of household income, and household energy
costs should not exceed 20% of housing costs (Fischer Sheehan
and Colton, 2013; Drehobl et al., 2020). Both thresholds, widely
used in literature, are defined differently, but seek to characterize
energy affordability for low-income households in the UK and
the US.

Worldwide, energy and sustainability strategies at the city level
are becoming more common. One of the main reasons is that the
city is often the administrative tier of the local government with
the principal competence for energy policy (Asaporta and Nadin,
2020). This calls for the spatial characterization of energy burden,
at least at this spatial scale, either through city-level comparison
studies (Drehobl and Ross, 2016; Drehobl et al., 2020; Kontokosta
et al., 2020) or detailed intra-city analyses (Mayer et al., 2014;
Bednar et al., 2017; Agbim et al., 2020).

Drehobl and Ross (2016), measure individual energy burdens
in several cities in the US and use the median percent
of income used for energy expenditures of each city as a
threshold for a household to be considered energy poor. In this
way, they take into account regional differences in economic
characteristics, climate and diversity in energy end-uses within
the same country. Kontokosta et al. (2020) analyze energy
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audit reports of households in five US cities and examine the
distribution of energy burdens among household demographic
and socioeconomic characteristics. They report the median
annual energy cost per square foot and resulting energy cost
burden by city and income band, rather than the classic binary
classification of households as being energy poor or not. This
approach allows the direct comparison of energy burden values
across cities, and furthermore, decouples energy poverty from a
national fixed percentage threshold. In a similar way, Drehobl
et al. (2020) present a snapshot of US energy burdens nationally,
regionally, and in 25 selected metro areas. They also present
the raw energy burden values and further compare them to
a country-wide criterion of 6% and 10%, for high and severe
energy burdens, respectively. Thus, they offer a clear overview
of the intra-national differences while providing cities and
states a starting point for incorporating energy burden goals in
local energy policies and programs to achieve more equitable
energy outcomes.

In summary, the existing literature shows that the energy
burden is a straightforward metric that can provide an insight
into the affordability of energy services. Statistical analyses of
energy burden allow the identification of those households that
spend disproportionately more -and less- of their income on
energy costs. The understanding of the spatial and temporal
distribution of the financial burden the population faces in
meeting their energy needs is key to the generation of just
energy policies, insofar as the underlying factors of high -and
low- energy burdens are understood. Yet, most of the existing
literature refers to studies conducted in Europe and the US. This
calls for energy burden studies in other regions of the world,
especially in developing countries, that consider the contextual
differences of households in these regions.

2.2. Energy Use and Energy Poverty in

Mexico
Electricity and domestic gas are the main energy sources in
households in Mexico. According to Franco and Veldzquez
(2016), the percentage distribution of energy consumption by
end-use activity in 2014 was: water heating (65.0%), food
cooking (17.2%), air conditioning and ventilation (7.0%), food
refrigeration (6.9%), lighting (2.8%), and entertainment and
others (1.1%). Gas use in households is linked to cooking, hot
water consumption, and clothes drying, the latter being by far the
least common end-use activity (INEGI, 2019d). Still, electricity
and other less usual energy carriers, such as wood, can replace
gas use in some cases. In 2016, 95.5% of urban households
reported using electricity and gas as energy sources (INEGI,
2019d). However, the share of clean and modern fuels in rural
households decreases to 88.7% (Franco and Veldzquez, 2016).
Several studies have analyzed the disparities in energy use in
Mexican households, particularly regarding the effect of income
inequality and consumption patterns within the country (Rosas
et al.,, 2010; Rodriguez Oreggia and Yepez Garcia, 2014; Franco
and Velazquez, 2016; Jimenez Mori and Yepez-Garcia, 2017;
Santillan Vera and de la Vega Navarro, 2019). Scholars agree that
there is a significant difference among the energy consumption of
rural and urban households, with urban households consuming
more energy and spending proportionately less of their income

than rural households (Franco and Velazquez, 2016; Jimenez
Mori and Yepez-Garcia, 2017). This inequality is not only driven
by diverse energy consumption trends, but is also rooted in
differences in energy access. Energy poverty assessments with a
focus on accessibility of energy services show that households
in rural areas have significantly less access to energy services
than those in urban areas, particularly concerning lighting,
entertainment, water heating and cooking (Garcia Ochoa and
Graizbord Ed, 2016). Garcia Ochoa and Graizbord Ed (2016) find
that the household income, the type of settlement (urban or rural)
and the regional climate are the main determinant factors linked
to energy deprivation.

Most of the existing literature on energy use and energy
poverty in Mexico does not address the geographical inequities.
To our knowledge, only (Garcia-Ochoa and Graizbord, 2016)
offer a first approach to the geography of energy poverty. They
identify a spatial pattern of energy poverty in which low-income
states with a need for thermal comfort and located in the
southern part of the country exhibit the highest levels of energy
deprivation. States in the center of the country with moderate
climates and no need for thermal comfort experience medium
levels of energy deprivation. Moreover, states in the north with
a need for thermal comfort but with above-average income
levels have the lowest levels of energy deprivation. Apart from
grouping urban and rural households in the subnational results,
this analysis focuses only on quantifying energy deprivation and
does not provide an insight on the financial burden of covering
domestic energy needs.

Rodriguez Oreggia and Yepez Garcia (2014) and Jimenez
Mori and Yepez-Garcia (2017) analyze the household energy
expenses using microdata at the household level from the
Income-Expenditure National Survey of 2010 and 2014,
respectively. Rodriguez Oreggia and Yepez Garcia (2014) report
that urban households spend around 10% of their income on
energy, including electricity, domestic gas, and gasoline for
private transportation. This energy burden is similar for all
income groups, but gasoline accounts for a larger share with
increasing income. A similar trend is reported by Jimenez Mori
and Yepez-Garcia (2017) for all rural and urban households in
Mexico. When considering only electricity and gas, the energy
burden of households in the poorest quintile represents 6.8% of
their income, whereas it decreases to 3.8% in the richest quintile.
These studies already provide valuable information on energy
spending and affordability at the national level. However, they
overlook the geographically embedded and dependent nature of
the underlying causes. The spatial disaggregation of the energy
affordability and its determinants is fundamental to complete
the geographic picture of energy poverty in Mexico. This work
aims to address this gap by estimating the spatial distribution of
energy burden at the city level.

3. MATERIALS AND METHODS

The energy burden is calculated as the share of household income
spent on energy services. This paper considers electricity and
domestic gas expenditures and focuses only on urban households
in Mexico. Even though the spatial unit of energy burden is
the household, it has a local and specific nature, making it
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necessary to incorporate the spatial dimension as a contextual
factor (Garcia-Ochoa and Graizbord, 2016). In this way, spatial
and regional differences become relevant elements of analysis for
a better understanding of the distribution of the energy burden
in any given study area.

Our main data source is the National Survey of Household
Income and Expenditure (ENIGH) of INEGI (2019c). The
expenditure-to-income ratio can be estimated from this dataset
alone. However, understanding the underlying drivers of
the intensity of the resulting energy burdens requires the
computation of the actual household energy consumption. For
this purpose, we calculate the electricity and gas consumption
at the household level based on their reported expenditure
and local tariffs for these services. The latter are defined
according to the national subsidy schemes, which, in the case of
electricity, depend on the local average summer temperature of
the household’s geographic location. Therefore, we use a second
dataset, the Digital Climate Atlas of Mexico (UNIATMOS,
2019), to estimate the average minimum summer temperature
of surveyed households in the ENIGH to find out their
corresponding electricity tariff and associated subsidy. We
investigate the variations of energy use among urban households
in terms of income, dwelling and household size, tenure
status, education level, and local temperature. Furthermore, we
analyze the distribution of energy burdens nationally and for
72 metropolitan areas defined in a third dataset, the National
Urban System of CONAPO (2018). Additional details on the
three main datasets as well as on the calculation methods for
electricity and gas consumption and energy burden are found in
the following subsections.

3.1. Data

3.1.1. Household Income and Expenditure

The National Survey of Household Income and Expenditure
(ENIGH, Encuesta Nacional de Ingresos y Gastos de los Hogares)
provides a statistical overview of the characteristics and trends of
income and expenditures of Mexican households in terms of their
amount, origin and distribution (INEGI, 2019c¢). It also offers
information regarding the occupational and sociodemographic
characteristics of household members, as well as an insight on
the housing infrastructure and appliances. This survey is carried
out every 2 years by the National Institute of Statistics and
Geography (INEGI, Instituto Nacional de Estadistica y Geografia).
The ENIGH of 2018 has a sample size of 87,826 households
and includes information on both rural and urban households
throughout the country ensuring a statistical representativeness
at the state-level (INEGI, 2019c). This study focuses only
on urban households. The urban sample consists of 31,000
households as shown in Table 1.

Regarding household expenditure in energy services,
the ENIGH includes electricity and domestic gas (liquefied
petroleum gas (LPG) or natural gas) expenditure information
corresponding to a billing period of 3 months (INEGI, 2019b).
For each household, this information is usually the last paid bill
closest to the time of the survey. Since the survey was conducted
from August 21 to November 28, 2018, with most of the
interviews carried out in the first half of this period, we assume

TABLE 1 | Number of samples from ENIGH 2018 (INEGI, 2019a) that correspond
to urban areas and have data for electricity consumption, gas consumption, and
income.

Data Sample size

urban samples 31,100
with electricity consumption data 28,303
with gas consumption data 20,102
with electricity and gas data 18,629
with income data 18,623

urban samples without extreme outliers 17,850

that reported energy bills were paid between July and September.
Additionally, we consider only observations with complete
data for both electricity and gas expenditures because our
analysis includes the correlation between the use of both energy
carriers. We do not exclude users without access to electricity
or gas as households without access to either service report a
consumption of zero. Zero gas consumption is double-checked
by verifying that the household does not report using gas-fired
cooking or water heating appliances. Accordingly, the number
of urban households in the survey containing complete entries
for expenditures on electricity and gas is reduced to 18,629 (see
Table 1).

From the reduced data set, we filtered out six households
without income data. Furthermore, 773 observations (4% of
the remaining households) were identified as extreme outliers
and were removed from the dataset. These households include
possible data entry errors and income or energy expenditure
values that lie at least five times the interquartile range below
the 1st quartile or above the 3rd quartile. Thus, our final sample
size consists of 17,850 urban households with complete data on
income and expenditure on both electricity and gas. Additional
to the information on household income and energy expenses,
four socioeconomic variables, namely, household size, status
of dwelling ownership, number of rooms in the dwelling, and
education level of the head of household were also extracted from
the ENIGH to explore patterns of energy consumption among
urban households Mexico.

3.1.2. Temperature

The Digital Climate Atlas of Mexico [UNIATMOS2019] provides
raster maps of the mean monthly temperatures from 1902 to 2011
for the whole country. Using these maps, we calculate the average
minimum summer temperature (average of June, July and
August) of 2018 at the municipality level using a zonal statistics
analysis. Due to privacy concerns, ENIGH observations have a
geographic reference up to this level. Therefore, all households
within a municipality are assumed to have the same temperature.
The resulting temperature values at the metropolitan area level
are listed in the Supplementary Material in Table B.

3.1.3. Definition of Metropolitan Areas
The National Urban System of 2018 defined by the National
Population Council (CONAPO, Consejo Nacional de Poblacion)
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Electricity tariff class
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FIGURE 1 | Metropolitan areas in Mexico according to the Urban National System (CONAPO, 2018) and their regular electricity tariff class. Each metropolitan area
has an identification code of the form X.Y, where X is the federal state and Y is an increasing number that enumerates the metropolitan areas within the same state.
Table A in the Supplementary Material lists the key information of the metropolitan areas in this map.

identifies 401 cities that together host almost 93 million
inhabitants, ca. 75% of the Mexican population. Among these,
74 cities are denominated metropolitan areas, which are
characterized by their size and high functional integration, even
when encompassing more than one municipality (CONAPO,
2018). This makes metropolitan areas the smallest administrative
tier with the competence for energy policy. For this reason, we
focus on a spatial energy burden analysis at this level.

The map in Figurel shows the 72 metropolitan areas
considered in this study, all of them with a population
above 100 thousand inhabitants (CONAPO, 2018). Each metro
area has an identification code of the form XY, where X
is the federal state and Y is an increasing number that
enumerates the metropolitan areas within the same state. Their
associated electricity tariff class, derived from the calculated
average minimum summer temperature, is represented by the
color of each polygon. Table A in Supplementary Material
lists the metropolitan areas and their identification code,
belonging federal state, population in 2015, and number of
complete household observations. Two metropolitan areas,
namely Ocotlan (14.02) and La Piedad-Pénjamo (16.01), were

not included in this work, as the ENIGH 2018 reported
no observations with complete information on expenditures
for electricity and gas from these cities. The surface area of
metropolitan areas in Figure 1 corresponds to the administrative
area, and not to the actual built-up area. Therefore, especially
in the north of the country, where administrative areas tend
to be larder, urban households do not occupy all the space
depicted but are concentrated in a smaller area (not visible in
the map).

3.2. Calculation of Household Energy

Consumption

3.2.1. Electricity Consumption

Residential electricity consumption in Mexico is heavily
subsidized. The residential electricity tariff and subsidy structure
is complex and is composed of 40 tariff levels (Sdnchez et al.,
2018). There are seven regular tariff classes: 1, 1A, 1B, 1C, 1D,
1E, and 1F which are divided into three or four increasing
consumption blocks and eight tariff regions linked to average
minimum temperatures during summer months. All regular
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tariffs are below the supply cost and therefore, are subsidized.
An additional tariff class, the high-consumption tariff (DAC,
Tarifa Doméstica de Alto Consumo), applies above a specific
consumption threshold which varies significantly depending
on the tariff region. Once the consumer surpasses the monthly
consumption threshold (calculated as the average of the last
12 months), DAC users are penalized by losing the federal
subsidy and by paying their electricity at a price approximately
50% above the real supply cost (Hancevic and Lopez-Aguilar,
2019). The DAC price, composed of a fixed charge and a
uniform marginal cost, applies to the whole consumption
disregarding previous consumption blocks. This creates a
strong incentive for DAC households to undertake actions to
keep electricity consumption from the grid under the DAC
threshold, such as the adoption of solar technologies and energy
efficiency measures.

A subsidized scheme, where high temperature zones get
lower marginal prices and have larger consumption blocks,
is the backbone for determining the electricity price for all
tariff levels (Hancevic and Lopez-Aguilar, 2019; Hancevic et al.,
2019). Figure 2 illustrates the summer tariff structure in 2018.
The average minimum temperature for each regular tariff
class is shown in the legend. The electricity price, p’e lec.i
varies according to the tariff class i and consumption block
j. The monthly consumption threshold to be considered a
DAC user, CPA, is indicated with a colored circle for every
regular tariff class i. The inferior and superior electricity
consumption limits for every tariff i and consumption block
j are (vJ]l and C]l-, respectively. The mathematical notation of
the monthly consumption threshold to be considered a DAC
user for tariff class 1E, CDAC, and the inferior and superior
limits for the third consumption block of tariff class 1F
Cf};nf and C?}_fup , are displayed in Figure2 for exemplary
purposes. Notice that while the electricity price for tariffs

with moderate minimum summer temperatures (1, 1A and
1B) can jump very quickly into the DAC price, pgf‘cc, larger
consumption blocks are allowed for users in warmer regions as
higher electricity consumption is assumed due to cooling and
ventilation needs.

Data reported in the ENIGH likely correspond to the most
recent utility bill. Therefore, we assume that reported values
refer to quarterly expenditure on electricity at summer prices
including taxes. The summer rate is billed from May 1Ist to
October 31st. Let x,. be the monthly household expense for
this service. A tax a of 16% is assumed for all households except
for those located in municipalities at the border with the US
where a = 11%. The untaxed expenditure on electricity services
without taxes, x7; , calculated in Equation (1), is used together
with the summer tariff scheme in Figure 2 for the backwards
calculation of the monthly electricity consumption, E. as
shown in Equation (2). E,, is computed for all households
in the sample size. Each household is assigned a regular tariff
class based on the calculated minimum summer temperature in
section 3.1.2. Thus, a household in tariff class i with consumption

blocks j = 1,..,m, is assumed to lie within the consumption
Lo, .
block L if Z Cé p{a ;eil < x3,. with 0 < L < m. Additionally

j=1
and similarly to the calculation in Hancevic and Lopez-Aguilar
(2019), in order to identify potential DAC households, the
monthly electricity consumption that would emerge if it were
a DAC user is compared with the monthly DAC threshold,
CiDAC. All users who exceed this threshold are considered DAC
users. This is shown in the second case of the function in
Equation (2).

« _ Xelec
Xelec = (1 -}—ll)’ (1)
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Eele:(i»j) =
Lo p
L 1 * S elec DAC
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et j=1 P elec
L
. vi -1
with 0 < L < m and chp’elmﬁx:l“ (2)
* =1 %
X X
elec elec DAC
DAC —ac = Ci DAC user
Pelec Pelec

3.2.2. Gas Consumption

Household gas consumption values are derived from the
quarterly expenditures on natural gas and LPG. Although both
energy carriers involve different infrastructures and supply
chains, they are used for exactly the same purposes in the
Mexican residential sector and can therefore be equated. The
monthly gas expenditure, xg,; is then the addition of the monthly
expenditures on natural gas and LPG, xn¢ and xpg (Equation 3).
The use of natural gas, however, is limited to cities with a
natural gas network. Thus, only households in the regions
indicated in SENER (2020) have natural gas expenditure. Yet,
it is possible that households in these cities also report LPG
expenditure due to the fuel’s high flexibility for transportation
and storage. Consequently, the monthly gas consumption, Egy;,
is calculated as:

Xgas = XNG + XLPG (3)
XNG = XLPG

'gas — N (4)
PNG  PLPG

where png and prpg are the retail prices for natural gas and
LPG. The retail price of natural gas used in this study is
6.25 USD(2018)/GJ (0.02 USD(2018)/kWh) and corresponds to
the average price of all residential distributors for the summer
season of 2018 (SENER, 2020). For the case of LPG, two different
retail prices are used: 0.54 USD(2018)/L for the refill of stationary
tanks and 1.01 USD(2018)/kg for the sale of gas cylinders. Both
prices correspond to the national average price reported for the
summer season of 2018 (CRE, 2018). Additionally, a calorific
value of 13.6 kWh/kg and a density of 0.51 kg/L were used
for the energy calculation. This results in an energy price of
0.07 USD(2018)/kWh for the LPG, 3.2 times more expensive than
natural gas.

3.3. Energy Burden
The energy burden, EB is computed in Equation (5) where I is the
monthly household income.

_ Xelec + Xgas
I

EB (5)
Similar to Kontokosta et al. (2020), rather than defining an
energy poverty line, we report the distribution of energy burden
values at the national and city-levels. This approach allows the
decoupling energy poverty from a national fixed percentage
threshold. Furthermore, we classify the level or intensity of

TABLE 2 | Classification of levels of energy burden.

Class Energy burden
Very low <3%
Low 3-5%
Moderate 5-7%
High 7-9%
Very high >9%

energy burden into five classes, from very low to very high and
with equal intervals as shown in Table 2. In this way, we can easily
identify those households that spend proportionately more —and
less— of their income in energy services.

4. RESULTS AND DISCUSSION

How much energy a household consumes is a key determinant
of its energy burden. Therefore, we begin this section with a
detailed analysis of the energy consumption of Mexican urban
households. We first present a statistical analysis of energy
consumption at the national level and then explore variations
in energy use derived from households’ socioeconomic and
geographic characteristics. Next, considering these findings,
we analyze the distribution of energy burden for all urban
households focusing on disparities by consumption and income
level. Finally, the energy burden is spatialized in a subnational
analysis that benchmarks 72 metropolitan areas. At this spatial
scale, we identify similar consumption and energy burden
patterns and point out challenges and opportunities for a better-
targeted energy policy toward sustainable cities.

4.1. Monthly Household Energy

Consumption

The normalized histograms in Figure3 show how energy
consumption is distributed among Mexican households for
electricity, domestic gas, and their aggregate consumption. The
median consumption value is indicated with a dashed line and
the legend in each subplot displays its skeweness and kurtosis for
a better comparison of the shape of the distributions.

The national median monthly electricity consumption
for urban households is 158 kWh (Figure 3A). This value
corresponds to the summer season and is 7% lower than the
average consumption of July, August, and September of 2018
reported by the Federal Electricity Comission (CFE, Comisién
Federal de Electricidad) (CFE, 2018). Such difference is likely
attributable to the uncertainty of the month reported in the
ENIGH. While September remains a month of high temperatures
in northern Mexico and, therefore, shows a high electricity
demand, this is not the case in the central region, where
temperatures have already dropped for that time of the year. Due
to higher electricity consumption in summer months because
of cooling and ventilation appliances, particularly in households
with tariff classes 1D to 1F (see Table 4), the average monthly
electricity consumption is significantly lower than the calculated
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FIGURE 3 | Normalized histogram (solid line) and median (dashed line) of monthly consumption of (A) electricity, (B) gas, and (C) total energy for urban households in
Mexico (sample size = 17,850).

value for the summer season; approximately 25% lower according
to CFE (2018). In the absence of disaggregated consumption data
at the household level outside the summer season, we carry out
the rest of the study with these summer values.

Regarding domestic gas consumption in urban households,
the national median monthly consumption is 243 kWh
(Figure 3B). This value includes the consumption of both natural
gas and LPG, which corresponds to 16 and 84% of the total
observations, respectively. Overall, the median monthly energy
consumption of the urban residential sector is dominated by
the consumption of gas and reaches 453 kWh (Figure 3C).
Computed as shares of the total household energy consumption,
electricity and gas account for 40 and 60%, correspondingly.
These values are similar to the percentages reported for urban
households by Franco and Velazquez (2016) of 45% for electricity
and 55% for gas use.

Median values of monthly energy consumption already
provide a first glimpse of the differences in the amount of
electricity and gas used in Mexican urban households. This
difference is more noticeable if we compare their distributions
in Figure 3. We observe that the three distributions are positively
skewed indicating that most households are at the lower end of
consumption. However, this skewness is more pronounced for
electricity consumption (skew = 2.1). The kurtosis value of this
distribution (kurtosis = 4.8), a measure of the thickness of the
tails, is also the largest of the three distributions. This implies that
the electricity consumption of the observed households tends to
remain relatively close to the median value, while this distance
increases for the gas consumption. Moreover, as illustrated in
Figure 3C, the total consumption values are more spread out,
suggesting that high electricity consumption does not necessarily
correlate with high gas consumption.

These differences in energy use raise questions as to which
factors are influencing gas and electricity consumption. Are
households at the low end of the total energy consumption range
meeting their energy needs, or are they potentially constrained by
their income? At the other end of the spectrum, are households in
the high consumption range victims of circumstance, i.e., trapped
in a position of high energy need, or is their high consumption
the result of immoderate energy use? To facilitate this assessment,
we present further analyses in the following sections looking at

how these consumption patterns relate to socioeconomic and
geographic factors, and consequently, to the energy burden.

4.2. Assessing Variations in Energy Use
Once the average household direct energy consumption is
estimated for each observation, it is possible to investigate
the relationship between energy use and factors related to
the household and its members. We present three sets of
analyses in this section: firstly, the influence of household
income in energy consumption is assessed; secondly, four
sociodemographic variables namely household size, number of
rooms, dwelling ownership, and education level of the household
head, are linked to energy use; and thirdly, the impact of the local
temperature is evaluated.

4.2.1. Energy Use and Income

Household income data is reported in the ENIGH as the
aggregate of the last 3 months prior to the time of the survey. The
household quarterly income in MXN is converted into monthly
values in USD using the exchange rate 1 USD (2018) = 19.02
MXN. The median monthly income for urban households in
Mexico reached 796 USD in 2018.

An initial investigation of the relationship between income
and energy consumption indicates that energy consumption
tends to increase by income decile. This finding is in line
with previous studies (Rodriguez Oreggia and Yepez Garcia,
2014; Franco and Veldzquez, 2016; Jimenez Mori and Yepez-
Garcia, 2017; Santillan Vera and de la Vega Navarro, 2019).
Figure 4 shows the distribution of monthly household energy
consumption as a boxplot and the median income as a dot for
each income decile. While each median consumption value is
slightly higher than the previous one, there is a considerable
overlap of the boxes, whiskers and outliers between deciles. Such
overlaps illustrate the broad spectrum of individual practices and
actions around domestic energy needs, which are permeated by
climatic, social and cultural factors that determine a standard of
living or social status (Garcia Ochoa and Graizbord Ed, 2016).
Determining whether energy needs for all income levels are
adequate or whether these are satisfied is not within the scope
of this paper. However, the direct comparison of median energy
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FIGURE 4 | Monthly energy consumption (boxplots) and median income (dots) for Mexican households by income decile.

consumption by income level already yields an insight into the
relationship between income and energy use.

The relative difference in median income between deciles is
larger than the difference in energy consumption, particularly
for higher income deciles (Figure4). Thus, income is not
the overall determinant in energy consumption but certainly
a relevant one. This finding is in line with the work
of Steinberger et al. (2020) that demonstrates that electricity use
is highly dynamically coupled to domestic purchasing power but
highlights that satisfaction of energy services improves lives only
up to a threshold of consumption. Moreover, investments in
improving household energy efficiency are usually more common
with ascending wealth (Chatterton et al., 2016; Baltruszewicz
et al., 2021), potentially decoupling absolute consumption from
income as the latter increases.

Similar to Chatterton et al. (2016) in their analysis of energy
use for the UK, Table 3 shows the differences in the median
household energy consumption between the lowest and the
highest income deciles. In the case of electricity, households in
the lowest income decile consume 59% of that in the highest
decile. This difference is more evident for gas consumption.
Overall, the median energy consumption of the wealthiest
households (10th income decile) is more than double that of
households in the lowest income decile, while their income is
more than eight times higher. The income inequality among
urban households is reflected not only in the inequality in energy
consumption, but also in the per capita CO2 emissions gap.
Santillin Vera and de la Vega Navarro (2019) calculate that in
2014 the CO; emissions per capita of the richest 10% were 5.4
times those of the poorest 10%.

4.2.2. Energy Use and Sociodemographic Variables

We explore the relationship of four sociodemographic variables
in Figure5. The first plot, Figure 5A, displays the variation
of energy consumption depending on the household size.
As the number of household members increases, so does
the median monthly energy consumption. Even though each
household member has specific energy needs, common spaces
involving shared or simultaneous energy use dominate the
overall household energy consumption. Increasing the size of

TABLE 3 | Differences in the median monthly household energy consumption
between highest and lowest income deciles.

Income Electricity Gas Energy
USD(2018) kWh kWh kWh
Lowest income decile 281 125 176 318
Highest income decile 2,422 212 367 692
Ratio lowest decile/highest decile 0.12 0.59 0.48 0.46
Ratio highest decile/lowest decile 8.59 1.69 2.08 217

the household by one person represents, on average, an increase
of 18 kWh in the household monthly energy consumption.
The level of dwelling ownership, from lent (L) to owned (O1
and O2), shows clear influence in the energy consumption in
Figure 5B. Dwellings that are owned present the highest median
energy consumption values. We observe an average jump of 29
kWh in the household monthly energy consumption between
tenure levels. The size of the dwelling, expressed as number of
rooms, has an incremental effect in the energy consumption of
33 kWh per extra room as depicted in Figure 5C. However, this
behavior is not monotonic as from seven rooms on, having one
more room does not considerably affect the household energy
consumption. Finally, we observe in Figure 5D that a higher
education level of the head of household results in a higher
median energy consumption. We calculate an average increase
of 40 kWh/month in the total energy consumption for each
education level.

The variables dwelling ownership and dwelling size are
directly associated to the household income. The wealthier the
household, the greater the probability of owning a house. In
any given tenure status, larger houses usually imply higher
acquisition and maintenance costs, and therefore, greater
purchasing power of the household members. Moreover,
according to CEPAL (2018), in Latin America, the level of
education is the factor that produces the most significant income
differences in the labor market. Therefore, the rising household
energy consumption observed in Figures 5B-D, can be explained
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by an implied increasing income. Yet, similarly to the boxplots
in Figure 4, it is noticeable that, within the different categories
for the four analyzed variables, there are likely to be households
that are either well above or well below median household energy
consumption values.

4.2.3. Energy Use and Temperature

Climatic conditions, in terms of ambient temperature, influence
the use of cooling and ventilation equipment, as well as hot water
for showering purposes. Table 4 shows the calculated median
monthly electricity and gas consumption for urban households
for different temperature values. These temperatures correspond
to the average minimum summer temperature of each regular
electricity tariff class.

We observe that electricity consumption tends to increase
with higher summer temperatures. Howell et al. (2017)
determine a maximum temperature threshold of 26°C for
active ventilation systems to operate. This implies that any
household located in climatic zones whose average monthly
temperature exceeds 26°C requires fans or air conditioning
units for their thermal comfort. Certainly, not all households
in tariff classes 1B to 1F in the northern and southern
parts of the country (see Figurel), own such appliances.

Gonzalez Osorio and Beele (2016) identify that the penetration
of active ventilation systems depends not only on ambient
temperature but also on the electricity tariff and household
income, with the latter being the most influencing factor. Even so,
higher ambient temperatures lead to more pronounced thermal
discomfort and thus higher penetration of active ventilation
systems, which in turn results in a higher residential energy
demand. Our calculations show that the median electricity
consumption of households located in regions with an average
minimum summer temperature of 33°C (tariff class 1F), is
5.4 times that of households in mild climate regions (tariff
class 1). Nonetheless, the impact of cooling and ventilation
appliances on the national electricity consumption is smoothed
since most households belong to tariff class 1 and only
14.7% of the total observations are located in regions with
average minimum summer temperatures greater than 30%. This
distribution is similar to the reported by CFE for 2018 (CFE,
2018).

Domestic gas consumption, on the other hand, presents an
opposite but weaker trend. In general, the use of gas decreases
with increasing temperatures. Diego-Ayala and Carrillo-Baeza
(2015) show that polyethylene water tanks, usually located in
residential building rooftops all over the country, heat the stored
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TABLE 4 | Distribution of ENIGH 2018 households per tariff class and calculated median monthly energy consumption by energy carrier; primary energy carrier, i.e.,
energy carrier that dominates the total energy consumption, and its percentage difference with respect to the secondary energy carrier.

Average i % diff. w.r.t.
. % of Eelec Egas Etotal Primary
Tariff summer i secondary
users (kWh) (kWh) (kWh) energy carrier .
temp. (C) energy carrier
1 <25 46.6 120.8 258.8 390.1 gas 130
1A 25 9.5 136.6 235.3 391.8 gas 47
1B 28 7.2 202.7 2431 458.9 gas 27
1C 30 21.4 285.2 264.7 569.8 gas 1
1D 31 71 320.4 212.7 553.7 electricity 65
1E 32 3.9 474.9 182.3 735.6 electricity 102
1F 33 3.7 652.8 147.0 867.3 electricity 285
DAC - 0.5 634.9 439.5 1133.2 electricity 54
All 100.0 158.1 243.1 453.2 gas 52
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FIGURE 6 | Percentage difference of monthly energy consumption of primary energy carrier with respect to secondary energy carrier by energy consumption decile

water up to 38°C during days with 30°C of average maximum
temperature. Therefore, the demand of additional energy sources
for heating water, including gas, is reduced.

Energy consumption patterns due to temperature, and thus,
to the geographic heterogeneity of the country, are evident.
Gas consumption clearly dominates the total household energy
consumption for households with mild and warm temperatures
(tariff classes 1 to 1C) while electricity dominates it for higher
temperatures (tariff classes 1D-1F). The last two columns of
Table 4 show the dominant or primary energy carrier and its
median percentage difference with respect to the secondary
energy carrier. Households in tariff class 1, for example,
consume 130% more gas than electricity. Conversely, electricity
consumption of households in tariff class 1F is 285% greater
than gas consumption. Households in tariff class 1C have similar
consumption values for both energy carriers.

How dominant is the use of electricity or gas in a household
does not depend on temperature alone. Figure 6 further
disaggregates the tariff-based percentage difference between
primary and secondary energy carriers in energy consumption

deciles. The doted black line indicates an equal consumption
of electricity and gas. Above this line, the household energy
consumption is dominated by electricity and below this line,
within the shaded area, it is dominated by gas. We identify
significant differences in how households use electricity and
gas depending upon their total energy consumption. The less
energy consumed, the more equal is the use of electricity and
gas across all tariffs. However, as energy consumption increases
so does the difference between tariff classes and thus, the impact
of temperature is accentuated. Households in regions with mild
climates and in the high consumption range consume up to
500% more gas than electricity, a very different picture than the
observed for households in lower consumption ranges.

4.2.4. Summary

Table 5 summarizes the correlation, , between household energy
consumption and the selected economic, sociodemographic
and geographic factors analyzed in this section. We observe
that household electricity consumption is mainly influenced by
ambient temperature (r = 0.64), followed by household income
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(r = 0.25). In the case of gas consumption, household income is
the most important influencing parameter (r = 0.36) followed by
the dwelling size (r = 0.31).

4.3. Energy Burden of Mexican Urban

Households
Household energy consumption has multiple drivers, as already
investigated in the previous sections. This results in a wide range
of energy consumption totals, which in turn, translates into
varied energy burden values. For 2018, the calculated median
energy burden, EB, for Mexican urban households is 3.5%. This
value is slightly higher than the national average energy burden in
the US of 3.1% reported in Drehobl et al. (2020). Figure 7A shows
the distribution of the calculated energy burden as a normalized
histogram. Here, the fraction of households facing a specific level
of energy burden are identified by color. We observe that 35% of
the total observed households have a very low energy burden, i.e.,
their expenses on energy services account for less than 3% of their
income. An the opposite end, 10% of the households have a very
high energy burden as they spend more than 9% of their income
on energy bills.

The energy burden in Figure7A considers the current
residential electricity tariff system, which allocates a federal
subsidy that increases according to the average minimum

TABLE 5 | Spearman correlation coefficients of household characteristics and
household energy consumption; p-values are shown in parentheses.

Electricity Gas Energy

consumption consumption consumption

Household income 0.25 (2e-123) 0.36 (1e-300) 0.41 (1e-300)
Household size 0.14 (6e-076) 0.04 (2e-008) 0.10 (5e-040)
Dwelling ownership 0.09 (7e-036) 0.13 (6e-084) 0.15 (1e-092)
Number of rooms 0.14 (3e-079) 0.31 (1e-300) 0.30 (1e-300)
Education level of head of household 0.07 (4e-022) 0.16 (3e-100) 0.16 (8e-106)

( ) ( )

Average summer temperature 0.64 (1e-300) -0.09 (4e-034) 0.34 (1e-300

summer temperature, and decreases with increasing
consumption (see Figure2). If a household consumes more
electricity than the consumption threshold defined to be
considered a DAC user, the household is no longer eligible for
the subsidy and is further penalized by an electricity price higher
than the actual supply cost. This creates a strong incentive to
avoid wasteful consumption. However, the median electricity
consumption is well below the DAC threshold for all regular
tariff classes as shown in Table 4. Here, we observe that only 0.5%
of the households in the reduced ENIGH sample are identified
as DAC users. This value is smaller than the actual share of
DAC users reported by CFE (2018) of 1.2%. In any case, almost
all Mexican households qualify for subsidized electricity. We
calculate that urban households pay, on average, only 36% of the
supply cost. Hancevic and Lopez-Aguilar (2019) and Hancevic
et al. (2019) report similar values of subsidy and further calculate
that the fiscal burden associated to the residential electricity
subsidy represents approximately 0.5% of the national GDP.

Subsidies are often justified as policy instruments to protect
the most vulnerable sectors from price increases. However, in the
case of universal subsidies, the exclusion error is minimized at
the cost of maximizing the inclusion error (Hancevic and Lopez-
Aguilar, 2019). In the case of the electricity subsidy in Mexico,
the risk of excluding vulnerable households is eliminated at the
expense of including households who can afford the actual supply
cost. This is observed in the energy burden distribution that
results from households paying the unsubsidized electricity price
in Figure 7B. Assuming an average DAC price 50% above the
supply cost (Hancevic and Lopez-Aguilar, 2019), we calculate
an unsubsidized electricity price of 0.17 USD(2018)/kWh and
apply it for the whole consumption. Our findings show that even
without the electricity subsidy, 15% of the households present
a very low energy burden. Yet, the share of households with a
very high energy burden increases to 34%. This suggests that,
at the national level, the current electricity subsidy scheme does
alleviate the financial burden, but does so for both vulnerable and
non-vulnerable households.
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0 .2 5 T T T T "
i median = 3.5 % i median = 6.2 % | HEE Very high
_: skew = 1.8 i skew = 2.3 B High
0.20 kurtosis = 4.6 H kurtosis = 8.9
! N Moderate
>
50.15F ] | mm Low
3 : Very low
Q ]
2 0.10 r
[}
O .0 5 ..... k=
0.00
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Energy burden Energy burden
EB (%) EB* (%)
FIGURE 7 | Distribution of energy burden with (A) and without (B) electricity subsidy. Levels of energy burden are identified by color.

Frontiers in Sustainable Cities | www.frontiersin.org

13

January 2022 | Volume 3 | Article 662968


https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-cities#articles

Molar-Cruz et al.

Energy Burden in Mexican Households

Nonetheless, a more detailed analysis is necessary to
characterize the distribution of the energy burden and thus, find
out how the benefits of the electricity subsidy are distributed.
Figure 8 shows the distribution of energy burden with and
without subsidized electricity among urban households in
Mexico by income and energy consumption decile. Each heat
map is divided into 100 cells. Each cell clusters the urban
households that lie in a specific income and consumption decile
and displays three different outputs. The first number is the
median energy burden as a percentage. This value is associated
to a level of energy burden which is represented with the
cell color. The second number, in parentheses, is the share of
total households in that particular cell; this number is also a
percentage. Adding these percentages per row or column yields
10%. For example, households in the fifth income decile and fifth
energy consumption deciles in Figure 8A account for 1.1% of the
total households and have a moderate energy burden with a value
of 4.2%.

There is a significant association between the intensity of
energy burden and household income. We observe an inversely
proportional relationship between the lowest income levels and
the energy burden in both heat maps. This relationship weakens
as income increases and strengthens as energy consumption
increases. In the case of the energy burden considering the
current electricity subsidy scheme in Figure 8A, we find
that households in the lowest income and highest energy
consumption deciles have a median energy burden of 14.2%. A
similar consumption value (1,159 kWh/month) represents only
2.7% of the income of households in the tenth income decile,
indicating an energy inequality. On the other hand, even the
median energy consumption in the lowest consumption decile
(194 kWh/month) signifies already 4.6% of the median income
(194 USD) for the poorest households and 0.5% of that of the
richest households (2 422 USD). Overall, low-income urban
households spend 7.3 times more of their income on energy
costs compared to the median spending of the tenth income
decile (10.7 vs. 1.5%) and 3 times more than the national
median energy burden. This inequality becomes more evident
in Figure 8B which shows the energy burden values without
the electricity subsidy. In this case, the energy burden for the
poorest households (first decile) ranges from 8.5 to 29.1% while
the wealthiest households keep a very low level of energy burden
up to the seventh consumption decile.

The fact that low-income households still present very high
and high levels of energy burden, even with subsidized electricity
prices, demonstrates that the current residential electricity
subsidy scheme is insufficient to alleviate energy vulnerability in
urban Mexico. Particularly, the very high median energy burdens
of households in the lowest income deciles and top consumption
deciles in both heat maps, suggest that such households might
be trapped in a position of high energy need, possibly driven by
the use of active ventilation appliances and the limited agency
to reduce their electricity consumption. At the other end, low-
income households in the lowest energy consumption deciles
might also reflect hidden energy poverty (Tirado Herrero,
2017). Their energy consumption might be potentially
constrained by their income, preventing them from

meeting their energy needs due to prioritizing more urgent
household expenses.

Consequently, low-income households at both ends of the
energy consumption range face energy insecurity. This situation
can create a negative feedback loop that reinforces social
inequality making it extremely hard for such households to break
out the poverty cycle (Brown et al, 2020; Kontokosta et al.,
2020). For example, the health effects due to constant thermal
discomfort and the stress caused by the uncertainty of affording
energy bills, reduce productivity and increases healthcare
expenses (Drehobl et al., 2020). Moreover, energy insecurity can
also result in energy theft. Brisefio and Rojas (2020) identify
that households with illegal electricity connections to the public
network are often located in low-income areas where violence is
already a means of covering basic needs.

Additionally, we observe that the widespread eligibility for
subsidized electricity has a regressive effect as it benefits those
that consume more. In Figure 8, the share of households in
the top energy consumption deciles increases with increasing
income, indicating that the wealthiest households are consuming
more energy and therefore, receiving a disproportionate share
of the total residential subsidies. Vagliasindi (2013) calculates
that Mexican households in the top decile accounted for more
than 15% of the total residential electricity subsidies in 2008. A
situation that has not improved in recent years (Hancevic and
Lopez-Aguilar, 2019; Hancevic et al., 2019).

The very low energy burden values found across almost
all energy consumption deciles in the top income decile
in both heat maps in Figure8, suggest that the electricity
subsidy does not considerably impact the finance of these
households. Furthermore, as stated in Chatterton et al. (2016),
the large difference between the energy burden of high-
and low-income households indicates that expectations or
compulsions for households to reduce their consumption might
be placed much more fairly on high-consumption households,
where high incomes and low energy burdens imply a greater
capacity to control their energy consumption. However, distorted
price signals due to inefficient subsidies encourage wasteful
consumption and mute incentives for users to invest in energy
efficiency, to take energy saving measures or to adopt green
technologies (Komives et al, 2008; Vagliasindi, 2012, 2013;
Sanchez et al., 2018; Hancevic and Lopez-Aguilar, 2019; Hancevic
et al., 2019). This is not only economically costly to taxpayers,
but also has an important opportunity cost to society and
the environment.

The highly regressive nature of the residential electricity
subsidies in Mexico has been confirmed in several
studies (Komives et al., 2008; Vagliasindi, 2013; Sanchez
et al, 2018; Hancevic and Lopez-Aguilar, 2019; Hancevic
et al, 2019). The varied energy burden values among urban
households in Mexico reflect that inter-household diversity
is not adequately considered in the current universal subsidy
scheme. Nevertheless, subsidies could be more effectively
allocated with policy instruments that fit the segments of target
groups. This requires as a first step, identifying target groups
and understanding the drivers of their behavior (Egmond et al.,
2006). To this end, we compare 72 metropolitan areas and
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pinpoint patterns of energy use and energy burdens that might
be useful to address targeted energy needs and opportunities.

4.4. Energy Use and Energy Burden in
Metropolitan Areas

A national energy burden analysis does not account for regional
differences in economic characteristics, climate and diversity
in energy end-uses (Agbim et al, 2020); thus, analyses at
higher spatial resolutions are needed. In this way, we recognize
the geographic variation of energy-related (in)justices and its
underlying drivers. We select the metropolitan area as the spatial
unit to carry out a detailed analysis on energy use and resulting
energy burdens as it is often the smallest area with economic,
social and territorial cohesion (CONAPO, 2018) as well as the
administrative tier of the local government with the principal
competence for energy policy (Asaporta and Nadin, 2020).

Figure 9 condenses key information on energy use and
the resulting financial burden of covering energy services for
households in 72 Mexican metropolitan areas in six charts.
The first column displays the median energy burden value, EB,
in 2018. This value considers the current subsidized electricity
tariff. The second column is the median energy burden without
the electricity subsidy, EB*. The median price-cost ratio, P/C,
i.e., the fraction of the supply cost paid by households in each
metropolitan area, is visualized in the third column. A lower
ratio corresponds to a higher federal subsidy. The fourth chart
concerns the distribution of urban households by energy burden
level and shows the median household income in the upper x-
axis. The median monthly energy consumption divided into the
corresponding shares of electricity and gas (lower x-axis) along
with the average minimum summer temperature (upper x-axis)
in the city are shown in the fifth chart. Finally, the size of the
city in terms of number of inhabitants is presented in the sixth
column. The metropolitan areas are sorted in descending order
according to their energy burden, EB. Additional details to better
understand the spatial picture of energy affordability in Mexico
are found in Figure A and Table C in the Supplementary Material.
Table C in Supplementary Material lists the metropolitan areas
along with the distribution of energy burdens across the defined
five levels and Figure A in Supplementary Material shows the
geographic distribution of the energy burden in Mexico.

We observe that most metropolitan areas have a moderate
median energy burden. Nevertheless, more than a third of them
(27 out of 72) have more than 20% of households facing high
and very high energy burdens. Conversely, 90% of the cities
show at least 20% of the households with a very low energy
burden, and this shares reaches up to 40% for a quarter of the
analyzed urban centers. This suggests that one-size-fits-all energy
policies jeopardize the government’s to ensure a fair distribution
of resources and advance energy equity. Instead, there is a
need for tailored urban energy strategies that address particular
opportunities for improving local sustainable development and
energy justice, two agendas that are closely intertwined (Jenkins,
2016).

The five cities with the highest energy burden levels are
relatively small cities that also show some of the lowest levels

of energy consumption and income. At the same time, two
of them, namely, Tehuantepec (20.02) and Acayucan (30.01),
have higher than average summer temperatures, indicating that
households in these cities are potentially unable to switch
on active ventilation systems, despite the high electricity
subsidy of 70%. Gonzdlez Osorio and Beele (2016) identify
that the penetration of air conditioning units and fans in
high temperature regions augments with increasing household
income. They show that without economic restrictions, the
probability of a household owning active ventilation systems
would drastically increase, particularly in the southern part of
the country, where Tehuantepec and Acayucan are located (see
Figure A in Supplementary Material). Therefore, the median low
energy consumption in contrast to the high expected electricity
demand in these two cities suggests that the median household
cannot afford to meet its energy needs. Households in the
other three cities in this cluster, Moreolén-Uriangato (11.04),
Coérdoba (30.03), and Teziutldn (21.03), might be able to cover
their energy needs, but their low income might push them into
energy insecurity. Poverty alleviation strategies, tailored to the
needs of energy-insecure households to avoid getting caught in
cycles of poverty, might improve the economic situation, and
consequently, the energy burden in these five cities (Bohr and
McCreery, 2020).

At the other end of the spectrum, the five cities with the
lowest energy burden, namely, Querétaro (22.01), Saltillo (05.04),
Leén (11.03), Aguascalientes (01.01), and Oaxaca (20.01), have
a similar moderate energy consumption dominated by gas and
an average-to-high median household income. Due to their
geographic location (see Figure 1), they have a mild climate
and therefore, the federal subsidy represents more than 63% of
their electricity price. With close to 80% of the households in
these cities with low energy burdens, electricity subsidies could
be reduced by, for instance, decreasing the DAC threshold or
adjusting the consumption blocks (Sanchez et al., 2018). Except
for Oaxaca, these cities host close or more than one million
inhabitants. Therefore, there is a significant saving potential
of federal budget that could be directed to other sustainable
development goals.

Moreover, given a reformed residential electricity tariff
with a focus on reducing energy vulnerability, households in
metropolitan areas with above-average energy consumption and
incomes, like Guaymas (26.01), La Paz (03.01), Chetumal (23.02),
Chihuahua (08.01), Monterrey (19.01), and Canctn (23.01), are
likely to have a greater ability to undertake action to reduce
their energy consumption and energy burden given their greater
level of financial freedom. Chatterton et al. (2016) suggest that
such users also share structural factors such as control over
their housing, either through ownership or because they live in
a house rather than an apartment, that can potentially unlock
greater willingness to take up energy efficiency measures or
invest in clean energy technologies. This could trigger a faster
market development of solar photovoltaic panels and solar
thermal collectors, which according to Baez Fumero and Molar-
Cruz (2021) is still unexploited despite the vast solar potential
in Mexico. The use of large-scale renewable energy in urban
environments is a concrete solution to promote sustainable
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development, as it maximizes economic opportunities while
minimizing the impact of urban energy demand by reducing
CO, emissions.

The metropolitan areas with the highest median household
electricity consumption are Hermosillo (26.02), Guaymas
(26.01), Mexicali (02.02), and La Paz (03.01). These cities are
located in hot climatic regions and consequently, receive some
of the highest subsidies paying only 28% of the actual supply
cost. In spite of their low electricity price and because of their
high electricity demand, Hermosillo, Guaymas, and Mexicali still
have a high energy burden. More than 10% of the observed
households have very high energy burdens and an additional
15% face high burdens. Nevertheless, their resulting energy
burden without considering a subsidized electricity price, would
surpass more than 15% of the median household income. This
indicates that the temperature-based residential subsidy scheme
is actually effective in these cities. However, better-targeted
energy-efficiency programs might help reduce the electricity
consumption of, for example, active ventilation systems and thus,
lessen the fiscal burden due to the electricity subsidy. Hancevic
and Lopez-Aguilar (2019) show that a national energy efficiency
improvement program could reduce the residential electricity
consumption by 9.9%, decreasing the associated expenditure
by 11.3%.

La Paz (03.01), on the other hand, shows a high consumption
of electricity and gas. Even though this city shows the highest
median household income, its energy burden reaches 4.4%. Gas
use is mainly associated to cooking and hot water, with the
latter being usually the highest energy consumption activity.
The inversely proportional relationship between the increase in
ambient temperature and gas demand for water heating purposes
(see Section 4.2.3) suggests that households in La Paz might be
consuming energy, particularly gas, immoderately. This might be
the result of wealth and cultural conventions that determine a
standard of living or social status.

The transition toward sustainable cities requires the
evaluation of current energy policies to reshape the established
patterns of energy supply and energy use. The analyses above
highlight that one-size-fits-all energy policies, particularly, the
Mexican residential electricity subsidy, are not effective as they
usually miss evident problems and solutions. Nonetheless, the
design and implementation of energy policies toward sustainable
development at this spatial level would require a new sampling
and survey for each city to ensure the representativeness of
the results.

5. CONCLUSION

This work presented an overview of the distribution of
the energy burden, ie., the percentage of household
income used for energy expenditures, in urban residential
Mexico. Using three publicly available data sets, namely the
National Survey of Household Income and Expenditure
(ENIGH) of 2018, the Digital Atlas of Mexico and the
Urban National System, we calculated the consumption of
electricity and gas, as well as the resulting financial burden

for paying for these services for 17 850 households in 72
metropolitan areas.

The median monthly consumption of urban Mexican
households in 2018 reached 158 kWh for electricity, 243 kWh
for domestic gas, and 453 kWh for both energy carriers.
However, we observed a large inter-household diversity. We
found that the variations of energy use are mainly influenced
by the households income and temperature. Households in
the top income decile consume 2.17 times as much energy as
households in the bottom income decile. Moreover, households
in the electricity regular tariff class 1F (minimum average
summer temperature >33°C) consume 2.22 times as much
energy as households in the regular tariff class 1 (minimum
average summer temperature <25°C). Our analysis showed
that the energy consumption for households located in
the warmest regions is dominated by the consumption of
electricity due to the need for active ventilation systems,
whereas gas is the primary energy carrier for households
in temperate regions, which comprises the majority of the
urban households.

How much energy a household consumes is a key determinant
of its energy burden. However, so is the price of energy
services and, certainly, the household income. For 2018, the
calculated median energy burden for Mexican urban households
was 3.5%. We analyzed the role of the current electricity
subsidy and found that it does alleviate the financial burden
of electricity services. However, it does so for both vulnerable
and non-vulnerable households, thus resulting in an inefficient
mechanism that is not only economically costly to taxpayers,
but also has an important opportunity cost to society and
the environment.

Our analysis of the distribution of energy burdens across
income and consumption deciles demonstrated that even with
subsidized electricity prices, the temperature-based electricity
subsidy scheme is insufficient to alleviate energy vulnerability in
urban Mexico. This is confirmed in the analysis at the city level
where more than a third of the 72 metropolitan areas analyzed
presented more than 20% of households facing high and very
high energy burdens. On the other hand, our calculations showed
that 90% of the cities had at least 20% of the households with
a very low energy burden (<3%), and this share reached up to
40% for a quarter of the analyzed urban centers. Even without
the electricity subsidy, 15% of the urban households in Mexico
would still have a very low energy burden.

The transition toward sustainable cities requires the
evaluation of current energy policies to reshape the established
patterns of energy supply and energy use. Tailored urban energy
strategies that address particular opportunities for improving
local sustainable development and energy justice must be at the
core of this transition. Therefore, we identified evident problems
and possible solutions at the city-level, as strategies at this spatial
scale could better address the particularities of households and
take advantage of the economic, social and territorial cohesion
of the city. However, this is only the first step, as future research
toward the design and implementation of such strategies require
analysis at an even higher spatial resolution to capture the
intra-city household diversity.
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An analysis of the distribution of energy burden already
provides valuable information on the affordability of energy
services. However, this indicator does not cover all dimensions
of the agendas of sustainable development and energy justice.
Further efforts to create city databases that allow for a more
detailed analysis of the dynamic urban system are key to drawing
a more complete picture of the urban energy system. Only in this
way can we develop just energy policies that are as targeted as
possible to exploit as many opportunities as possible to improve
urban sustainability.
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