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Abstract: Given the implications of energy use in housing units for global warming, life cycle
assessment (LCA) has been used to examine greenhouse gas (GHG) emissions. Although informal
settlements, currently known as colonias populares, or barrios, house most of the urban population
in Latin America, there is a poor understanding of how people in these communities use energy
and contribute to GHG emissions. This investigation provides a comprehensive analysis of resource
consumption in Mexico City’s colonia popular, including self-help housing, household energy
consumption, and transportation. As there is no spatially specific data on energy use, the author
conducted field research in the informal community of Isidro Fabela, founded in the 1960s. Isidro
Fabela is an illuminating community that helps understand the energy use of informal settlements
at advanced stages of urban consolidation. A mixed-method research approach served to collect
empirical data through observations, household surveys, and in-depth interviews. Research sheds
light on the efficient and sustainable ways in which families use energy, materials, and resources
during self-help construction, and through their daily lives, in their community. The community-
based LCA assessment finds that the contribution of Isidro Fabela to GHG emissions is 50% of the
average impact in Mexico City. Natural gas or liquefied petroleum gas (LPG) consumption for water
heating is the most significant contributor to GHG emissions because families use inefficient heaters.
Interestingly, by using public transportation and even walking, residents moderate the contribution
of work commutes to GHG emissions. Therefore, climate change policy should enhance low-energy
practices in informal settlements, by improving access to energy-efficient technologies and public
transportation, to help families contribute further to GHG mitigation in Mexico City and elsewhere

in Latin America.

Keywords: climate change mitigation; colonias populares; energy use; informal settlements; life
cycle assessment; Mexico City; Latin America; sustainability

1. Introduction

Nearly one-third of the world’s urban population lives in communities that may be
considered informal settlements or slums [1]. Many informal communities pose health
and safety risks to their residents because of inadequate access to sanitation systems, such
as drainage and solid waste removal, as well as city services, such as potable water and
electricity. In Latin America, low-income families have improved informal communities
over time through their self-help housing efforts [2]. After fifty years of urbanization, many
old informal communities in Mexico City have relatively easy access to services, such as
electricity and transportation, but they have design deficiencies, such as faulty sewers,
and face land tenure issues. Today, nearly two-thirds of the urban population in Mexico
City live in a consolidated informal settlement, known as a colonia popular or barrio [3].
However, there is little understanding of how families in these communities use energy
and contribute to greenhouse gas (GHG) emissions.

Sustainability 2021, 13, 12108. https://doi.org/10.3390/su132112108

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8849-3772
https://doi.org/10.3390/su132112108
https://doi.org/10.3390/su132112108
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132112108
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su132112108?type=check_update&version=1

Sustainability 2021, 13, 12108

20f19

The contributions of this paper are three-fold. First, this study explores the role of
Latin American informal communities in supporting climate change mitigation. Previous
research on informal settlements and climate change primarily focused on adaptation strate-
gies to address the sensitivity of precarious infrastructure to extreme climate events [4-6].
There is little understanding of the significance of informal settlements for climate change
mitigation [7,8]. Previous research explored the mitigation potential of retrofitting resi-
dential buildings, erected by architects and contractors, in cities of the North [9-13]. Few
studies on urban metabolism methodological approaches explored the extent of energy
consumption in informal communities in the Global South [14-17]. Nevertheless, these
studies disregarded the implications of household energy use and transportation energy
on greenhouse gas emissions. This investigation contributes to climate change mitigation
policy, including Mexico’s Nationally Determined Contribution (NDC), which poorly ex-
amines the extent of energy use and GHG emissions in low-income communities across
Mexican cities. This study informs climate change mitigation research by offering a frame-
work for a more inclusive analysis, of energy use and GHG emissions, associated with
families and self-built dwelling units in Mexico City’s informal settlements [18,19].

The second contribution is methodological because this research draws on life-cycle
assessment (LCA) to thoroughly assess the complex nature of energy use associated with a
housing unit’s life cycle. Data about a housing unit’s life cycle can be separated into two
main life cycle phases: embodied and operating energy. Embodied energy is influenced by
the characteristics of the building materials employed in the construction of dwelling units.
The operating phase includes the use of energy (electricity, natural gas, fuels, and water) in
residential buildings and, critically, residential transportation. Transportation energy use is
influenced by urban density and the spatial location of buildings within cities, which deter-
mines job commute times. Despite the significance of transportation energy in residents’
contributions to GHG emissions, transportation is rarely included in the scope of previous
LCAs of residential land use [13,20-24]. For instance, previous LCA studies in Mexico
focused on formal affordable housing development, led by contractors who follow building
codes, thus disregarding informal settlements [18,19]. Using LCA, this study addresses the
gaps in energy use theory research by expanding LCA in informal communities.

Third, this research adds resolution to the analysis of energy use and climate change
mitigation in Mexico City’s informal communities. This study offers a complete examina-
tion of GHG emissions, including the process of self-help construction, daily consumption
of energy in self-built dwelling units, and peoples’ commutes. Because there is no spatially
specific data on energy use in Mexico that informs a complete LCA of informal settlements,
the investigation required the collection of original data via field research. This study offers
community-level data collected through fieldwork in an illuminating colonia popular
of Mexico City. The LCA of Isidro Fabela was informed by a mixed-method approach
that served to collect energy data. Field research combined qualitative methods used in
planning, including walks in the community, observations, and in-depth interviews, with
quantitative methods, including energy use and origin-destination surveys conducted
between January and July 2017. Surveys served to estimate water, electricity, and liquefied
petroleum gas (LPG) consumption; in-depth interviews document the perspectives, stories,
and daily practices of energy and resource consumption.

This research also informs energy poverty research in Mexico, which states that
social inequalities lead to uneven energy consumption and the inability of many fami-
lies to increase their energy consumption, partly because of their vulnerable household
economies [14,25-27]. More specifically, the LCA of Isidro Fabela revealed that families
there consume fewer energy resources and thus contribute less to GHG emissions than
wealthier communities in Mexico City. Although this low energy consumption is beneficial
for climate change mitigation in Mexico City, it may deteriorate the quality of life because
low-income families lack access to technological innovations and thus enact saving prac-
tices using rudimentary tools. For example, families take short showers to save energy and
water but use inefficient water heaters.
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This article proceeds as follows. First, the study reviews past literature on LCAs of
residential land use. Then, the paper describes the research methods and examines energy
use and GHG emissions in the case study. Finally, drawing on the LCA of Isidro Fabela,
the study offers recommendations for supporting GHG mitigation and energy justice in
Mexico City’s colonias populares.

2. Materials and Methods

This section explains the use of LCA as a methodological approach to systematically
examine energy use in Mexico City’s consolidated informal settlements. A literature review
served to select the research methods that helped collect energy data, for conducting a
thorough LCA, in a colonia popular in Mexico City. The scope of this LCA includes embod-
ied energy and operating energy. Embodied energy consists of the resource consumption
from materials” manufacture and transport, as well as incremental self-help consolida-
tion. This article uses the term “self-help consolidation” to refer to the process in which
families enlarge their dwelling units by adding residential extensions and subdividing
existing spaces to create separate living spaces and, at the same time, improve the building
quality of residential structures. Operating energy consists of household consumption
of energy and water, as well as gasoline for work commutes. This study included water
consumption because it directly affects the amount of gas used for water heating. Nev-
ertheless, demolition was excluded from the LCA because self-help buildings in Isidro
Fabela are being transferred from founders to their adult children over time. Dwelling
units in Latin America are rarely demolished because buildings are the central patrimony
for low-to-moderate-income families [28].

The unit of analysis is the “housing unit,” which helps examine the energy use of
self-help buildings and the people who use them. The housing unit (the subject of the
LCA) includes three subsystems: (1) dwelling unit, (2) household resource consumption,
and (3) work commutes. LCA inventories help to estimate energy consumption in the
three subsystems of the housing unit. An LCA inventory integrates the flows of energy
and building materials required for the construction and operating phases. First, building
materials, such as concrete, require raw materials such as gravel, while transporting
materials to construction sites requires gasoline or diesel. This study solely includes the
embodied energy associated with building materials for self-help housing, excluding
embodied energy related to domestic appliances. Second, household energy use involves
flows of electricity, gas for cooking, and water. Additionally, residential transportation
requires gasoline for powering automotive vehicles. To ensure the validity of the LCA
inventory, the author triangulated empirical data from surveys, with data presented in
statistics, developed by federal and local institutions in Mexico.

2.1. A Case Study

The literature review revealed gaps in the energy data, published by the Energy Regu-
lator of Mexico (Comisiéon Reguladora de Energia), which documents the consumption of
residential energy use in Mexico. Energy data (such as data on residential electricity con-
sumption) are aggregated at the municipal or state scales, making it difficult to distinguish
between the energy use of consolidated informal settlements and that of nearby, upper-
income neighborhoods. Because of this lack of fine-grained data on energy and resource
consumption, the author conducted field research in Isidro Fabela between January and
August 2017.

In the 1960s, impoverished families informally occupied land surrounding the South
of Mexico City. They founded Isidro Fabela on a steep slope of rocky soil that completely
lacked access to basic services. Using local materials, such as natural stone, and rudi-
mentary construction tools, self-help builders incrementally developed the community
infrastructure. For three decades, families here faced precarious living conditions that
endangered their health and safety. In the 1980s, the Mexico City government implemented
regularization programs in Isidro Fabela that allowed founders to become de-facto owners
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of lots. The regularization process led to the gradual provision of basic services, includ-
ing water and electricity. However, most buildings in Isidro Fabela do not have sewers
connected to the municipal drainage; instead, buildings dispose of greywater through
fissures in rocky soil, which leads to the deterioration of structures and the exposure of
some families to water pollution.

Isidro Fabela is a highly dense community, with a population density of 230 people per
hectare, a density 2.5 times greater than that of Mexico City [2]. In Isidro Fabela, families
take advantage of relatively large lots of 200 m? to build dwelling units that house three
separate families. The average size of families is four members; thus, self-help buildings in
Isidro Fabela house approximately twelve residents.

To document household income in Isidro Fabela, the author asked participants about
the characteristics of family workers, including their occupation and education level. This
information served to classify formal workers employed by a company and informal
workers, such as street vendors and merchants. The average household income in Isidro
Fabela may be lower than Mexico City. In Isidro Fabela, workers have lower rates of
college education (22%) and higher rates of informal employment (62%) than the average
of Mexico City with 34% and 49%, respectively [29,30].

Figure 1 illustrates the spatial location of Isidro Fabela, which, after five decades of
urban development in Mexico City, provides excellent access not only to high-capacity
transportation systems (shown in black lines) but also to the main beltway of Mexico City,
known as “Anillo Periférico” (orange lines). Isidro Fabela was selected as an illuminating
community that illustrates the socioeconomic characteristics of people and the building
quality of self-built dwelling units in informal settlements at an advanced stage of consoli-
dation, and because of the previous work conducted by Ward [2,31,32], which provided a
historical perspective to my analysis of energy use and sustainability.

State of Mexico

Isidro Fabela

Mexico City + N
i
—— High Capacity Public Transit
F vay:
reeways 0 5 10 20 km
State Limit |

Figure 1. The spatial location of Isidro Fabela in the Mexico City Metropolitan Area and its access to
transportation systems.

2.2. Data Collection Methods

Research methods for estimating energy use include a geospatial analysis, walks, and
observations served to establish a sense of the characteristics of self-help buildings, which
displayed high heterogeneity in their shapes and sizes. The geospatial analysis served to
develop maps of the community that illustrate polygons of parcels. Then, a simple random
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sampling of lots served to select the parcels on which architectural observations, energy,
and transportation surveys were conducted. Surveys were conducted by knocking on doors
and asking heads of households for their consent to participate in the study. Appendix A
shows the questions that survey participants responded to during the fieldwork. The
average response rate was 80%. The random sampling helped assess estimators of energy
use, such as the cost of electricity. In this analysis, every lot in Isidro Fabela had the same
probability of being assigned to the investigation. According to the property tax records,
there are N = 1710 lots in Isidro Fabela. The sample size of this research included n = 108
lots in Isidro Fabela, which is large enough to ensure a 95% level of confidence.

2.2.1. Embodied Resource Consumption

Architectural observations in n = 108 self-help buildings served to document the
characteristics of materials, and apparent deficiencies, of buildings. From this sample,
n = 6 representative self-built dwelling units were selected because they illustrate the full
range of housing quality, e.g., the lowest and highest quality buildings. The intensive
case study methodology [33] was adapted to document the material characteristics of
self-built homes. The author worked with two research assistants: one researcher made
general measurements of each residential structure, while a second investigator took notes
on the dimensions of dwelling units and drew rough sketches of the buildings. The
author also conducted interviews with the heads of households to document the history of
self-help improvement.

2.2.2. Household Operating Resource Consumption

Surveys (n = 108) served to estimate household use of electricity, gas, and water use
during the operating phase. For example, to estimate electricity and gas, the heads of
households responded with how much they paid for their last electricity, gas, and water
bills and the frequency of these payments. Conversion factors transformed the cost of
household utilities into Mexican Pesos (MXN), units of kWh for electricity, MJ for natural
gas, kg for liquefied petroleum gas (LPG), and liters for water. Additionally, the author
documented the types of technology that families use for lighting, cooking, and water
heating as well as daily practices of household resource consumption.

2.2.3. Transportation Energy Consumption

Origin-destination surveys served to document the characteristics and extent of work
commutes from Isidro Fabela. These surveys included questions about the type and
number of means of transportation used to commute to job locations. These means of
transportation include walking, biking, bus, Bus Rapid Transit (BRT), subway, and private
cars. The surveys also included questions to document the time spent on each means
of transportation.

3. A Comprehensive Assessment of Energy Use in Isidro Fabela

This section addresses the research question: what is the energy consumption associ-
ated with families and self-help buildings in Isidro Fabela? To that end, the study offers
the LCA inventory of resource consumption associated with embodied and operating
energy consumption. This analysis also describes the characteristics of tools, materials,
and appliances that families use for construction, and daily use, of buildings as well as the
means of transportation for work commutes.

3.1. Embodied Energy

The LCA inventory of energy and materials served to estimate the embodied resource
consumption (Table 1). Observations of n = 108 dwelling units revealed that most self-
help builders improve structures with durable materials, such as reinforced concrete for
columns. Furthermore, they take advantage of local building materials, such as volcanic
stone, to develop foundations. For the walls, self-help builders utilize bricks and concrete
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blocks, while some used natural stone. However, the observations revealed that only 42%
of the buildings have concrete roofs, while 32% have sheet metal roofs, 22% have asbestos
roofs, and 4% use plastic sheeting, most likely due to the lower cost of these unstable
roofing materials. Such unstable materials are inadequate for structural safety, and they
pose a health hazard associated with the deterioration of asbestos roofs and the release of
toxic fibers. Floor slabs and roofs are the most complex and expensive construction systems
in self-help housing because these structures need to be made of reinforced concrete to
resist the load of upper floors [34].

Table 1. Characteristics of the building materials employed in the process of self-help construction in
Isidro Fabela, n = 108 buildings.

System Self-Help Housing in Isidro Fabela
Foundations Natural volcanic stone
Columns and floor slabs Reinforced concrete
Roofs Reinforced concrete (42%), sheet metal (32%), and asbestos (22%)
Walls 88% bricks, the rest concrete blocks

Another shortcoming of self-help housing is that people design structures that are
larger than necessary to ensure that the buildings can resist earthquakes and support the
load of additional upper floors (Figure 2). For example, in Juan’s house, they were 45 cm
wide, which is more than double the size of typical columns (20 x 20 cm wide). Juan said,
in his interview, “I constructed very thick columns to make sure that my house is strong
enough for future incremental housing efforts.” When self-help structures are larger than
necessary, builders overuse, and sometimes waste, reinforced concrete in the construction
process. Structures that are too large significantly increase their embodied energy because
they require more reinforced concrete.

Figure 2. The columns of Juan’s house.

The fieldwork revealed that self-help builders do not discard materials used in previ-
ous construction projects. Instead, they store the materials for reuse in future incremental
housing projects. Lucio and Myrna’s house represents a typical dwelling unit in Isidro
Fabela (Figure 3). Self-help builders reused the asbestos roof, currently on the second floor,
after they built a concrete floor slab.
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Figure 3. Myrna and Lucio’s house in 2017.

To facilitate the transportation of materials, self-help builders purchased sacks of
cement and steel at “La Casa Blanca,” the nearest home improvement store. The distance
from Isidro Fabela to the home improvement store was approximately 800 m, and it is a ten-
minute walk. Due to the lack of streets and roads in Isidro Fabela, the materials were carried
in sacks and, if possible, in wheelbarrows. Self-help builders organized family members
and neighbors to move materials, and during construction, people utilize rudimentary
construction tools, such as ramps and shovels, to build structures. This indicates that
self-help builders completely avoided using diesel or gasoline to move materials to the
construction site. “By using our own bodies and labor, rather than machines, such as
concrete mixer trucks, self-help builders avoided using fossil fuels to build and improve
our homes over time,” Ernesto proudly described in his interview.

3.2. Operating Phase
Household Energy Consumption

The assessment of household energy use draws on the cost of household utilities,
the characteristics of appliances and technologies, and energy consumption practices.
This analysis serves to examine the extent to which families use energy and resources in
dwelling units. This study compares the resource consumption in Isidro Fabela with the
average consumption of families in Mexico City to illustrate energy efficiency.

A cost analysis of household utilities reveals that gas consumption, especially natural
gas, is the most expensive household utility, followed by LPG. In Isidro Fabela, 52% of the
survey population use natural gas, while the rest acquire cylinders or refill stationary tanks
from trucks that sell LPG privately. Electricity is the second most expensive utility in Isidro
Fabela, while water service appears to be the most affordable household utility (Figure 4).
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Figure 4. Monthly cost of household utilities in Isidro Fabela in Mexican Pesos (MXN).

o Gas

The in-depth interviews revealed that gas, for water heating, is challenging to save
because the relatively cold mornings in Mexico City increase the demand for hot water for
bathing [35,36]. To save gas, residents take five-minute showers, and some use buckets of
hot water that are heated on the stove. One remarkable obstacle for reducing gas usage is
residents’ lack of access to technological innovations. The survey documented the devices
that families use for water heating. Many survey participants (43%) use ineffective cylinder
heaters that they operate manually, while 33% of survey respondents have an instant (gas
de paso) heater that operates only when needed, rather than continuously. Gas de paso,
therefore, helps families save energy, as it shuts off and turns on automatically. Families
tend to replace the old cylinder tank with an instant heater to save energy and prevent fire
accidents. It was remarkable to discover that 21% of the survey population do not have
water heaters. Instead, they use the stove (16%) or inexpensive electric heating devices
(5%). Finally, 3% of the survey population reported having a solar water heater. These
families expressed pride in having a technological innovation that allows them to use less
gas and save money.

e  Electricity

Regarding electricity artifacts, the research revealed that 60% of households use
fluorescent bulbs, while the rest use incandescent bulbs. While most families use fluorescent
bulbs to save electricity, the replacement of incandescent with LED bulbs may further
reduce the household consumption of electricity. More importantly, the mild weather of
Mexico City throughout the year allows families to avoid using air conditioning systems
and heaters to improve indoor temperatures.

The replacement of inefficient refrigerators offers the most significant potential to
reduce electricity consumption [37]. Refrigerators that are more than five years old consume
significantly more electricity than newer ones that comply with stricter electricity efficiency
regulations. In Isidro Fabela, the average age of refrigerators is 9.5 years, which means that
most residents have old refrigerators that increase their electricity consumption.
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e  Water

Water is a fundamental component of household energy consumption and sustainabil-
ity in Mexico City, which is currently facing a water shortage. In Mexico City, approximately
50% of water is extracted from underground sources, while 30% is pumped from places
far from the metropolitan area through pipelines [38]. In Isidro Fabela—and the other
consolidated informal settlements in Mexico City—families have time-limited access to
potable water from 5 a.m. to 12 p.m.; therefore, residents store water in tanks, buckets,
and cisterns or underground tanks [39]. From there, they use electrical pumps to pump
the water into a container on the roof, which provides water to the showers, laundry, and
other places.

Even though the per-capita cost of water is half that of gas, residents in Isidro Fabela
are concerned about water consumption. More specifically, they appear to be aware
of Mexico City’s water shortage, as Genoveva expressed in her interview, “because we
only have a trickle, we have to save water.” The survey revealed that all families pursue
innovative strategies to save water in their homes; some families pursue more than one
water-saving strategy. A third of all families save water and gas by taking short showers,
and some residents reuse water from the laundry and bath, while others capture rainwater
in buckets during the rainy season.

4. The Life Cycle Assessment of Isidro Fabela

This section addresses the research question: how does the contribution of Isidro
Fabela families to GHG emissions compare with the average contribution in Mexico City?
A comprehensive LCA inventory of the housing unit in Isidro Fabela helps address this
question. The LCA inventory includes the embodied and household operating phases.

4.1. Life Cycle Inventory
e Embodied energy

To develop the LCA inventory of a self-built housing unit in Isidro Fabela, this study
used the measurements of Miguel and Celia’s (original founders and residents of Isidro
Fabela) dwelling unit. Figure 5 shows the blueprints for the second floor, which resemble
the sizes for the first floor. The height of the two-floor dwelling unit is 4.80 m, while the
gross floor area is 108 m?.

3m. 3m. 3m.
b = - ]
3m. :
i 43m.
B--ommmmmmmmmmmeeee B i
3m. E | SR &
: i 1.7m.
' —— " ——— L — .
M Columns — Load-bearing wall ---- Boundary wall

Figure 5. Blueprints of Miguel’s dwelling unit for the ground floor.
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The author created a hypothetical housing unit, built by developers who follow
building codes and use heavy machinery and equipment to complete the construction
process in a relatively short period, which may take weeks or months. Conversely, the
self-help housing construction process in Isidro Fabela is an extremely long process that
could take three decades before families have resources to replace discarded materials with
durable materials. Despite the shortcomings of self-help housing in Isidro Fabela, dwelling
units here are suitable for addressing housing needs in accordance with families” cultural
perceptions and, more importantly, accounting for their financial limitations [40].

To compare the embodied energy of dwelling units, this research assumed that build-
ings have the exact dimensions but differ in the characteristics of materials and finishing. In
addition, this research considered structures, such as columns and slabs of 3.6 kPa, which
can resist a more significant live load because self-help builders in Isidro Fabela generally
develop thicker structures. In contrast, this study considered structures for affordable hous-
ing units that resist 2.4 kPa. Another difference is that a housing unit built by developers
and contractors usually have envelope materials, such as a layer of asphalt-cellulose, to
protect roofs from erosion during the rainy season, which self-built dwelling units in Isidro
Fabela do not have.

e  Operating energy

The LCA inventory of the operating phase draws on data collected from household
surveys. The author used conversion factors to transform the cost of household utilities (in
Mexican Pesos) into units of per-capita energy use. The author considered the median cost
of household utilities, such as electricity and natural gas, because the distributions had a
positive skew.

The author reviewed the electricity tariffs, published by the Federal Electricity Com-
mission in May 2017, which suggested that colonias populares benefit from paying the
lowest electricity charges. Likewise, the author reviewed the cost of natural gas and LPG
for the same period published by the Electricity and Hydrocarbons Regulator of Mexico
(Comision Reguladora de Energia). Furthermore, this study considers the average cost of
water for colonias populares published by the Water Commission in Mexico City.

To examine the extent of efficiency in household consumption, the author compared
per-capita energy use in Isidro Fabela with the average consumption in Mexico City
(Table 2). The author used figures of average resource consumption in Mexico City pub-
lished in previous studies. The research revealed that Isidro Fabela residents consume an
average of 57% less electricity, 37% less natural gas, and 32% less water than the average
consumption in Mexico City. Thus, by performing energy-saving strategies, families in
Isidro Fabela use resources efficiently while protecting their household economies.

Table 2. Daily per-capita resource consumption in Isidro Fabela and Mexico City. Source: For Mexico
City’s average consumption of electricity [41], water [42], natural gas [43], and LPG [44].

Resource Isidro Fabela Mexico City
2.87 kWh/day for users
- paying the popular tariff;
Electricity 124 kWh/day high-consumption domestic
rate is 11.44 kWh/day
Natural Gas 32.4 MJ/day 51.9 MJ/day (national
average)
Water 215 L/day 314 L/day

The analysis of transportation energy use in Isidro Fabela included n = 214 work
commutes, which suggests that the average number of workers per family is 1.98. Origin-
destination surveys revealed that 44% of workers stay in the community to work in the
local retail economy, such as at grocery stores and street food vending, and thus commute
by walking. Although Isidro Fabela is 18 km away from Mexico City’s historic center, 41%
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of workers commute to job-rich areas in southern Mexico City, mostly in the municipalities
of Tlalpan and Coyoacan—roughly 2.5 to 10 km away—while the rest commute to Mexico
City’s downtown. Origin-destination surveys revealed that the average commute time
(one way) in Isidro Fabela is 18.8 min, which is only 35% of the time spent by workers in
Mexico City, who commute an average of 54 min, as revealed by the National Institute of
Statistics and Geography [45].

As Table 3 explains, 47% of workers commute using various means of public trans-
portation, including low-capacity buses and high-capacity transportation systems, such as
the subway and the BRT. Even though 37% of the survey respondents own a private vehicle,
only 10% of workers drive a private car for their daily commute to work (about 25 min).
This indicates that car ownership does not signify car dependence for daily job commuting.
The interviews revealed that car owners do not perceive their cars as their primary mode of
transportation; instead, they use their vehicles for social recreation purposes on weekends.

Table 3. Comparing transportation practices in Isidro Fabela and Mexico City. Source: For figures of
transportation in Mexico City, adapted from INEGI [7].

Characteristics Isidro Fabela Mexico City
Walking trips 44% 26%
Public transportation 46% 49%
Car trips 10% 23%
Car ownership 37% 53.1%
Average commute time 18.8 min (95% confidence interval, 15.9-21.8 min) 54 min

Table 4 shows the comprehensive LCA inventory of the housing unit in Isidro Fabela
and Mexico City, including embodied and operating energy use. Embodied energy includes
materials and energy flows associated with the construction phase. Operating energy draws
on the annual consumption of household and transportation energy use associated with
four-member households in Isidro Fabela and Mexico City.

Table 4. Comprehensive LCA inventory of the housing unit in Isidro Fabela and Mexico City.

. Isidro Fabela’s Mexico City’s
Operating Phase Flow Housing Unit Housing Unit
Concrete 46.7 Tons 44.2 Tons
Concrete block 31.7 Tons 31.7 Tons
Mortar 30.1 Tons 30.1 Tons
Embodied energy of Aggregate stone 7.7 Tons 2.6 Tons
building materials Rebar steel 5.1 Tons 3.0 Tons
Natural stone 4.3 Tons 0 Tons
Roofing asphalt 0 Tons 1.7 Tons
Stucco 0 Tons 1.4 Tons
Electricity 1814 kWh/year 4204 kWh/year
Household energy Natural gas 47,389 M] /year 75,776 M] / year
Transportation energy Gasoline 588 L/year 1716 L/year

4.2. Life-Cycle Assessment and GHG Emissions

This study used environmental impact assessment methods to evaluate global warm-
ing impacts in terms of GHG emissions that result from the estimated flows of energy
materials delineated in the LCA inventory. Environmental impact assessment methods
transform flows of energy and materials into estimated GHG emissions measured in units
of carbon dioxide emissions equivalent (COeq). The author used software that applies the
tool for reducing and assessing chemical and other environmental impacts (TRACI), which
is the LCA method developed by the U.S. Environmental Protection Agency.
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The International Energy Agency [46] balance of energy in Mexico’s residential sec-
tor in 2018 served to provide a panorama of annual energy consumption. The study
found that per-capita energy use in Isidro Fabela (0.245 MWh/year) and Mexico City
(0.309 MWh/year) represented 44% and 55% of the national estimate for residential build-
ings (0.558 MWh/year). The temperate weather conditions in Mexico City allow residents
to use less energy compared to other Mexican cities with arid and humid weather condi-
tions [47].

This section examines global warming impacts using a functional unit that measures
GHG emissions per square meter over a building’s life service of 50 years. The LCA found
that the total GHG emissions (per m?) in Isidro Fabela of 2725 kg CO,eq represented 50% of
the average contribution in Mexico City (5434 kg CO,eq). This study used the International
Energy Agency [48] estimate of total CO,eq emissions of an average resident in Mexico
(3400 kg COzeq) to illustrate the extent of the annual carbon footprint. The study found
that, per-capita, GHG emissions in Isidro Fabela (2934 kg CO,eq/year) and Mexico City
(3400 kg CO,eq/year) represented 43% and 83% of the national estimate for Mexico. This,
in turn, means that the average resident in Isidro Fabela contributed 57% less to GHG
emissions than the average resident in Mexico in 2018.

Embodied energy of building materials contributed 289 kg CO,eq (per m?) in Isidro
Fabela, whereas Mexico City contributed 371 kg CO,eq (per m?). In Isidro Fabela, embodied
energy represented 11% of the total GHG emissions during the housing unit’s service
life, while in Mexico City, construction energy accounted for 7%. These differences can
be explained by the fact that the operating phase in Mexico City produces more GHG
emissions than in Isidro Fabela by a factor of 2. Overall, operating energy is the major
contributor to GHG emissions. For Isidro Fabela, operating energy represented 89% of
total GHG emissions, and for Mexico City, it represented 93% (Figure 6). This finding
concurs with previous LCA studies in residential land use planning [9,11]. Interestingly,
the consumption of natural gas related to water heating is the most significant driver
of GHG emissions in Isidro Fabela, with 1356 kg CO,eq (50%) (2169 kg CO,eq [40%] in
Mexico City). Therefore, this finding agrees with past GHG assessments in residential
buildings [35,49,50] that found that solar water heaters offer the best GHG mitigation
potential in Mexico City [18,40,41,50]. The cold mornings in Mexico City increase the
demand for hot water, which complicates the ability of families to save natural gas for daily
showers. Another obstacle to the efficient consumption of natural gas is the frequent use of
inefficient water heaters, which increase gas consumption [37].

Transportation energy is the second-largest contributor to GHG emissions, accounting
for 651 kg COseq (24%) in Isidro Fabela and 1901 kg CO,eq (35%) in Mexico City. This
finding coincides with the LCA assessment of urban housing in Mexico City [51]. Because
most workers in Isidro Fabela commute via public transportation and walking, the contri-
bution of transportation energy to GHG emissions is moderate. However, the contribution
of transportation energy use may be more significant in informal communities on the
fringe that lacks easy access to high-capacity transportation systems, forcing residents to
commute extensively by using inefficient means of transportation and cars. This highlights
the significance of urban location for sustainable transportation practices [22-24].

Electricity consumption is the smallest contributor to GHG emissions in the operating
phase. Household electricity consumption contributed 429 kg CO,eq (16%) in Isidro Fabela
and 993 kg CO,eq (18%) in Mexico City. In Isidro Fabela, and elsewhere in Mexico City,
families take advantage of the mild weather and perform electricity-saving practices, such
as using natural ventilation. The contribution of electricity consumption may be more
significant in cities with arid or humid weather conditions, which increase the use of air
conditioning systems to improve indoor temperatures.
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Figure 6. Comparison of GHG emissions by life cycle stage and final use of energy in housing units
of Isidro Fabela and Mexico City (per m?).

5. Conclusions and Policy Implications

In Mexico City, most of the urban land was developed by low-income families through
self-help consolidation in informal settlements [3]. However, there is little understanding
of how people in informal communities use energy and resources and contribute to GHG
emissions. In Mexico, previous research solely examined the extent of energy use of
residential buildings in government-funded developments [18,19,51]. This article offers a
comprehensive assessment of energy and GHG emissions that combines self-help housing,
daily energy consumption, and transportation in the colonia popular of Isidro Fabela.

The complete LCA of Isidro Fabela revealed that families contribute 50% less to GHG
emissions than the average household in Mexico City. This analysis reveals disparities
in energy use between low-to-moderate income families in Isidro Fabela and wealthier
households in Mexico City that can afford to pay more for household utilities. Such
inequality in energy use means that upper-income families may be less concerned about
the implications of energy use and, consequently, less likely to pursue low-energy practices.
For low to moderate-income families in Isidro Fabela, energy use influences household
finances. Throughout the housing unit’s life cycle, families in Isidro Fabela have likely
developed energy-saving behavior to manage household budgets.

Because energy use theory overlooks social justice issues faced by families in informal
communities in the Global South, this study draws from the perspective of energy poverty.
Energy poverty provides a more inclusive framework to discuss the contribution of in-
formal settlements to climate change mitigation. In doing so, energy poverty helps cities
understand the implications of energy use among low- and upper-income populations and
thereby mitigate GHG emissions in more socially just ways [25,26,52].

This study reveals that families in Isidro Fabela make efficient use of energy, thus
contributing a valuable model for a community that is both energy-efficient and socially
just. In Isidro Fabela, three generations of low-to moderate-income families have managed
to remain in the community that they developed over the past five decades by using
low-energy use practices. Figure 7 illustrates the drivers of energy efficiency derived from
the comprehensive LCA in Isidro Fabela.
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Figure 7. Drivers of energy efficiency in the embodied and operating phases in Isidro Fabela.

Despite building relatively large structures that require more reinforced concrete,
self-help builders moderate resource consumption by investing their construction labor
as well as using and recycling local materials and tools. In addition, social networks of
residents in Isidro Fabela enable collective self-help housing efforts to improve community
infrastructure and buildings over time.

Regarding the operating phase, the relatively high population density in Isidro Fabela
(230 people per hectare) has the side effect of reducing per-capita energy use because up
to twelve residents can live in shared dwelling units. People in Isidro Fabela appear to
be cognizant of the implications of energy and water consumption in the environmental
challenges that Mexico City faces, such as the water shortage and even climate change. In
their interviews, many residents expressed interest in acquiring technological innovations,
such as solar water heaters, to protect the environment. Previous research found that
families may make the best out of technological innovations when they practice energy-
saving behaviors [53,54]. The field research suggests that families in Isidro Fabela may take
advantage of solar water heaters because natural gas consumption is the most expensive
household utility and because they are environmentally aware citizens.

Regarding transportation energy, commuters in Isidro Fabela also moderate fuel
consumption by using high- and low-capacity transportation systems or by merely walking,
even when some own private cars [55]. The overriding factor that influences efficient work
commutes is the urban location and thus the possibility of accessing various means of
public transportation and job-rich areas near their homes [51]. The local retail economy
is also a significant factor contributing to low transportation energy use, partly because
residents work in the community instead of making long commutes [56,57].

This study concurs with previous studies, supporting sustainable upgrading of in-
formal communities in the Global South [5,6,8] to achieve GHG mitigation commitments
established in the Paris Agreement on Climate Change (2016) and the 2030 Sustainable
Development Goals, including supporting sustainable communities and cities. In addition,
Mexico’s climate mitigation policy should seek to address energy injustices that exacerbate
people’s environmental and social vulnerabilities in informal communities. Based on the
LCA of Isidro Fabela, this study delineates policy recommendations for supporting climate
change mitigation efforts while reducing energy poverty in Mexico.

First, climate change mitigation policy, such as the Nationally Determined Contribu-
tion (NDC), should include informal settlements in the scope of its objectives of energy
use efficiency [18,19]. The scope of climate change mitigation policy is restricted to assist
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government-funded housing developments, disregarding families in informal communi-
ties. Therefore, climate policy should improve families” access to technological innovations,
including solar water heaters [19,35] and efficient appliances, to mitigate GHG emissions
and improve household economies. In this regard, future research on climate change
mitigation should test the GHG mitigation potential of technological innovations, as ex-
emplified by previous research in Egypt and Brazil [54,58-60]. In addition, future studies
should control the embodied energy implications [61] of replacing domestic appliances
with technological innovations.

Second, sustainable housing policies should support assistance to upgrade precarious
self-help buildings that endanger the health and safety of families. To that end, technical as-
sistance from construction practitioners and planners may improve the quality of self-help
consolidation in informal communities [5,62,63]. Third, as illustrated by Isidro Fabela, the
spatial access of consolidated informal settlements to a diverse range of public transporta-
tion and the proximity to job-rich areas allow working-poor families to commute efficiently.
By supporting the access of working-poor families to public transit, governments can
reduce the contribution of transportation energy use to GHG emissions.

Overall, policymakers should enhance the sustainable practices that families in infor-
mal settlements already enact by improving low-income families” access to the assistance
provided by climate change policies. By revealing the contribution of Isidro Fabela to
climate change mitigation in Mexico City, this study may serve as a reference for examining
energy use in other informal settlements in the Global South. Mexico City is the second-
largest Megacity of Latin America and has higher levels of economic development [64,65]
than many of its counterparts in the Global South, but it also has high levels of urban
poverty and inequality [66]. Thus, this comprehensive examination of energy and resource
consumption, in Mexico City’s colonia popular, can serve as a reference for other Latin
American cities and beyond in the Global South, which house the largest populations of
slums dwellers [7,8].
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Appendix A. Questionnaire on Operating Energy Use
e  Electricity use
1.  How much did the household pay for the last electricity bill?
2. Does the household have an air conditioning system?
3. Does the family have any eco-friendly technology, mechanism, or system to save
energy, water, or gas at home?
4.  If so, please choose the appropriate answers.

e  Efficient light bulbs
e  Efficient air conditioner
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References

Solar water heater
Efficient water heater
Water-efficient toilet
Water-efficient shower

Gas use
5. What type of gas does the household use for cooking and water heating?

e  Natural gas (pipeline)
e LP gas (tank)

How much did the family spend on the last gas bill/payment?
7. What type of water heater does the family have?

*

e  Traditional (large and cylinder) heater
e  Small, efficient cylinder

Electric heater

Solar water heater

Water Use
8. How much did the household pay for the last water bill?
9. How much water does the toilet tank use?

e Big 11L
e Medium,7L
[
[

Small, 4 L
Dual mechanism: solids and liquids

10.  Please describe the drainage system in the dwelling unit.

e  Connected to the municipal drainage
e  Septic tanks
e No drainage system

11.  Does the family have sufficient access to water throughout the day? If not,
please indicate the actions that the family members enact to access to water?

We built a cistern/tank to store water

We recycle water from the laundry

We recycle water from the shower

We have water-saving appliances, such as efficient showerheads
We recycle water

We harvest rainwater

Transportation Energy Use

12. Where do the family members work?

13.  How do the workers of the family commute to their job locations?

Which mode of transportation do they usually use, and how long do they spend in
every transportation mode?

14.  Does the family own a private car?
15. Please describe the household’s vehicle(s) characteristics and indicate how
much drivers spend on gasoline per week?

1.  UN-Habitat. The Challenge of Slums: Global Report on Human Settlements 2003. Manag. Environ. Qual. Int. ]. 2004, 15, 337-338.

2. Ward, PM.; Jiménez Huerta, E.; Di Virgilio, M.M. Housing Policy in Latin American Cities: A New Generation of Strategies and
Approaches for 2016 UN-Habitat III; Routledge: New York, NY, USA, 2015.

3. Connolly, P. Observing the Evolution of Irregular Settlements: Mexico City’s Colonias Populares, 1990 to 2005. Int. Dev. Plan. Rev.

2009, 31, 1-35. [CrossRef]

4. Malakar, Y.; Herington, M.].; Sharma, V. The Temporalities of Energy Justice: Examining India’s Energy Policy Paradox Using
Non-Western Philosophy. Energy Res. Soc. Sci. 2019, 49, 16-25. [CrossRef]


http://doi.org/10.3828/idpr.31.1.2
http://doi.org/10.1016/j.erss.2018.11.002

Sustainability 2021, 13, 12108 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

Satterthwaite, D.; Archer, D.; Colenbrander, S.; Dodman, D.; Hardoy, J.; Mitlin, D.; Patel, S. Building Resilience to Climate Change
in Informal Settlements. One Earth 2020, 2, 143-156. [CrossRef]

Teferi, Z.A.; Newman, P. Slum Upgrading: Can the 1.5 °C Carbon Reduction Work with SDGs in These Settlements? Urban Plan.
2018, 3, 52-63. [CrossRef]

Nurfiez Collado, J.R.; Wang, H.-H.; Tsai, T.-Y. Urban Informality in the Paris Climate Agreement: Content Analysis of the
Nationally Determined Contributions of Highly Urbanized Developing Countries. Sustainability 2019, 11, 5228. [CrossRef]
Collado, J.R.N.; Wang, H.H. Slum Upgrading and Climate Change Adaptation and Mitigation: Lessons from Latin America.
Cities 2020, 104, 102791. [CrossRef]

Ramesh, T.; Prakash, R.; Shukla, K.K. Life Cycle Energy Analysis of Buildings: An Overview. Energy Build. 2010, 42, 1592-1600.
[CrossRef]

Pérez-Lombard, L.; Ortiz, ].; Pout, C. A Review on Buildings Energy Consumption Information. Energy Build. 2008, 40, 394-398.
[CrossRef]

Sharma, A.; Saxena, A.; Sethi, M.; Shree, V. Life Cycle Assessment of Buildings: A Review. Renew. Sustain. Energy Rev. 2011, 15,
871-875. [CrossRef]

Vilches, A.; Padura, A.B.; Huelva, M.M. Retrofitting of Homes for People in Fuel Poverty: Approach Based on Household
Thermal Comfort. Energy Policy 2017, 100, 283-291. [CrossRef]

Anderson, J.E.; Wulfhorst, G.; Lang, W. Comprehensive Analysis of the Built Environment Through the Introduction of Induced
Impacts via Transportation Detailed Case Study for the Urban Region of Munich, Germany. Transp. Res. Rec. 2015, 2500, 67-74.
[CrossRef]

Kovacic, Z.; Giampietro, M. Between Theory and Quantification: An Integrated Analysis of Metabolic Patterns of Informal Urban
Settlements. Energy Policy 2017, 100, 377-386. [CrossRef]

Miranda, R.EC.; Grottera, C.; Giampietro, M. Understanding Slums: Analysis of the Metabolic Pattern of the Vidigal Favela in
Rio de Janeiro, Brazil. Environ. Dev. Sustain. 2016, 18, 1297-1322. [CrossRef]

Smit, S.; Musango, ].K.; Kovacic, Z.; Brent, A.C. Towards Measuring the Informal City: A Societal Metabolism Approach. J. Ind.
Ecol. 2019, 23, 674-685. [CrossRef]

Vanin, V.R.; Graca, G.M.G.; Higa, T.T.; Droichi, M.S.; Goldemberg, J. A Note on the Energy Consumption of Urban Slums and
Rural Areas in Brazil. Technol. Forecast. Soc. Chang. 1983, 23, 299-303. [CrossRef]

Government of Mexico, M. of E. and N. Resources. Nationally Determined Contributions 2020 Update; Ministry of Environment and
Natural Resources: Mexico City, Mexico, 2020; p. 42.

INECC-PNUD. Rutas de Instrumentacion de Las Contribuciones Nacionalmente Determinadas En Materia de Reduccion, Mitigacion de
Gases y Compuestos de Efecto Invernadero (GYCEI) En El Sector Residencial y Comercial En México; Ministry of the Environment and
Natural Resources (SEMARNAT): Mexico City, Mexico, 2018; p. 150.

Stephan, A.; Crawford, R.H.; de Myttenaere, K. Towards a More Holistic Approach to Reducing the Energy Demand of Dwellings.
Procedia Eng. 2011, 21, 1033-1041. [CrossRef]

Stephan, A.; Crawford, R.H.; de Myttenaere, K. Towards a Comprehensive Life Cycle Energy Analysis Framework for Residential
Buildings. Energy Build. 2012, 55, 592-600. [CrossRef]

Norman, J.; MacLean, H.L.; Kennedy, C.A. Comparing High and Low Residential Density: Life-Cycle Analysis of Energy Use
and Greenhouse Gas Emissions. J. Urban Plan. Dev. 2006, 132, 10-21. [CrossRef]

Marique, A.-F,; Reiter, S. A Method for Evaluating Transport Energy Consumption in Suburban Areas. Environ. Impact Assess.
Rev. 2012, 33, 1-6. [CrossRef]

Bastos, J.; Batterman, S.A.; Freire, E. Significance of Mobility in the Life-Cycle Assessment of Buildings. Build. Res. Inf. 2016, 44,
376-393. [CrossRef]

Debnath, R.; Simoes, G.M.E; Bardhan, R.; Leder, S.M.; Lamberts, R.; Sunikka-Blank, M. Energy Justice in Slum Rehabilitation
Housing: An Empirical Exploration of Built Environment Effects on Socio-Cultural Energy Demand. Sustainability 2020, 12, 3027.
[CrossRef]

Ochoa, R.G.; Graizbord, B. Privation of Energy Services in Mexican Households: An Alternative Measure of Energy Poverty.
Energy Res. Soc. Sci. 2016, 18, 36—49. [CrossRef]

Munro, P; van der Horst, G.; Healy, S. Energy Justice for All? Rethinking Sustainable Development Goal 7 through Struggles
over Traditional Energy Practices in Sierra Leone. Energy Policy 2017, 105, 635-641. [CrossRef]

Gilbert, A. A Home Is for Ever? Residential Mobility and Homeownership in Self-Help Settlements. Environ. Plan. A 1999, 31,
1073-1091. [CrossRef]

INEGL. Informacion Laboral de México y Sus Estados; Secretaria del Trabajo y Prevision Social: Mexico City, Mexico, 2019.

INEGI. Censo de Poblacién y Vivienda 2010. 2010. Available online: https://www.inegi.org.mx/programas/ccpv/2010/
(accessed on 1 January 2021).

Ward, PM. Mexico City: The Production and Reproduction of an Urban Environment. In Mexico City: The Production and
Reproduction of an Urban Environment; Belhaven Press, Pinter: San Francisco, CA, USA, 1990.

Ward, PM. Self-Help Housing: A Critique; Mansell Publishing Limited: London, UK, 1982; Volume viii, 296p.

Ward, PM.; Jimenez Huerta, E.; Di Virgilio, M.M. Intensive Case Study Methodology for the Analysis of Self-Help Housing
Consolidation, Household Organization and Family Mobility. Curr. Urban Stud. 2014, 2, 88-104. [CrossRef]


http://doi.org/10.1016/j.oneear.2020.02.002
http://doi.org/10.17645/up.v3i2.1239
http://doi.org/10.3390/su11195228
http://doi.org/10.1016/j.cities.2020.102791
http://doi.org/10.1016/j.enbuild.2010.05.007
http://doi.org/10.1016/j.enbuild.2007.03.007
http://doi.org/10.1016/j.rser.2010.09.008
http://doi.org/10.1016/j.enpol.2016.10.016
http://doi.org/10.3141/2500-08
http://doi.org/10.1016/j.enpol.2016.06.047
http://doi.org/10.1007/s10668-016-9810-y
http://doi.org/10.1111/jiec.12776
http://doi.org/10.1016/0040-1625(83)90033-1
http://doi.org/10.1016/j.proeng.2011.11.2109
http://doi.org/10.1016/j.enbuild.2012.09.008
http://doi.org/10.1061/(ASCE)0733-9488(2006)132:1(10)
http://doi.org/10.1016/j.eiar.2011.09.001
http://doi.org/10.1080/09613218.2016.1097407
http://doi.org/10.3390/su12073027
http://doi.org/10.1016/j.erss.2016.04.014
http://doi.org/10.1016/j.enpol.2017.01.038
http://doi.org/10.1068/a311073
https://www.inegi.org.mx/programas/ccpv/2010/
http://doi.org/10.4236/cus.2014.22010

Sustainability 2021, 13, 12108 18 of 19

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Caballero Moreno, W.G.; Alegre, I.; Armengou-Ords, J.; Aguado, A. Self-Construction in Informal Settlements: A Multiple-Criteria
Decision-Making Method for Assessing Sustainability of Floor Slabs in Bucaramanga, Colombia. J. Hous. Built Environ. 2019, 34,
195-217. [CrossRef]

Rosas-Flores, J.A.; Rosas-Flores, D.; Zayas, ].L.F. Potential Energy Saving in Urban and Rural Households of Mexico by Use of
Solar Water Heaters, Using Geographical Information System. Renew. Sustain. Energy Rev. 2016, 53, 243-252. [CrossRef]

Valek, A.M.; Susnik, J.; Grafakos, S. Quantification of the Urban Water-Energy Nexus in México City, México, with an Assessment
of Water-System Related Carbon Emissions. Sci. Total Environ. 2017, 590-591, 258-268. [CrossRef]

Rosas, J.; Sheinbaum, C.; Morillon, D. The Structure of Household Energy Consumption and Related CO, Emissions by Income
Group in Mexico. Energy Sustain. Dev. 2010, 14, 127-133. [CrossRef]

Romero Lankao, P. Water in Mexico City: What Will Climate Change Bring to Its History of Water-Related Hazards and
Vulnerabilities? Environ. Urban. 2010, 22, 157-178. [CrossRef]

Allen, A.; Davila, J.D.; Hofmann, P. The Peri-Urban Water Poor: Citizens or Consumers? Environ. Urban. 2006, 18, 333-351.
[CrossRef]

Ward, PM. The Squatter Settlement as Slum or Housing Solution: Evidence from Mexico City. Land Econ. 1976, 52, 330-346.
[CrossRef]

CFE. Usuarios Y Consumo De Electricidad Por Municipio (2010-2017); CFE: Mexico City, Mexico, 2018.

Izazola, H. Agua y Sustentabilidad En La Ciudad de México. Estud. Demogrificos Urbanos 2001, 16, 285-320. [CrossRef]
SEDEMA. Inventario de Emisiones de La Ciudad de México; Secretaria de Medio Ambiente de la Ciudad de México: Mexico City,
Mexico, 2016. Available online: http://www.aire.cdmx.gob.mx/descargas/publicaciones/flippingbook/inventario-emisiones-
2016/mobile/ (accessed on 1 January 2021).

SENER. Prospectiva de Gas LP En México (2017-2031); SENER: Getxo, Spain, 2017.

INEGI. Encuesta Origen-Destino En Hogares de La Zona Metropolitana Del Valle de México 2017; INEGI: Mexico City, Mexico, 2018.
International Energy Agency. National Total Residential Consumption in Mexico. Available online: https://www.iea.org/data-
and-statistics/data-tables (accessed on 26 October 2021).

Rosas-Flores, J.A.; Rosas-Flores, D. Potential Energy Savings and Mitigation of Emissions by Insulation for Residential Buildings
in Mexico. Energy Build. 2020, 209, 109698. [CrossRef]

International Energy Agency. CO2 Emissions per Capita, Mexico 1990-2020; International Energy Agency: Paris, France, 2018.
Garcia-Valladares, O.; Ituna-Yudonago, J.F. Energy, Economic and Emissions Avoided Contribution of Domestic Solar Water
Heating Systems for Mexico, Costa Rica and the Democratic Republic of the Congo. Sustain. Energy Technol. Assess. 2020, 39,
100721. [CrossRef]

Rodriguez Morales, ].A.; Gonzélez-Avilés, M.; Servin Campuzano, H.; Masera, O. T'imani a Multifunctional Solar System to
Provide Cooking and Water Heating Rural Energy Needs. Energies 2020, 13, 3429. [CrossRef]

Ochoa Sosa, R.; Hernandez Espinoza, A.; Garfias Royo, M.; Morillén Galvez, D. Life Cycle Energy and Costs of Sprawling and
Compact Neighborhoods. Int. J. Life Cycle Assess. 2017, 22, 618-627. [CrossRef]

Bouzarovski, S.; Petrova, S.; Sarlamanov, R. Energy Poverty Policies in the EU: A Critical Perspective. Energy Policy 2012, 49,
76-82. [CrossRef]

Santos, V.; Giglio, T. An Approach to Investigate the Interface between Built Environment and Thermosyphon Solar Water
Heating System. Energy Build. 2020, 223, 110092. [CrossRef]

Giglio, T.; Lamberts, R.; Barbosa, M.; Urbano, M. A Procedure for Analysing Energy Savings in Multiple Small Solar Water
Heaters Installed in Low-Income Housing in Brazil. Energy Policy 2014, 72, 43-55. [CrossRef]

Guerra, E. The Built Environment and Car Use in Mexico City: Is the Relationship Changing over Time? J. Plan. Educ. Res. 2014,
34, 394-408. [CrossRef]

Reyes, A. Housing and Transportation: The Relationship between Residential Location, Local Retail Economies, and Commutes
of Low-Income Families in Mexico City. J. Plan. Educ. Res. 2020, 0739456X20932983. [CrossRef]

Sudrez, M.; Murata, M.; Delgado Campos, J]. Why Do the Poor Travel Less? Urban Structure, Commuting and Economic
Informality in Mexico City. Urban. Stud. 2016, 53, 2548-2566. [CrossRef]

ElSayed, M.S. Optimizing Thermal Performance of Building-Integrated Photovoltaics for Upgrading Informal Urbanization.
Energy Build. 2016, 116, 232-248. [CrossRef]

Bessa, VM.T.; Prado, R.T.A. Reduction of Carbon Dioxide Emissions by Solar Water Heating Systems and Passive Technologies in
Social Housing. Energy Policy 2015, 83, 138-150. [CrossRef]

Naspolini, H.E; Riither, R. Impacts of Domestic Solar Water Heating (DSWH) Systems on the Cost of a Hot Shower in Low-Income
Dwellings in Brazil. Renew. Energy 2017, 111, 124-130. [CrossRef]

Akizu-Gardoki, O.; Wakiyama, T.; Wiedmann, T.; Bueno, G.; Arto, I.; Lenzen, M.; Lopez-Guede, ]. M. Hidden Energy Flow
Indicator to Reflect the Outsourced Energy Requirements of Countries. |. Clean. Prod. 2021, 278, 123827. [CrossRef]

Sullivan, E.; Ward, PM. Sustainable Housing Applications and Policies for Low-Income Self-Build and Housing Rehab. Habitat
Int. 2012, 36, 312-323. [CrossRef]

Thibodeau, C.; Bataille, A.; Sié, M. Building Rehabilitation Life Cycle Assessment Methodology—State of the Art. Renew. Sustain.
Energy Rev. 2019, 103, 408-422. [CrossRef]

Garza-Rodriguez, J. Poverty and Economic Growth in Mexico. Soc. Sci. 2018, 7, 183. [CrossRef]


http://doi.org/10.1007/s10901-018-9606-5
http://doi.org/10.1016/j.rser.2015.07.202
http://doi.org/10.1016/j.scitotenv.2017.02.234
http://doi.org/10.1016/j.esd.2010.04.002
http://doi.org/10.1177/0956247809362636
http://doi.org/10.1177/0956247806069608
http://doi.org/10.2307/3145530
http://doi.org/10.24201/edu.v16i2.1121
http://www.aire.cdmx.gob.mx/descargas/publicaciones/flippingbook/inventario-emisiones-2016/mobile/
http://www.aire.cdmx.gob.mx/descargas/publicaciones/flippingbook/inventario-emisiones-2016/mobile/
https://www.iea.org/data-and-statistics/data-tables
https://www.iea.org/data-and-statistics/data-tables
http://doi.org/10.1016/j.enbuild.2019.109698
http://doi.org/10.1016/j.seta.2020.100721
http://doi.org/10.3390/en13133429
http://doi.org/10.1007/s11367-016-1100-2
http://doi.org/10.1016/j.enpol.2012.01.033
http://doi.org/10.1016/j.enbuild.2020.110092
http://doi.org/10.1016/j.enpol.2014.04.036
http://doi.org/10.1177/0739456X14545170
http://doi.org/10.1177/0739456X20932983
http://doi.org/10.1177/0042098015596925
http://doi.org/10.1016/j.enbuild.2016.01.004
http://doi.org/10.1016/j.enpol.2015.04.010
http://doi.org/10.1016/j.renene.2017.04.004
http://doi.org/10.1016/j.jclepro.2020.123827
http://doi.org/10.1016/j.habitatint.2011.10.009
http://doi.org/10.1016/j.rser.2018.12.037
http://doi.org/10.3390/socsci7100183

Sustainability 2021, 13, 12108 19 of 19

65. Lustig, N.; Lopez-Calva, L.F; Ortiz-Juarez, E. Declining Inequality in Latin America in the 2000s: The Cases of Argentina, Brazil,
and Mexico. World Dev. 2013, 44, 129-141. [CrossRef]

66. Iniguez-Montiel, A.J. Growth with Equity for the Development of Mexico: Poverty, Inequality, and Economic Growth (1992-2008).
World Dev. 2014, 59, 313-326. [CrossRef]


http://doi.org/10.1016/j.worlddev.2012.09.013
http://doi.org/10.1016/j.worlddev.2014.01.011

	Introduction 
	Materials and Methods 
	A Case Study 
	Data Collection Methods 
	Embodied Resource Consumption 
	Household Operating Resource Consumption 
	Transportation Energy Consumption 


	A Comprehensive Assessment of Energy Use in Isidro Fabela 
	Embodied Energy 
	Operating Phase 

	The Life Cycle Assessment of Isidro Fabela 
	Life Cycle Inventory 
	Life-Cycle Assessment and GHG Emissions 

	Conclusions and Policy Implications 
	Questionnaire on Operating Energy Use 
	References

