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Mexico, similarly to other developing countries, has planned landfilling as the central technology to manage
municipal solid waste (MSW). In this research, the current and future situation of final disposal of MSW in Mex-
ico was studied, focusing on the spatial and temporal evaluation of final disposal sites (FDS), landfill gas (LFG)
emissions, and potential power generation in an 80-year horizon. Geographic information systems were applied
for spatial evaluation. The Mexico LFG 2.0 model was used to estimate the LFG emissions in 1782 FDS in opera-
tion, considering statal MSW characteristics and local FDS features. The transition towards a MSW management
system that is less dependent on final disposal was carried out via a sensitivity analysis of the reduction of FDS
in LFG emissions, power generation, and greenhouse gases (GHG) emissions. The study estimated that Mexico
had an LFG generation of 2298 Mm? in 2020, where only 4.6% of FDS were suited for power generation, up to
2534 GWh y'1. This electricity can avoid the emission of 1.45 Mt CO, , since fossil fuels are predominant in the
Mexican power grid. The sensitivity analysis showed that suppressing MSW landfilling could reduce 1636 Mt CO,,
eq over the period studied compared to the business-as-usual scenario. The power generation potential of LFG has
been used scarcely (165 GWh y!). Public policies may focus on proposing economic incentives and establishing
conditions for a biogas market, increasing the number of SL that use LFG for energy purposes.

1. Introduction and trichloropropane [11] in their surrounding environment, which can

affect workers and people who live near to the landfills.

Landfilling is the primary method to treat municipal solid waste
(MSW) worldwide [1]. Annually, 740 Mt of MSW are disposed of in
landfills, representing 37% of the total MSW generated worldwide [1].
The USA and China are the top MSW generators, having more than 3000
landfills in operation [2].

Landfilling presents several environmental issues. Environmental im-
pacts in midpoint indicators per ton of MSW disposed of have been re-
ported, such as climate change -e.g., 2914 [3], 100-700 [4], and 2659
[5] kg CO, eq-; terrestrial acidification -e.g.176 [6], 192 [7], and 400
[5] g SO, eq-; and eutrophication -e.g., 38 [5], 2691 [6], and 79 [7] g
PO,% eq-. Human health risk assessments have shown landfills are re-
lated to non-cancer and cancer adverse health effects due to the presence
of chrome [8], lead [9], benzene [10], naphthalene, hydrogen sulfide,

In comparison to other technologies, landfills present lower invest-
ment and operating costs. The construction of a landfill facility for
servicing a population of 1 million can cost approximately 10 million
USD [1]. MSW treatments as incineration or anaerobic digestion can
cost three [12] and 14 times higher than landfills [13], respectively.
However, when the cost of externalities (i.e., economic cost for climate
change) is accounted for, the difference between landfills and these tech-
nologies reduces by half [14]. Landfills have also been described as sites
that cause public opposition. Al-Khatib et al. [15] found that 42% of the
population near a landfill had problems associated with the MSW facil-
ity (e.g., visual appearance, presence of noxious fauna, dust, and putrid
odors). Owusu et al. [16] reported that the social unrest due to pub-
lic rejection of the landfill could cause premature closures. Due to the
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landfills’ environmental, economic, and social impacts, they are the least
recommended option to manage MSW [17].

The use of landfills has decreased recently in developed countries.
European Union member countries, such as Switzerland, Germany, Bel-
gium, Netherlands, and Denmark, have reduced almost entirely the
share of landfills in their MSW management (i.e., 0%, 0%, 1%, 1%, and
2%, respectively). The United States has reduced in 91% the quantity of
MSW landfilled since the year 2000 [18], and China plans to decrease
the landfill treatment ratio by 40% [19]. These reductions have been
achieved due to the implementation of policies in the waste manage-
ment sector that restrict landfill use. The European Union established
that by 2020, the proportion of organic fraction of municipal solid waste
(OFMSW) could not account for more than 35% of the total MSW [20];
while by 2030, the reduction of MSW landfilled to 10% of the total must
be achieved [21]. China has implemented a pilot program of MSW re-
cycling in 46 cities, and it is projected to increase incineration to 50%
of MSW [19]. The United States implemented tax incentives and fund-
ing to build waste-to-energy facilities (e.g., incineration and anaerobic
digestion plants) and plans to construct dozens in the following years
[22].

Trends for landfill use in Latin America are the opposite of those of
developed countries. The share of MSW landfilled increased from 22.6
[23] to 68.5% [1] between 2002 and 2018. This rise is explained by
the waste policies in developing countries centered on reducing open
dumping, which in Latin America still represents 26.8%, and the use of
landfills appears as the first solution [1].

Confinement of MSW in final disposal sites -i.e., sanitary landfills
(SL), controlled landfills (CL), and open dumps (OD)— is the third
source of anthropogenic methane emissions in Latin America due to
landfill gas (LFG). In 2020, methane emissions from MSW disposal sites
accounted for 992 Mt CO, eq, and it is estimated that for 2030 landfill
emissions will increase by 20% [24]. Methane is the second greenhouse
gas (GHG) in the atmosphere by concentration [25].

National estimation of methane from LFG generation is relevant
since these studies support policymaking and define base scenarios for
GHG emissions abatement goals. Cai et al. [26] evaluated 1955 oper-
ating and 495 projected FDS in China, where they found that the total
projected emissions were 23% lower than the business-as-usual (BAU)
scenario reported by EPA. The study attributed the difference in the
results to the fact that they considered operational and climatic con-
ditions for each landfill. Furthermore, the spatial evaluation allowed
identifying zones with the most significant methane emissions to help
decision-makers prioritize GHG mitigation policies.

LFG is an energy source due to its methane content that can be used
as a fuel. LFG has an average low heating value of 5.17 kWh/m? [27].
This heating value enables LFG to be used as a fuel in internal combus-
tion engines and turbines to produce electricity [27]. LGF can also be
valorized to biomethane to broaden its energy applications by injecting
it into the natural gas grid or utilizing it as a vehicular fuel [28]. Energy
recovery of the LFG has a transversal effect on the mitigation potential
of GHG emissions. This approach reduces the emissions in the waste sec-
tor and mitigates emissions in the energy sector due to the replacement
of fossil fuels for a renewable and clean energy source [6]

The energy recovery scenarios from LFG have been evaluated for
some countries, Choudhary et al. [29] estimated the climate change in-
dicator and the energy production of MSW disposed of in Indian FDS,
founding that OD are the highest contributors to methane emissions due
to 75-80% of the total MSW are confined in these sites. This situation
caused that only 782 GWh of electricity was generated for LFG in 2019
[30]. Fei et al. [19] assessed spatially and temporally the energy poten-
tial of MSW in China, estimating that LFG could produce 7.39 TWh of
electricity or 1.70 Gm?® of biomethane in the 2020 year.

There are few studies related to national LFG emissions for Latin
American countries. Santalla et al. [31] estimated for Argentina that,
in 2030, these emissions will reach 9.6 Mt CO, eq, while in an LFG
capture scenario, they could be reduced by 50%. Weitz et al. [32] esti-
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Table 1
Database characteristics of the final disposal sites in Mex-
ico.

Inputs

Number of FDS

Composition of the MSW

Waste disposal coefficient per capita
Disposal period

Quantity evaluated
2187 FDS

32 compositions
2281 municipalities
1970-2100

FDS: Final disposal sites. MSW: Municipal solid waste.

mated emissions of 41Gg CH, for Panama in 2020. National scenarios
of abatement potential for energy recovery from LFG in Latin America
have been assessed for Brazil [33]. This study determined that the max-
imum annual production of LFG in Brazil is 1567 Mm?3, and it would
have a maximum installed capacity of 533 MW.

According to EPA [24], Mexico is the second Latin American country
with the largest methane emissions related to landfilling; in 2020, FDS
of MSW emitted 24.67 Mt CO, eq, and an increase of 21.6% for 2030 is
projected based on a BAU scenario.

Mexico has evaluated the emission of LFG at a national scale in the
Mexican national inventory of GHG in 2015 [34]. According to this
study, the methane emitted in FDS of MSW accounted for 22 Mt CO,
eq, representing 15.5% of the total methane emissions. However, there
is no study of the current scenario and future trends of methane LFG
emissions at a national scale and the evaluation of the potential mitiga-
tion of GHG through energy recovery from the LFG. Furthermore, the
few studies made in Latin America related to national landfill gas emis-
sions do not discuss the final disposal characteristics of the countries nor
the effect of the transition toward MSW management system with less
participation of FDS in the LFG emissions and the power generation.

The main objective of this study is to characterize the current and
future situation of the final MSW disposal in a Latin American country
like Mexico, forecasting an 80-year horizon. For this purpose, this arti-
cle presents a detailed description of the final disposal situation of the
country, which, combined with interdisciplinary tools as geographic in-
formation systems, allows a national and subnational assessment. The
LFG emissions and the technical feasibility of the energy recovery were
evaluated for the FDS in Mexico, considering scenarios of reduction of
MSW disposed. This study can help policymakers define BAU scenarios
for middle and long-term energy planning in the waste sector and iden-
tify hotspots of GHG emissions to prioritize mitigation strategies. This
methodology could be used in other Latin American countries, whereas
it was noted that there are few studies of national emissions of LFG.

2. Methodology
2.1. Current situation of Mexican final disposal sites

In this work, only FDS in operation were studied, and the charac-
teristics evaluated were the number and spatial distribution, operative
conditions, infrastructure, and age. For each FDS, the composition and
the quantity of MSW disposed of were considered. These data were col-
lected from the National Census of Municipal Government and Dele-
gations [35], except for the MSW compositions obtained from various
bibliographic sources (in the Table S1 of the Supplementary Material
section, such sources are specified). Table 1 describes the database char-
acteristics of the MSW final disposal in Mexico.

The historical and prospects of the annual MSW disposed on each
FDS in Mexico were determined for 1970-2100. This estimation was
based on the waste disposal coefficient per capita for the year 2016 from
each municipality. The historical and projected population data were
evaluated as follows: for the years 1970-2015, the National Census was
consulted; for the period 2015-2050, the data were collected from the
municipal [36] and state [37] population projections, and for the period
2050-2100 the projections were linearly extrapolated.
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The average operational life expectancy of a FDS is ranged between
30 and 50 years [38]. This study used an average life expectancy of 40
years to establish the FDS closure date.

2.2. Generation of landfill gas in final disposal sites in Mexico

The characteristics for each FDS and their respective MSW composi-
tions (described in Section 2.1) were used to assess the LFG emissions
over time. The LFG generation was calculated using the Mexico LFG
model 2.0 [39], which is described in Eq. (1),

n

Orrg= . 2kLy[M;] (e7™ 1) (M CF)(F) 1
i=1

where Qpp represents the maximum flow of LEFG (m® y'1), i indicates
the year (y), n is the total time of landfilling of the MSW (y), k represents
the methane generation index (y!), L, symbolize the methane genera-
tion potential (m3 t'1), M; is the mass of MSW in the year i (Mg), ¢; is the
age of the mass of MSW landfilled (y), MCF corresponds to the methane
correction factor, and F is the fire adjustment factor, which was consid-
ered as 1. In this study, the parameters of Eq. (1) were evaluated for
each FDS, according to the characteristics considered in Section 2.1.

The rate, k, is influenced by the climatic conditions [40], and the
composition and physicochemical characteristics OFMSW [41]. Eq. (2)
represents the calculation for this parameter, where %r; is the percent-
age of waste i in OFMSW and k; is the associated rate of waste i. The
OFMSW is divided into (i) very fast degradation waste (i.e., food waste),
(i) moderately fast degradation waste (i.e., garden and other organic
waste), (iii) moderately low degradation waste (i.e., paper and textiles),
and (iv) very low degradation waste (i.e. wood and straw).

4
Kpona = Y (%r; X k)) o)
j=1

The parameter L, represents the capacity of methane generation per
unit of MSW disposed of [42]. This value can be calculated using Eq.
(3),

L0=MCF><DOC><DOCF><F><£ 3

where MCF is the methane correction factor, which considers the reduc-
tion of methane generation where landfill management does not ensure
total anaerobic conditions; DOC is the degradable organic carbon con-
tent of MSW and DOCr. is the carbon fraction that can be biodegraded
anaerobically, for developing countries DOCy is often approximated to
0.77 [43]; F is the methane fraction in the LFG, which is generally 0.5;
and 16/12 is the stoichiometric ratio of C in CH,.

Eq. (4) describes the estimation of the DOC parameter, where A is
the fraction of MSW that is paper and textiles, B corresponds to garden
and other organic waste fraction, C is the food waste fraction, and D is
the fraction for straw and wood.

DOC = (04 x A)+ (0.17x B) + (0.15x C) + (0.3 X D) “4)

The Mexico LFG model 2.0 was programmed in Python 3.0 [44] to es-
timate the generation of each FDS in Mexico. From 2187 FDS (Table 1),
only 1782 were assessed for LFG generation. The remaining FDS were
OD with no reliable information of its opening year.

2.3. Spatial evaluation of landyfill gas generation of final disposal sites in
Mexico

A spatial evaluation of the LFG generation was carried out using
the software QGIS 3.14.[45] The regional division of Mexico is based
on the economic regions proposed by Bassols Batalla [46]. Fig. 1S (in
the supplementary material section) shows a map with the economic
regions.
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2.4. Minimization of final disposal and power generation from landfill gas
scenarios

The temporal evaluation of the LFG emissions and the power gener-
ation were assessed via sensitivity analysis for different scenarios.

The temporal evaluation studied the LFG generation of FDS from
1970 to 2100. For the power generation, it was considered:

¢ A minimal flow of 5 Mm?® y'! of LFG for being suitable to install an
internal combustion engine [27].

e An LFG composition of 50% methane and 50% carbon dioxide.

e An LFG capture efficiency of 100%.

* A power generator efficiency of 35%. r

¢ A methane low heating value of 9.32 kWh/m?3.

¢ A global warming potential (GWP) of 28 for methane.

A sensitivity analysis was carried out to evaluate the effect of reduc-
ing the use of FDS on GHG emissions and the potential power generation
from captured LFG. Five scenarios of reduction in the use of FDS were
evaluated (i.e. BAU, 25%, 50%, 75%, and 100%). For each scenario, the
trends of MSW disposed of after the time of closure of the FDS (i.e. 40
years) were reduced, with the exception of the BAU scenario, where the
trend remains the same. The 100% scenario is the most optimistic since
it considers that Mexico will change the MSW management to other
technologies alternative to FDS. Table 2 describes each scenario and
their considerations.

This analysis makes the following assumptions: MSW technological
alternatives are available to manage those amounts of MSW that are not
confined in FDS, and the environmental burden by these alternatives is
not considered.

3. Results and discussion
3.1. Characteristics of final disposal sites in Mexico

3.1.1. Number and spatial distribution

According to INEGI [35], the operating FDS by 2016 were 2197 (Ta-
ble S2). These sites were located all over Mexico, except for Mexico City,
which disposes of its MSW in Mexico State and Morelos. Fig. 1 shows
the number of FDS per state, where Oaxaca (385), Veracruz (149), and
Chihuahua (131) have the most. The lowest number of FDS were found
in Aguascalientes (1), Colima (3) and Tlaxcala (4). The difference be-
tween the numbers of FDS is related to the heterogeneity in the amount
of municipalities between the states. Oaxaca is the state with more mu-
nicipalities (569), while Colima (9) and Aguascalientes (11) are two of
the states with fewer municipalities.

The implementation of inter-municipal or regional FDS is an MSW
management strategy that reduces the number of FDS. This strategy re-
duces the disposal cost of MSW due to FDS having economies of scale
(Kojima, 2019). The SL model cost developed by EPA [47] shows that
disposing one t of MSW in an SL with a capacity of 10 t MSW d! can
cost 11.3 times higher than disposing of in an SL with a capacity of 1000
t MSW d! (Fig. S2).

The use of regional FDS is a trend in Latin America [23]. How-
ever, this strategy is uncommon in Mexico, as there were just 126
regional FDS in Mexico (6% of the total). This finding may be at-
tributed to the low inter-municipal cooperation in Mexico [48]. For in-
stance, states whose legislation ease inter-municipal cooperation (e.g,
Aguascalientes) [49] had more municipal coverage of regional land-
fills (100%). On the other hand, states whose legislation inhibits inter-
municipal association (e.g, Yucatan) [49] had fewer municipalities cov-
ered by regional FDS (1%).

3.1.2. Classification of the FDS in Mexico

The Secretary of Environment and Natural Resources (SEMARNAT,
for its initials in Spanish) classifies FDS according to the available infras-
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Fig. 1. Number of final disposal sites per state.

Table 2

Description and considerations for FDS reduction scenarios.

Scenarios of reduction in the use of FDS

Consideration of the trends of MSW disposed of after the time of closure of each FDS

BAU The trend of MSW disposed of remains equal

25% The trend of MSW disposed of is reduced to 25%
50% The trend of MSW disposed of is reduced to 50%
75% The trend of MSW disposed of is reduced to 75%
100% The trend of MSW disposed of is reduced to 100%

tructure and operating practices: (i) SL are the sites which fulfill all the
requirements issued in the landfill Mexican normative, NOM-083 [50],
(ii) CS are similar to SL with the difference that CS lacks a system to
prevent leachate filtration into groundwater, and (iii) OD which neither
has the impermeable system nor any of the other characteristics stated
in NOM 083 (e.g., management and leachate treatment, management
and flare of the LFG, compaction, and daily coverage of the MSW).

The distribution of Mexican FDS was: 163 SL (7.4%) and 2034 OD
(92.6%), none FDS had the characteristics to be considered as CS (Table
S2). These results differ from the findings presented by the report of IN-
ECC [34], that reported 2637 FDS, 12% corresponds to SL, 60% OD, 7%
CS, and 21% not accounted. The difference corresponding to the number
in FDS is due to the INECC study considering closed and projected FDS.
The discrepancy between the shares of SL, OD, and CS can be attributed
to INECC using state normative to define the FDS classification, while
this study considers the national normative NOM-083 [50].

The MSW disposed of in SL represented 65% of the total MSW dis-
posed of in Mexico in 2016, while open dumping accounted for 35%.
The percentage of SL agree with Espinoza-Tello et al. [23], but the au-
thors reported an OD participation of 12.4%. The difference between
both studies is due to the CS denomination. Espinoza-Tello et al. consid-
ered CS as the facilities with some infrastructure to manage MSW but
without any specifications. In contrast, this study considered CS accord-
ing to the NOM-083.

The high use of OD in Mexico may be attributed to small-size cities.
Cities with a population between 2500 and 100000 inhabitants repre-
sent 76% of the municipalities in Mexico and concentrate 29% of the
total population. These small-size cities generally manage their MSW
inadequately due to budget limitations for building and operating an SF
or CS [51].

Table 3 shows the share of the different types of FDS by region and
state in Mexico. The South Central and North East regions had SL as the
primary method to manage MSW, while the Gulf of Mexico region had
the highest share of OD, which is the strategy with the lowest technol-
ogy. The relation between the disposal infrastructure and the economic
indicators is noteworthy, due to regions with the highest share of gross
domestic product (GDP) had SL as the main disposal strategy, as shown
in Fig. S3B. These results accord with Kaza et al. [1], who reported that
territories with higher income have better MSW disposal practices.

3.1.3. Age of the FDS in Mexico

The average age of the FDS was 15.5 years, without a significant
difference between SL and OD (Table S2). These results suggest that
the promulgation in 2003 of normative to enhance the MSW disposal
in Mexico, as the General Law for the Prevention and Integral Waste
Management [52] and NOM-083, has fostered SL’s construction. How-
ever, these efforts have not prevented the emergence of new OD; some
of them opened less than five years ago.

Fig. 2 shows the average age of SL and OD age in Mexico. The lowest
age of SL in regions as the Yucatan Peninsula (8.7 y) and South Pacific
(13.3 y) can be explained as a transition of OD to SL. These zones have
longer times for planning the energy use of LFG as they will have de-
layed production peaks. On the other hand, the highest age of SL in
regions as the North West (21.4 y) and North East (18.9 y) can be at-
tributed to earlier waste management planning. These areas could im-
plement different strategies for MSW treatment in the short term since
they will have to face the closure of several SL in the following years.
For instance, Nuevo Leon, a state in the North East region, has planned
to construct an integral MSW management center that includes sorting,
recovery, transformation, thermal valorization, and anaerobic digestion
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Table 3
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Share of the types of final disposal sites in the management of municipal solid waste per state and economic region in Mexico.

Region and state Share of the MSW disposed of (%)

SL oD

North West 57.2 42.8
Baja California 66.9 33.1
Baja California Sur ~ 54.8 45.2
Nayarit 66.0 34.0
Sinaloa 63.1 36.9
Sonora 31.5 68.5
North 64.8 35.2
Coahuila 73.7 26.3
Chihuahua 80.0 20.0
Durango 70.5 29.5
San Luis Potosi 46.9 53.1
Zacatecas 22.0% 78.0%
North East 80.3 19.7
Nuevo Leon 82.6 17.4
Tamaulipas 77.1 22.9
West Central 60.1 39.9
Aguascalientes 100.0 0.0
Colima 74.7 25.3
Guanajuato 47.5 52.5
Jalisco 69.7 30.3
Michoacan 45.3 54.3

Region and state Share of the MSW disposed of (%)

SL oD

South Central 81.6 18.4
Hidalgo 50.4 49.6
Mexico City* - -

Mexico State* 85.9 14.1
Morelos 69.2 30.8
Puebla 74.7 25.3
Queretaro 89.8 10.2
Tlaxcala 78.4 21.6
South Pacific 44.1 55.9
Chiapas 429 57.1
Guerrero 50.8 49.2
Oaxaca 36.8 63.2
Gulf of Mexico 21.5 78.4
Tabasco 28.4 71.6
Veracruz 19.5 80.5
Peninsula of Yucatan 72.1 27.9
Campeche 71.5 28.5
Quintana Roo 82.3 17.7
Yucatan 52.8 47.2

MSW: Municipal solid waste, SL: Sanitary landfill, OD: Open dumps
*The MSW disposed of by Mexico City were accounted to Mexico State and Morelos

30

National Average  SL.: Sanitary landfill

OD: Open dump
25 +

20

Fig. 2. Average age of the final disposal sites
per economic region.

15 1

10

Age of the final disposal sites (y)

SL oD SL oD SL oD SL oD SL oD SL
North West North North East West Central South Central

of the MSW [53]. In contrast, the North West region may keep the SL as
the primary method as Baja California Sur projects the construction of
nine SL [54].

3.1.4. Composition of the MSW in Mexico

The average of the OFMSW in Mexico was 50%, similar to the 51.6%
reported by SEMARNAT [55]. This fraction is also similar to the average
value from developing countries, i.e., 53% [1]. Fig. 3 shows the OFMSW
for economic regions in Mexico, where the difference in the MSW com-
position between the economic regions is notorious. This information
is quite helpful for decision-makers selecting MSW treatment strategies
alternatives to the final disposal. For instance, cities in the West Central
and South Pacific regions may be suitable for methods where OFMSW
is used for composting and anaerobic digestion. In contrast, the MSW
generated in northern cities and the South Central region can be more
appropriate for thermal treatment or refuse-derived fuel. This last tech-
nique has been scarcely developed in the SL of Monterrey, Nuevo Leon,
where a fraction of MSW is recovered to produce RDF for the cement
industry [56].

South Pacific

oD SL oD SL oD

Gulf of Mexico  Yucatan Peninsula

3.1.5. Quantity of MSW disposed of in FDS in Mexico

For 2016, the mass of MSW disposed of in FDS in Mexico was
0.103 Mt d'l. The comparison between MSW disposed of with the es-
timation of MSW generated (0.122 Mt d!) showed that the share of
MSW confined in FDS is 84.4% [55]. This value is in accord with the
rate of MSW collection in Mexico, i.e., 87%. The remained MSW may
be disposed of in illegal FDS or within an informal collection and recov-
ery system for recyclable materials. An official report from Mexico City
identified 1229 clandestine dumps inside the city [57], while a study by
Botello-Alvarez et al. [3] found that informal waste pickers can sort up
to 23% of the recyclable fraction of the MSW, which reduce the GHG
emissions from MSW management in 8.5%.

Table 4 shows the classification of the FDS in Mexico based on their
size, as established in the NOM-083. It is shown that the small-size FDS
predominate (i.e., FDS class B, C, and D) since 87.3% of the FDS received
less than 100 t d! of MSW.

Fig. 4 illustrates the MSW disposal per capita in Mexico. This char-
acteristic maintains a complex relationship between the incomes of the
territories (Fig. S3b). In some regions, the large MSW disposal is not
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Fig. 4. Per capita municipal solid waste final disposal per economic region in Mexico.

Table 4 related to economic development. For instance, the North West region
Classification of the final disposal sites in Mexico based on the daily had the most significant MSW disposal, but it is the third region with
capacity to manage municipal solid waste [50]. the lowest income per capita.
Classification of FDS ~ Mass of MSW disposed (t ')  Number of FDS Touristic activity has been described as a factor that can affect the
A > 100 166 quantity of MSW managed in a territory. Arbulu et al. [58] estimated
B 50-100 112 that an increase of 1% of the number of tourists in a small-size city could
g 101‘30 ‘1‘2;8 increase 1.25% the MSW generated. Saito [59] found that the tourism
<

sector may represent 10% of the MSW generated. The present study
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Fig. 5. Spatial distribution of the landfill gas emissions in Mexico.

showed that two of the three regions with the most tourists (i.e., Yu-
catan Peninsula with 68 million and North West with 37 million annual
tourists) are the two regions with the higher per capita MSW disposal
rate. This finding suggests that tourism is a driving factor of the MSW
generation in Mexico, and policymakers of touristic regions must con-
sider this in the planning of MSW management.

3.2. Spatial evaluation of landfill gas generation in final disposal sites in
Mexico

The LFG generation estimated in this work was 2298 Mm? for 2020.
In other Latin American countries, significant differences have been re-
ported; for Panama 125 Mm? [32], for Argentina 902 Mm?® [31], and
Brazil 1567 Mm3 [33]. These differences can be associated with popu-
lation size and consumption habits; since in all Latin America, the MSW
management strategy continues to be the FDS: 53.5% SL, 15% CS, and
26.8% OD, while the rest of the MSW is recycled [1]. The FDS appears
to have a long future in this region.

Fig. 5 presents the spatial distribution of the LFG generation by 2020
of the FDS in Mexico. Just 4.6% of the FDS (equivalent to 82 sites) had
an LFG generation higher than 5 Mm? y!, which in Section 2.4 was
specified as the minimum flow required for the implementation of tech-
nologies for electricity generation. These FDS were classified as large-
size (i.e., A), and as shown in Fig. 6, were the primary source of LFG
with 86% of the generation. This result implies that few FDS are suit-
able for power generation from LFG, but these sites have a considerable
potential to mitigate GHG emissions because 1788 Mm? can be used for
electricity generation (Fig. 6). 71 of the 82 FDS with the minimum flow
of LFG for power generation were SL. This is an advantage for using
LFG because SL requires less infrastructure retrofit for power genera-
tion compared to OD [60]. Fig. 6 also shows that OD had a 24%share
of LFG generation. These sites could implement other strategies to mit-
igate GHG, such as flaring the LFG. Dedinec et al. [61] reported that
the implementation of flares in FDS in Macedonia could mitigate 25%
of the GHG emissions.

Fig. 7 describes the LFG generation for the economic regions in Mex-
ico by 2020, where it can be observed a spatial differentiation. The
variations in the LFG generation may be attributed to the economic
and demographic characteristics of the regions. Fig. S3 describes the
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Fig. 6. Generation of landfill gas (LFG) per class and size final disposal sites
(FDS).

population and the share of the GDP in Mexico, showing that central
regions had the largest population and GDP, followed by the northern
regions. In contrast, the southern regions showed less population and
economic development. The economic differences have been related to
the North American Free Trade Agreement, which fostered higher eco-
nomic growth in the states from the Center and North of Mexico [62],
attributed to electronic, automotive, chemical, and textile industrial fa-
cilities [63].

3.3. Minimization of final disposal and power generation from landfill gas
scenarios

Fig. 8 shows the sensitivity analysis of MSW minimization scenar-
ios in the cumulative generation of the LFG in Mexico until 2100. The
difference between the BAU scenario and the reduction of the 100%
scenario is 177.8 Gm? of LFG. The difference suggests the mitigation of
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Fig. 8. Sensitivity analysis of landfill gas emissions for BAU, 25, 50, 75, and
100% scenarios of reduction of the use of final disposal sites.

1636 Mt CO, eq in 2020-2100, representing an annual mean emissions
mitigation equivalent to 44.5% of the total GHG emission in the Mexican
waste sector in 2015 [34]. This account does not consider the marginal
emissions of the alternative technologies of MSW management. It is well
known that MSW treatments as recycling, waste-to-energy (thermal and
no-thermal), and composting have a considerable potential to mitigate
the GHG emissions in the waste sector [64].

The South-Central Region, specifically Mexico City, has made efforts
to reduce the use of FDS in its MSW management. In 2004, a pioneer
waste statute was decreed in Mexico City, which established separation
of MSW at the source [65]. After the closure of the SL Bordo Poniente
in 2011 -which was the largest Mexican SL with a capacity for MSW
management of 12000 t MSW d! [66]- the capacity of the composting
plants increased from 103.75 t d’! to 1388 t d'! in 2015 in the period
2010-2015 [67,68]. Mexico City has also deployed strategies to recover
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Fig. 9. Sensitivity analysis of power generation potential for BAU, 25, 50, 75,
and 100% scenarios of reduction of municipal solid waste (MSW) final disposal.

valuable MSW, such as 1587 selective collection routes and two sorting
facilities, which recovered 163 t d! for recycling [57]. Nevertheless,
these actions have just reduced the MSW in the FDS by less than 20%
[57], and they did not prevent the South-Central region from becoming
the most significant contributor to the cumulative LFG generation, even
in the more optimistic scenario (i.e., 100% reduction scenario), with a
share of up to 34% since the year 2040 (Fig. S4). This result denotes
that FDS will be releasing large quantities of LFG in the mid and long
term; even drastic changes in the MSW management were made due to
the characteristics of the environmental liabilities of these sites [69]
Fig. 9 describes the electricity generation potential for the scenarios.
The BAU scenario presented the most significant electricity generation
potential, with a peak in 2065 (4717 GWh). This generation may rep-
resent 8.7% of the current generation from the North East region [70].
Fig. 9 also shows that for 2020 Mexico has an estimated potential of
2535 (scenario 100%) to 2537 GWh (BAU scenario). This potential rep-
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resents 0.77% of the total electricity generation of Mexico and may re-
place the consumption of approximately 211416 households, consider-
ing an average monthly consumption of 1000 kWh [70]. The mitigated
emissions for the potential replacement of electricity are described in
Fig. S5, where the avoided emissions to 2020 are 1.45 Mt CO, eq and
can go up to a maximum of 2.7 Mt CO, eq by the year 2065 for the BAU
scenario.

The reduction of final disposal sites increases the use of other meth-
ods to manage MSW. As mentioned in section 2.4.1, this study did not
account for the environmental impacts of the alternative methods nor
the environmental credits for the valuable products obtained from them.
Therefore, the low potential of electricity generation for the scenarios of
final disposal reduction should not be interpreted as an adverse situation
from an environmental assessment approach.

Mexico has used its electricity potential from LFG scarcely, as pre-
sented in Fig. S6, where the projected flows of LFG used for power gener-
ation due to the current projects are shown. It is observed that by 2020,
less than 6 % (137 Mm?® y!) of the LFG generated was used for electric-
ity generation since just eight FDS had the technology for power gener-
ation [70]. These FDS had the installed capacity to generate 165 GWh
y'1 [56], approximately 7 % of the potential estimated by that year.

The low potential of LFG used for power generation can explain
the higher cost of this technology compared to conventional electricity
production (e.g., fossil-fuels-based technology). Francisca et al. [71] re-
ported for Argentina that power generation from LFG can cost 83 USD
MWh1, which is almost six times the price in the energy market. A study
for the use of LFG for electricity and steam generation in the South Pa-
cific region of Mexico showed financial profitability with an internal rate
of return of 25% [72]. Nevertheless, the payback time of the project was
long (i.e., 9.4 years), and heating applications are challenging in Mexico
due to the incipient market of renewable heat [73].

The economic feasibility of the LFG energy projects depends mainly
on public policies. For instance, most of the Mexican FDS with power
generation from LFG were developed under the Clean Development
Mechanism [56]. This strategy allows developed countries to purchase
emissions reductions (i.e., carbon credits) from developing countries to
meet GHG reductions [60]. The effect of carbon credits on power genera-
tion from LFG has been evaluated by Maalouf and El-Fadel [64], where
they found that the breakeven point for this technology was reached
with a carbon credit price of 21 USD/MtCO, eq mitigated.

Conclusions

The purpose of this study was to present the situation of the final
disposal of the MSW in Mexico, along with a national estimation of cur-
rent and prospective emissions of LFG from FDS and its potential use
for power generation. One of the main findings from this research was
that 2034 OD are still operating and contribute with 24% of the national
LFG emissions. The OD in operation hinder the achievement of Mexico’s
commitment to the MSW sector within the nationally determined con-
tributions to the Paris Agreement, which consists of capturing the LFG
in every FDS by the year 2030. Other strategies such as reducing MSW
disposed of in FDS can reduce the GHG emissions in 1636 Mt CO, in a
period of 80 years.

The composition and share of the MSW disposed of in SL (65%) in
Mexico are advantageous to using LFG to produce electricity. The poten-
tial electricity generation of the country by the year 2020 was 2534 GWh
yL. This energy can avoid the emission of 1.45 Mt CO, eq since fossil
fuels are the primary component of the electricity mix in Mexico. The
power generation potential of LFG has been used scarcely (165 GWh
y1) since just eight SL had the technology to use the LFG for electricity
generation. Public policies may focus on proposing economic incentives
and establishing conditions for a biogas market, increasing the number
of SL that use LFG for energy purposes. This study identified the central
and northern regions as the zones that could benefit from these policies.

Renewable and Sustainable Energy Transition 1 (2021) 100007

Further work is required to establish the GHG emitted by electric-
ity generation using national inventories to calculate the environmental
credits of using the LFG for power generation and quantify other po-
tential environmental impacts. An economic analysis is needed to de-
termine the breakeven points of the waste-to-energy projects based on
FDS.
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