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Most of the municipal solid waste (MSW) in developing countries ends up in landfills. For
example, more than 95% of the MSW generated in Latin America is disposed of in some
type of landfill. Factors such as high organic compositions, low recycling rates and poor
control over the disposal sites greatly increase the environmental impacts associated with
MSW management in this region, resulting in increased emissions of greenhouse gases
(GHGs) and runoff of leachates. Therefore, local governments in Latin America are making
efforts to transition to more “circular” management models for MSW. This is the case in the
Guadalajara Metropolitan Area (GMA), the third most populous city in Mexico, where the
implementation of the following two mechanical biological treatment (MBT) alternatives are
being considered: 1) a high-capacity mechanical sorting facility with no biological treatment
and 2) a medium-capacity mechanical sorting facility coupled with a composting process.
Thus, the aim of the present study was to assess the environmental performance of the
current MSW management system (baseline) as compared to the two potential MBT
alternatives through life cycle assessment (LCA) and sensitivity analyses. Furthermore, by
using a SWOT analysis, this study aimed to provide insights into the main economical,
sociocultural, legal, political and technological/infrastructure challenges that need to be
overcome in the GMA, as well as other cities in developing countries, in order to transition
to circular MSW management models. An assessment of global warming potential
(measured in Gg CO,-eg/year) indicated that the current MSW management system
(baseline) results in the emission of 111.21 Gg CO»-eqg/year, while the two potential
alternative scenarios displayed a net emissions reduction of 24 and 34%, respectively,
due to material recycling and the substitution of petroleum coke with refuse-derived fuel
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(RDF) in cement kilns. When evaluating abiotic resource depletion (measured in Gg Sb-eq/
year), the potential alternative scenarios both outperformed the baseline with savings
increases between 3,380 and 3,501%. This result is largely attributed to the decrease in
fossil fuel consumption (due to the substitution of petroleum coke with RDF), which
provides a potential reduction of 5.62 Gg Sb-eqg/year. The sensitivity analysis revealed that
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several key parameters, such as the fraction of food and plastic wastes in the MSW, can
alter the scenario rankings. Recycling of the recovered materials and treatment of the
organic fraction were found to be key strategies for a reduction in direct environmental
impacts. Additionally, better management of waste picker activities, standardization of
landfill operations and enhancement of material separation and selective collection must
be addressed prior to the introduction of new treatment technologies. The results of the
study herein can assist in the formation of policies to improve the feasibility of MBT
implementation and drive the first steps towards a circular economy model in the GMA, as
well as other cities within Latin American and Caribbean regions with similar

characteristics.

Keywords: MSW, MBT, life-cycle assessment, developing country, circular ecomomy

1 INTRODUCTION

Rapid population growth coupled with unsustainable consumption
habits in developing countries has led to multiple environmental
problems, including a considerable increase in the generation of
municipal solid waste (MSW) (Ghanimeh et al., 2019). Current
waste management practices in Latin America and the Caribbean
(LAC) are highly focused on a ‘concentrate and contain’ approach,
where disposal of waste into landfills is the predominant practice,
because it represents the cheapest and simplest means of
elimination (Castrejon-Godinez et al., 2015). More than two-
thirds of the waste generated in the LAC region is disposed of
in landfills (controlled or sanitary), while open dumping
(uncontrolled landfilling) accounts for about 27% of waste
disposal (Kaza et al., 2018). Recycling and composting systems
are still emerging across the LAC region, and the extent of
implementation varies by country. In general, only 4.5% of
MSW is recycled in this region, and less than 1% undergoes
treatment methods, such as anaerobic digestion, composting or
incineration (Kaza et al., 2018).

In Mexico, approximately 65% of the MSW generated is
disposed of in a controlled landfill, while 30% ends up in open
dumps, and only 5% is recycled (Gtiereca et al., 2015). However,
controlled landfills vary greatly in their technical quality, and, in
most cases, they do not meet the minimum requirements
(SEMARNAT, 2020) of disposal established by the applicable
regulatory body (DOF, 2003). Additionally, mixed collection is
still a predominant practice, as only 4.39% of MSW is source-
separated, and only 7.44% of the daily MSW generated in Mexico
is sent to a sorting plant to recover valuable materials, where the
average recycling efficiency is 3.1%. There is no official data
regarding the daily total organic waste treated in Mexico
(SEMARNAT 2020).

Thus, the prevailing MSW management model in Mexico
follows a linear scheme, where mixed MSW is collected from
households and transported either by municipality collection
vehicles or by private operators, who deliver the waste to the
sanitary landfill, or in some cases, first to transfer stations, where
waste pickers (WP) manually select the recoverable materials
prior to sending the MSW to the sanitary landfill (Aristoteles
et al,, 2017). The disposal of untreated MSW in sanitary landfills

results in two major problems: 1) a poor reincorporation rates of
different recoverable materials into productive chains
(Tsydenova et al, 2018), which implies the loss of their
potential for reuse, recycling or energy recovery (Menikpura
et al, 2013) and 2) emissions of pollutants or toxic
compounds (Torretta et al, 2017) into the environment,
including leachates, greenhouse gases (GHGs), like methane
(CH,), and carbon dioxide (CQO,) (Saier, 2007). These
emissions represent a potential risk to human health and to
other living organisms (Salmeron-Gallardo, 2016).

In light of these environmental issues, several solid waste
treatment technologies, such as incineration, gasification,
anaerobic digestion, composting and mechanical biological
treatment (MBT), have been implemented, mainly in
developed countries, to increase the circularity of MSW
management systems and, consequently, mitigate the
associated environmental and health hazards (Hoornweg and
Bhada-Tata, 2012). Particularly, MBT is a technology which
combines the mechanical separation of recoverable materials
with the biological stabilization of organic matter, by processes
such as anaerobic digestion or composting (Stegmann, 2018). The
mechanical separation stage allows for material recovery (Di
Lonardo et al., 2012), mainly of plastics and metals, which can
be reincorporated into productive chains, while the biological
stabilization reduces the biodegradable organic content of waste,
which translates into a reduction in the generation of leachates
(Sanchez et al,, 2015) and landfill gases (van Praagh et al., 2009).

The work herein focuses on the Guadalajara Metropolitan
Area (GMA), one of the most populous cities in Mexico, which
has reported several problems regarding the management of
MSW in the last several decades (Aristételes et al, 2017).
Currently, around 55% (2,810.87 tons/day) of the total GMA
MSW generation is sent to the ‘Los Laureles’ landfill, a disposal
site that has received criticism due to their poor operation
conditions, which have caused severe environmental and
health impacts, mainly by leachate runoff entering ground and
surface water sources, as well as GHGs emissions and micro-scale
burning of waste (CEDH]J, 2020). Moreover, in 2019, the Jalisco s
Human Rights Commission requested the permanent closure of
‘Los Laureles’ landfill due to a 5-day fire that caused an emergency
in the GMA due to the resulting poor air quality (CEDH]J, 2020).
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In response to all the problems of the ‘Los Laureles’ landfill site,
the State Government pledged to fully close it by 2022 and to
replace it with a new sanitary landfill. Furthermore, local
authorities are working on a public agenda to implement a
more circular MSW management model, which considers the
introduction of MBT technologies (PGEJ, 2019). Two potential
scenarios are currently being considered: the first includes a high-
capacity (1,000 ton/day) mechanical sorting facility with no
biological treatment, while the second contemplates a medium-
capacity (500 ton/day) mechanical sorting facility coupled with a
composting process (Section 2.3.2 provides a full description of
these scenarios). However, even though MBT has already been
implemented for more than 20 years in developed countries, such
as Croatia (Sarc et al., 2018), Poland (Potomka & Jedrczak, 2019),
Germany (Vielhaber, 2015), France (Bayard et al,, 2010) and Italy
(Trulli et al, 2018), further research is needed to determine if
these systems should be promoted in developing countries, such
as those in the LAC region, where environmental, sociocultural,
technological and geopolitical conditions can significantly affect the
implementation of MBT plants.

Life cycle assessment (LCA) has been extensively applied to
systematically evaluate the environmental impacts of waste
management scenarios (Brancoli & Bolton, 2019) and to guide
policy decisions (relating to environmental, economic and social
topics) towards best management alternatives (Abeliotis et al.,
2012). Furthermore, previous studies have been recently
conducted in developing countries to assess the environmental
performance of MBT. For instance, Tsydenova (2017) compared
GHG emissions under the five following MSW management
scenarios in the Toluca region of Mexico: 1) landfilling, 2)
landfilling with landfill gas recovery, 3) direct incineration, 4)
MBT with landfilling, and 5) anaerobic digestion within the
landfill. The author concluded that the replacement of the
landfill for alternatives 2, 3 or 4 could significantly reduce
GHG emissions. Moreover, Fei et al. (2018) employed LCA to
compare the environmental performances of five MSW treatment
alternatives for the city of Changzhou located in Jiangsu Province
in China. The alternatives compared by these authors were: 1)
landfilling with landfill gas converted to electricity, 2) landfilling
with landfill converted to natural gas, 3) direct incineration, 4)
MBT with incineration and biogas converted to electricity, and 5)
MBT with incineration and biogas converted to natural gas. The
authors concluded that the alternatives including MBT, displayed
the best environmental performance and were promising even when
source separation was inefficient. More recently, Silva et al. (2021)
conducted an LCA to compare four MSW management scenarios in
the city of Brasilia, Brazil: 1) the most common practice (direct
landfilling) and (2, 3, 4) three scenarios, including MBT and the
production of refuse-derived fuel (RDF) by two existing plants that
were evaluated individually and in combination. The authors
concluded that the introduction of MBT and RDF production
systems reduced emissions by up to 23%. Despite this existing
literature, there is still a lack of integrated assessments for
different MBT configurations in a city of a developing country,
which consider the local sociocultural, economical and geopolitical
factors. Furthermore, to the best of the author’s knowledge, there are
no studies that go beyond the environmental assessment and which

Integrated Environmental Assessment Developing Country

provide insights into the main economical, sociocultural, legal,
political and technological/infrastructure challenges that need to
be overcome by cities in developing countries to be able to transition
to circular economy MSW management models.

Therefore, the aim of the present work was 1) to assess the
environmental performance of the current MSW management
system in the GMA and to compare it with two potential
alternative scenarios (with different MBT configurations)
currently being considered by the local authorities, through
Life Cycle Assessment (LCA); 2) to evaluate the effect that key
parameters, such as MSW composition, can have on the scenario
rankings; 3) to provide insights into the main economical,
sociocultural, legal, political and technological/infrastructure
challenges that need to be overcome in the GMA and in other
similar cities in developing countries, in order to transition to a
circular economy MSW management model; and 4) to provide
guidance for the development of policies that can improve the
feasibility of MBT implementation and drive the first steps
towards a circular economy model in the GMA, as well as in
other cities with similar characteristics. To achieve these goals, an
MSW composition characterization was conducted to determine
the potential for material recovery. Then, an LCA was employed
to compare the environmental performance of the current scenario
(baseline) with two potential alterative MSW management scenarios
considering a cradle-to-cradle approach. Additionally, a sensitivity
analysis was conducted to assess how the performance of all three
management scenarios is affected by changes in three input
variables: MSW composition, percentage of source-separated
MSW and percentage of gas recovered and flared at the sanitary
landfill. Finally, through a SWOT approach, this study identified the
main strengths, weaknesses, opportunities and threats to the GMA
under the current MSW management system.

2 MATERIALS AND METHODS

2.1 Study Area

The GMA is in the central region of the State of Jalisco, and with
approximately five million inhabitants, it is the third most populous
city in all of Mexico (IIEG, 2017). The GMA covers an area of
3,265.5km® and integrates nine municipalities with a total
urbanization rate of 78% (IMEPLAN, 2015). The GMA has a per
capita. MSW generation of 1.02kg/day, which translates into
5,100 tons of MSW per day (Aristoteles et al, 2017). Within the
GMA, the subsystem under study in this work (Figure 1) integrates
the municipalities of Guadalajara, Tlajomulco, Tonala and El Salto,
which can be analyzed as a cluster (subsystem), as of all these
municipalities currently dispose of their MSW in the ‘Los Laureles’
sanitary landfill without any associated treatment or recovery
processes. This subsystem produces 2,861.17 ton of MSW per day
(56.1% of the total for GMA) (Aristoteles et al., 2017).

2.2 Estimation of the GMA MSW

Composition
An estimation of the MSW composition was performed by the
selection and sampling of collection routes in Tonald, which is
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FIGURE 1| GMA subsystem under study and location of MSW management facilities in the area. Sanitary Landfill (SL), Transfer Station ‘La Cajilota’ (TS1), Transfer
Station ‘18 de marzo’ (TS2), Transfer Station ‘Coyula Matatlan’ (TS3), Cement clinker plant ‘Miravalle’ (CCP).
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one of the four municipalities in the subsystem under study. This
municipality was preferred because it is where the biggest MSW
transfer station ‘Coyula-Matatlan’ and the ‘Los Laureles’ sanitary
landfill are located. Collection routes were selected according to a
stratified sampling plan, which considered the socioeconomic
level of the neighborhoods that were along the routes. To assess
the socioeconomic level of the neighborhoods, an official poverty
indicator (CONEVAL, 2015) was considered. The sample size
was fixed at four collection routes due to limited resource
availability, mainly the machinery required for
homogenization and the working space to store the waste and
collection trucks at the sanitary landfill. Following a stratified
sampling scheme, low and high poverty neighborhoods were
represented by one collection route, while the middle poverty
neighborhoods were represented by two collection routes.
Samples were taken from regular collection trucks along their
normal route, allowing the waste pickers to perform their usual
uptake of recoverable materials. MSW characterization was made
upon arrival at the sanitary landfill according to the applicable
regulation (DOF, 1992). Special attention was paid to the
quantification of the recoverable materials, such as plastics or
glass, to generate accurate information for the analysis from an
economic perspective. The MSW compositions determined for
each of the three socioeconomic levels were extrapolated to
estimate the MSW composition of the subsystem under study.

waste

2.3 Life Cycle Assessment

An LCA was selected as the methodological approach to assess
the environmental performance of the current and potential
scenarios for MSW management, and was implemented
according to the framework proposed by ISO (2006), which
includes the following steps: (a) definition of the objectives

and scope, (b) life cycle inventory, (c) life cycle impact
assessment and (d) selection of the best scenario considering
the environmental impacts estimated. All these steps for the LCA
are discussed in detail in the subsequent sections.

2.3.1 Goal and Scope Definition

This study aims to compare the environmental performance of the
current vs. two potentiall MSW management scenarios in the
subsystem under study within the GMA. As recommended by
Cherubini et al. (2009), the functional unit used was the wet MSW
generated by the subsystem during 1 year, which corresponded to
1,044,327.05 tons/year with the composition determined in section 3.1.
Current and potential management scenarios are described in section
2.3.2 and displayed in Figure 2, where, for the sake of simplicity, flow
values are expressed as percentages of the functional unit, where
1,044,327.05 tons/year corresponds to 100%.

The system boundaries were set to include the collection of MSW
and its transportation (to the transfer stations, the treatment facilities
and the landfill), as well as the separation activities of the WP, the
landfill, as well as the MT and MBT facilities (for the potential
scenarios). The environmental LCA assumed that all the recovered
materials were recycled to avoid the use of virgin materials. For
instance, if a raw material was replaced by a recovered material, the
avoided emissions were subtracted from the total emissions of a
given scenario. The MSW management system inputs that were
considered were the MSW generated by the subsystem under study
(Figure 1) and the energy consumption, in the form of electricity
and fossil fuels (diesel) used at the landfill, the transfer stations, the
treatment plants (MBT or MT) and the fuel consumption for MSW
transportation. Regarding the outputs, emissions of the following
GHGs emitted during the assessed processes were considered:
carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O).
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FIGURE 2 | Current and proposed MSW management scenarios and system’s boundaries.

The analyzed system’s boundaries for each scenario are shown in
Figure 2.

2.3.2 MSW Management Scenarios

2.3.2.1 Scenario A: Current Management Scenario

The current management system follows a linear model
(Figure 2, Scenario A, represented in green) and is focused
mainly on the disposal of mixed MSW in sanitary landfills.
However, selective collection has been growing slowly in the
subsystem under study within the GMA through the introduction
of two types of infrastructure: 1) ‘Clean Points’, which encourage
citizens to separate their MSW into four categories: metals,
cardboard and paper, plastics, and others, and 2) ‘Glass
towers’, which are designed to collect three types of glass
bottles (brown, clear and green). The source-separated MSW
is then sent to affiliated companies for recycling (Martinez et al.,
2018). Despite these efforts, only 0.57% (16.17 tons/day) of the
MSW collected is classified into the different waste streams
(source-separated), while 48.72% (1,394 tons/day) of the mixed
MSW stream is sent directly to the ‘Los Laureles’ landfill and the
remaining 50.71% (1,451 tons/day) is sent to transfer stations
where the MSW is compacted and transferred to larger capacity
trucks (Figure 2) before being sent to ‘Los Laureles’. The WP
activity is the main mechanism for material recovery in the
subsystem under study. The WP in the GMA separate
recoverable materials, mainly polyethylene terephthalate
(PET), polypropylene (PP), paper, cardboard, aluminum, and

others, throughout the complete management system (Bernache
& Lucero, 2019). In the study herein, the material recovery
activities conducted by the WP were accounted for in the
transfer stations according to the data presented by Bernache
& Lucero (2019). Currently, 1.193% (34.13 tons/day) of the MSW
is recovered by the WP (Figure 2, Scenario A), which, combined
with the source-separated MSW (0.57%), adds up to 1.76%. The
remaining 98.24% (2,810.87 tons/day) is buried in ‘Los Laureles’.

2.3.2.2 Scenario B: First Proposed Scenario

The first potential scenario (Figure 2, Scenario B, represented in
orange) considers the inclusion of a mechanical treatment (MT)
plant next to a recently proposed new sanitary landfill (Figure 1).
According to the government’s plan, the nominal operation capacity
of the MT plant considered in this scenario is 1,000 MSW ton/day,
which will be designed to treat the part of the MSW that does not
pass through the transfer stations. Although this MT plant is not
projected to treat the full generation of MSW, the Government of
Jalisco considers this to be an initial step towards transitioning to a
more circular model for MSW management. The MT plant is
designed to recover three streams: plastics, aluminum cans and
ferrous metals (SEMADET, personal communication, December
2019). Figure 3 shows a scheme of the MT plant and the material
recovery efficiencies. Due to the operational requirements of the MT
plant, this scenario assumes that the glass stream is separated in the
‘Glass towers’ before entering the plant and is, therefore, entirely
valorized (N. Dias et al., 2012). The material balance results in a
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FIGURE 3 | Mechanical treatment plant flow diagram considered for scenarios B and C. The percentage below each separation unit represents its efficiency. The
dashed line represents the boundaries of the MT plant (SEMADET, personal communication, 2020).

stream of recovered materials with a flow of 105.38 tons/day.
Additionally, the MT plant considers the production of refuse-
derived fuel (RDF) (SEMADET, personal communication,
December 2019). The RDF production rate is estimated as
194.55 tons/day. However, the GMA cement industry only has
the capacity to receive around 98 tons RDF/day (Opportimes,
2016), considering the co-processing of RDF with petroleum coke
in a 20-80% ratio (Giiereca et al,, 2015). Therefore, from the total
RDF production, approximately half (97.28 tons/day) can be
energetically valorized in the cement clinker plant. Since it is
assumed that there is no accumulation in the MT plant (steady-
state operation), the amount rejected by the plant is 797.34 tons/day,
which is composed of the non-treated organic stream, half of the
RDF produced that cannot be valorized in the cement plant, in
addition to all the remaining materials that are not recovered in the
recyclable materials or the RDF streams. This reject stream is
assumed to be sent directly to the sanitary landfill.

2.3.2.3 Scenario C: Second Proposed Scenario

The second potential scenario (Figure 2, Scenario C, represented in
blue) considers the implementation of an MBT plant, which has a
nominal operation capacity of 500 MSW ton/day and combines an
MT plant with the same design specifications considered for scenario
B with a composting facility handling 152 tons of organic waste/day
(SEMADET, personal communication, February 2020). The
resulting compost is classified as type B according to the
applicable regulation, which means that it can be employed as a
soil improver or as a cover layer in landfills (GODEF, 2012). The
recovery of valuable materials, the RDF production and the volume
rejected from the MBT plant proposed in this scenario have been

estimated as 52.69, 9728 and 198.03 tons/day, respectively,
(Figure 2, Scenario C). All the RDF produced in this scenario
can be energetically valorized in the cement kiln.

2.3.3 Life Cycle Inventory
According to Bakas et al. (2018), the main environmental concerns
related to MSW management are resource efficiency, either biotic or
abiotic, GHG emissions and toxic emissions to the environment and
humans. Therefore, the life cycle inventory was developed
considering two midpoint environmental indicators: global
warming impact and abiotic resources depletion. Equations 1-11
summarize the calculations for the GHG emissions, while Equations
12-14 detail the calculations for the abiotic resources depletion.
The sources considered to assess the global warming impact are
summarized as follows: 1) the emissions generated by MSW
transportation vehicles, including their trajectories from the
collection point to the transfer station and then to the current
sanitary landfill (for scenario A), and from the transfer station to the
treatment facilities (the MT plant and MBT plant, for scenarios B
and C, respectively), which are projected to be next to the new
sanitary landfill (Figure 1); 2) the emissions from the transfer
stations, the landfill and the treatment plants (MT and MBT),
including the electricity requirements and diesel consumption; 3)
the emissions from the decomposition of MSW in the landfill; 4) the
emissions from the composting of MSW; 5) the emissions reduction
due to energy savings by recycling the recoverable materials and
avoiding the production of these materials from raw natural
resources; and 6) the emissions reduction by employing the
refuse-derived fuel produced in the treatment plants in the
cement industry. Due to the lack of specific data, emissions
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savings from the employment of compost as cover in the sanitary
landfill are not discussed in this paper.

The sum of the GHG emissions of each scenario was assessed
using Eqn. 1

GHGzET+EOP+E5L+Ec+E5R+E5RDF (1)

GHG represents the total emissions for a given scenario; Er
accounts for the transport emissions due to diesel consumption; Eop
represents the emissions generated from the operation of the transfer
stations, sanitary landfill and MT/MBT plants through diesel and
electricity consumption; Eg; corresponds to the emissions derived
from the decomposition of the MSW disposed of in the sanitary
landfil, Ec represents the emissions generated during the
composting process; and finally, Esg and Egrpr represent the
emissions savings from the recovery and recycling of materials
and the substitution of petroleum coke with RDF in the cement
clinker production, respectively. All the variables in Eqn. 1 are
expressed in tons of CO, equivalent (CO,-eq) per year.

Two types of vehicles were considered to account for transport
emissions: 1) collection trucks (j = 1), with an average capacity
of 8.2 tons (C), which collect MSW from the generation point
and transport it either to a transfer station (three scenarios),
directly to the landfill (scenario A) or to the treatment plant
(either the MT or the MBT) that is next to the sanitary landfill,
and 2) heavy-duty trucks (j = 2), with an average capacity of 16
tons (Cpg), which collect the MSW from the transfer stations and
transport it to the landfill. Scenario A considers that all the waste
is disposed of in ‘Los Laureles’ sanitary landfill at an average
distance of 21.5km away, while scenarios B and C consider
disposal in a new site, which is an average distance of 95.5 km
away. Average distances (ADj;) for each route were estimated
and added up to obtain the total distance (km) per type of vehicle
and per municipality of the subsystem under study. Therefore,
AD;; is interpreted as the total distance traveled by the recovery
trucks from the “ith” municipality by the “jth” vehicle type in a
whole year. The fuel consumption factors were obtained from
Merrild et al. (2012), corresponding to 0.15 and 0.03 L/ton — km
for the collection truck (fc) and the heavy-duty vehicle ( fcuq),
respectively. Then, the volume (barrel = 158.9873 liters) to
energy (megajoules) conversion factor for diesel (cf;) was set
st 5,590 MJ/barrel (SENER, 2020). The emission factors (gz)
used for diesel consumption were 74.1 ton CO,/TJ, 3.9 x 1073 ton
CH,/TJ and 3.9 x 1072 ton N,O/T] for CO, (e4co,)» CHy (eacH,)
and N,O (&4n,0), respectively, as reported by the IPCC (2006).
Eqn. 2 summarizes the computation of the transport emissions
for the three scenarios considered.

Er = (sdcoz + GWPcy, - €4cu, + GWPy,0 - dezo)

C
v fa @)
158.98773 - 1 x 10°

[(chthtiADn) + (fCthhdiADiz )]

To calculate the emissions generated by the operation of
facilities (Eop), three types of infrastructure were considered:
transfer stations, sanitary landfill and treatment plants. Since

Integrated Environmental Assessment Developing Country

there is a difference in the MSW inputs to the sanitary landfill and
the treatment plants across scenarios, the suffix h was introduced
to refer a specific scenario:h =1, h =2andh = 3 for A,Band C,
respectively. The power consumption (PCr) is interpreted as
the electricity consumed (MWh) by the treatment facility. The
PCr, values were accounted for as 9,522.04 and 6,476.56 MWh/
year for the MT (PCr,) and MBT (PCr3) plants, respectively
(SEMADET, personal communication, 2020). Since there is no
treatment plant considered for scenario A, PCr; was set at 0. A
factor of 3.4 L/ton received at the treatment facility was used to
account for the diesel consumption (dcop) of both treatment
facilities considered for scenarios B and C, respectively, (Merrild
et al, 2012). The values used for power (PC;) and diesel
consumption  (dcy;) for the transfer stations were
1 x 10 MWh/tonand 0.4 L/ton, respectively, as reported by
Merrild et al. (2012). Regarding the sanitary landfill, the values
employed were 6.18 x 107*MWh/ton (PCgy) and 0.293 L/ton
(dcg) (Leme, 2010). The emission factor for power production
was considered as 0.49 ton CO,-eq/MWh (g,,) (SEMARNAT,
2021). Equation 3 was used to estimate the emissions resulting
from the transfer stations, sanitary landfill and treatment plants
(MT or MBT) operations. MSW op, accounts for the MSW input
(ton/year) at the treatment plant in the “hth” scenario, and
MSW g, refers to the MSW input at the sanitary landfill in the
“hth” scenario. MSW, represents the MSW input at the transfer
stations, which remains constant across scenarios.

Eopp = [( = (5dCOZ +GWPcy, - €qch, + GWPy,0- dezo)

Cc
<m> (dCop . MSWOP);, + dC[S . MSW[S + dCsl . MSWSI,;, ) )

+((PCr+PCye- MSW  + PCy- MSW ) spp)] forh=1,23 (3)
The first order decay model for Solid Waste Disposal Sites

(SDWS) (Eqs. 4-8) was employed to estimate the sanitary landfill
emissions (IPCC, 2006b).

CH ,emissions = [z CH,generatedy — R] -(1-0Xy) @)

CH 4 generated = DDOC; gecomp * F + (16/12) (5)
DDOC;gecompr = DDOCiy - - (1 exp™) (6)
DDOC;yr1 = MSWr_,,,, - DOC,,, - DOCr - MCF  (7)
Es; = CH Emissions - GW Py, (8)

DOC,, is the content of biodegradable carbon of the “mth”
organic fraction of waste disposed of in the landfill, which was
determined to be 0.400, 0.150, 0.200 and 0.240 ton of degradable
C/ton of wet MSW for cardboard/paper (m = 1), kitchen organics
(m =2), garden and yard waste (m =3) and textile waste
(m = 4), respectively, (IPCC, 2006c). Since other fractions do
not have a representative content of biogenic C, and are not
biodegradable in the landfill, these were not considered for the
estimation of the landfill emissions (Manfredi et al., 2009).
MSWr_y, , accounts for the tons of the “mth” organic
fraction of waste disposed of in the landfill within a year. The
DOCy factor, which represents the fraction of the degradable
organic carbon that can be decomposed, was established 0.5 since
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TABLE 1 | Emission factors for recoverable materials.

Integrated Environmental Assessment Developing Country

k Fraction of MSW Emission factor Selective collection (e, sc) Emission factor Mixed collection and Sorting (em, ms)

(Larsen et al., 2009; Turner et al., 2015) Astrup et al., (2009); Damgaard et al., 2009; Larsen et al., 2009)
(Ton CO,-eqg/ton of wet MSW)

1 PET -2.192 —

2 PP -1.184 -

3 HDPE -1.149 —

5 LDPE -0.972 -

6 Mixed plastics — -1.049

7 Mixed metals -3.577 -1.460

8 Aluminum cans -8.143 -5.040

9 Glass -1.067 -0.475

10 Mixed paper and cardboard -0.120

there is a bulk waste disposal (IPCC, 2019). A value of 0.8 was
employed for the methane correction factor (MCF), since the
sanitary landfill is identified as an unmanaged site with a depth
greater than 5m (IPCC, 2019). The reaction constants k =
In (2)/t1/2,m> which correspond to the time in which the DOC,,
is reduced to half of its initial mass, were obtained from the
Mexican Biogas Model for the Western region of the country
(with mean annual temperatures higher than 20°C and mean
annual precipitation higher than 900 mm). These values were set
t0 0.040 (1), 0.220 (m4) and 0.100 ( 11, and m;) (Aguilar-Virgen
etal,, 2011). The fraction of methane contained in the landfill gas
(F) was established as 0.5, according to the IPCC
recommendations (IPCC, 2006b). Finally, the parameters
Rand OX account for the collection efficiency of the landfill
gas and the average methane oxidation efficiency provided by
the top cover, respectively. These parameters were set at 20 and
10%, respectively, according to the IPCC recommendations
(IPCC, 2019).

The methane (CH,) and dinitrogen oxide (N,O) produced
from organic waste during the anaerobic composting process
were calculated using Eqn. 9, in which MSW, represents the
amount of organic waste sent to the composting facility (tons per
year). Ecch, and Ec n,0 are the GHG emission factors for CH,
and N,O, whose values were set at 4 x 10~> ton CH,/ton MSW
and 3 x 107* ton N,O/ton MSW, respectively (Xin et al., 2020).

Ec = MSWC (EC,CH4 X G‘/VPCH4 + EC,NZO X GWPNZO) (9)

The emission factors (,,) used to estimate the emissions savings
derived from recycling (Esg) are displayed in Table 1 for ten
recovered materials. Two types of emission savings factors were
considered in the analysis; one corresponding to the source-
separated valuable materials, &, s, and one corresponding to the
valuable materials recovered from the mixed MSW through
mechanical sorting or by the WP activities, & s. This
differentiation was made because the source of recoverable
materials influences the quality of the recovered materials and
the subsequent process that needs to be implemented in order to
recycle the materials (Astrup et al., 2009). Since material recovery
represents emissions savings, these factors include a minus sign.
Eqn. 10 was employed for the estimation of the emissions resulting
from material recovery. The suffix k was introduced to refer to a
specific waste fraction (PET, PP, cardboard, metals, glass, among

others), represented as k=1...10. MSWrypx, MSWgcx and
MSWyypk, which account for the tons of the “kth” waste fraction
recovered in a year by the treatment plants (TP) by the selective
collection system (SC) and by the WP activity, respectively.

10
ESR = Z Em,ms (MSWTP,k + MSWWP,k) + Emysc MSWSC,k (10)
k=1

To estimate the emissions savings derived from the RDF
produced in the treatment plants (MT or MBT) and energetically
valorized in the cement plant, an emission factor (egpr) of 0.72 ton
COx-eq/ton RDF was used, which considers the co-processing of
RDF with petroleum coke in a 20/80% ratio for the cement clinker
production, as reported by Giiereca et al. (2015). Eqn. 11
summarizes the emissions savings related to RDF, where RDF
accounts for the tons of RDF produced within 1 year.

Esrpr = erpr - RDF (11)

An abiotic resource depletion indicator was also estimated for
each scenario (ADRyq) according to Eqn. 12, where ADR,,. and
ADRgpr account for the depletion of abiotic resources avoided by
recycling recovered materials and by replacing petroleum coke in the
cement plant with RDF, respectively, (Silva et al, 2021). All the
variables are reported in tons of antimony equivalent (ton Sb-eq).

ADRyota1 = ADR,oc + ADRppr (12)

To compute ADR,, the suffix k was used to refer to a specific
waste fraction. The streams recovered of the “kth” waste fraction
(tons/ year) by the treatment plants, the selective collection and the
WP activities are represented by the variables RMrpy, RMgcx and
RMyypy, respectively. The specific factors to account for the
avoidance of abiotic resources depletion (ax) for the “kth” waste
fraction were obtained from (Pikon, 2012), whose values are
3.08 x 1073, —-4.32 x 1074, -1.45 x 1073,-2.36 x 1072,
-9.54 x 107 and -1.26 x 1072 tons Sb — eq/tonrecycled for
paper, cardboard, glass, aluminum, metals and plastics,
respectively. Eqn. 13 shows the ADR,,. calculation.

ADR.. = )" ax(RMrpg + RMsci + RMypx) — (13)

Eqn. 14 was used for the computation of ADR,45 (Silva et al,
2021). The variable RDF is the same as presented in Eqn. 11 and
accounts for the tons of RDF produced within a year. LHV ;5 and
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LHYV 4 represent the low heating value of RDF produced and coke,
whose values are 19,000 and 32,658 MJ/ton (SENER, 2020). The
specific factor of abiotic resource depletion avoidance from the
substitution of coke with RDF (a,;r) was obtained from (Silva

et al, 2021), whose value is -2.55x107* tonsSb—
eq/ton coke substituted.
LHV 45
ADR,;; = RDF - .a, 14
A <LHVCk > Araf (14)

2.3.4 Life Cycle Impact Assessment

A Life Cycle Impact Assessment was carried out according to the
methodology used by Guinée (2001) for the assessment of two impact
categories previously mentioned: Global Warming Potential (GWP)
and abiotic resource depletion (ARD). The GWP impact category
indicator assesses the phenomenon of rising surface temperature
across the planet driven by the increase of GHG concentrations in the
atmosphere (Rosenbaum et al, 2018). The GHG emissions were
expressed in ton CO,-eq. In this study, a global warming potential
over a 100-years time span was adopted (IPCC, 2014); therefore, the
Global Warming Potential factors of methane (GW Py, ) and nitrous
oxide (GW Py, o) were set at 28 and 265 ton CO,-eq/ton, respectively,
(IPCC, 2014). The abiotic resource depletion impact indicator is
related to the extraction of fossil fuels, minerals and metals; the main
issue assessed by this indicator is not the use of the resource per se but
instead the dissipation of that resource (van Oers & Guinée, 2016).
The ARD indicator was based on the reduction of resource extraction
for product manufacturing due to the material recovery conducted by
treatment plants, by the WP activities and selective collection systems,
and by the reduction of fossil fuel extraction from the replacement of
coke with RDF in the cement kiln. All the ARD results were expressed
as tons of Sb-eq, based on the concentration of reserves and the use of
the resource (van Oers & Guinée, 2016).

2.4 Sensitivity Analysis

The sensitivity of three key input parameters was analyzed to
observe the robustness of the scenario assessment regarding the
global warming impact indicator. The selected parameters
corresponded to MSW composition, the percentage of the
landfill gas recovery at the disposal site, and the percentage of
source-separated and selectively collected MSW. The probability
distribution of the MSW composition (estimated herein) was
assumed to fit a normal distribution, and through a Monte Carlo
simulation algorithm (with 1,000 iterations), the probability
distribution of each scenario was obtained. Furthermore, a
perturbation analysis was conducted for all of the MSW
fractions to examine the actual sensitivity of these parameters
based on a fixed input variation of 10%, as shown in Eqn. 15.

R = result / Aparameter (15)
~ \nitial result initial parameter

SR is the sensitivity ratio, representing the ratio of the relative
change in the results to the relative change in the parameter.
According to Liikanen et al. (2017), SRs greater than 0.8 are
considered significant, while SRs lower than 0.2 are not
considered to be significant. The MSW fractions that were
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found significant based on this criterion were considered for
further sensitivity analysis.

All calculations and graphs were prepared in MATLAB
R2019a and R 4.1.1 with the Tidyverse package.

2.5 SWOT Analysis

To further explore the sociocultural, geopolitical, technological/
infrastructure  and  economic  challenges  surrounding
implementation of the potential alternative scenarios, a SWOT
(Strengths, Weaknesses, Opportunities and Threats) analysis was
performed, using the current management scenario as the basis for
the analysis. SWOT analysis is a widely known business strategy
tool to assess how an organization compares to its competition (in
this case, how the current management system compares against the
potential management scenarios). The strengths and weaknesses are
internal considerations, where the former comprise the advantages
of a scenario, and the latter comprise the characteristics that lead to
a relative disadvantage. Regarding the external considerations, the
opportunities are realities in the greater environment that can be
exploited to benefit the scenario, and the threats are realities that
might lead to problems (Teoli et al., 2020).

3 RESULTS AND DISCUSSION

3.1 GMA MSW Composition

Characterization of the MSW generated in the GMA was carried out
to determine the mass fractions of the 23 MSW categories reported in
Table 2. Despite the WP activities, the average percentage of
recoverable materials, which include plastics, glass, metals, paper
and cardboard, was found to be within the range of 23.17-30.70% of
the total generation. However, the percentage of organic waste, which
includes wood, kitchen, yard and garden waste, is still predominant,
accounting for 57% of the MSW. These results are consistent with a
recent report of the average Mexican MSW composition, where the
“susceptible to use” or recoverable fraction was found to be 31.55%
(SEMARNAT, 2020). However, the fractions of plastics, paper/
cardboard and glass estimated in this study showed slight
differences when compared with other estimations made by the
State and the Guadalajara municipal governments (Table 3). These
variations may result from the intrinsic temporal variability of the
composition of MSW generated across seasons, since these
comparative studies were carried out during the months of June
and July (the hot wet season), while the present work was conducted
during February—March (the cold dry season). An MSW
characterization conducted by Gomez et al. (2009) for Chihuahua,
Mexico reported seasonal variations, with a decreasing trend from the
hot wet to the cold dry seasons for paper, glass, and plastic containers
(PET, HDPE, PP, LDPE) and an increasing trend for plastic (film
polyethylene, small plastic, food containers, polyethylene bags).
Additionally, the data herein suggests a decrease in the glass
fraction and an increase in the plastic fraction of the MSW
produced in the GMA over the past 20 years, compared with the
data reported by Bernache-Pérez et al. (2001). This can be attributed to
variations in the materials used by the beverage industry, which has
increased its production of plastics and multilaminate containers
(Sipper, 2019). Furthermore, previous studies (Bernache-Pérez
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TABLE 2 | Characterization of MSW of the GMA.

Integrated Environmental Assessment Developing Country

Product Subproduct (color variation Socioeconomic level Average (%)
or type of High Poverty (%) Middle Poverty (%) Low Poverty (%)
product)
Percentage (%)
PET Clear 1.48 1.51 2.00 1.66
Various colors 0.13 0.09 0.00 0.07
Green 0.25 0.17 0.35 0.26
Blue 0.15 0.07 0.35 0.19
PEAD White 1.75 1.00 0.61 1.12
Various colors 1.38 0.47 0.88 0.91
PP White 0.00 0.00 0.57 0.19
Various colors 0.56 1.16 1.20 0.97
Black 0.00 0.00 0.00 0.00
Clear 1.01 0.98 0.46 0.82
PEBD or film Black 1.09 1.59 2.1 1.60
Various colors 1.68 2.22 2.07 1.99
Clear 213 4.29 3.49 3.30
(BOPP) Laminate film 0.66 0.43 0.61 0.57
PS - 0.24 0.00 0.00 0.08
Expanded PS 0.57 0.88 0.80 0.75
PVC Package 0.00 0.07 0.00 0.02
Others 0.00 0.00 0.00 0.00
Other plastics — 1.41 1.55 2.38 1.78
Glass Clear 1.25 1.92 2.01 1.73
Green 0.00 0.00 0.038 0.01
Brown 1.82 0.33 0.28 0.81
Other colors 0.17 0.08 0.28 0.18
Metals Ferrous (magnetics) 1.76 1.80 1.51 1.69
Aluminum 0.46 0.26 0.61 0.45
Others 0.00 0.00 0.00 0.00
Paper Newspapers/Office/Magazines 1.68 1.29 1.31 1.39
Others 0.00 0.00 0.00 0.00
Cardboard — 7.23 3.09 7.99 6.10
Waxed cardboard 0.39 0.28 0.66 0.44
Wood — 0.00 1.55 5.21 2.26
Textiles — 8.37 6.69 6.12 7.06
Electronic waste - 0.12 0.71 0.24 0.35
Batteries — 0.07 0.01 0.00 0.03
Fine residue — 0.00 0.00 0.00 0.00
Tarps — 0.23 0.35 0.27 0.28
Rubber - 0.00 0.11 0.00 0.04
Bones — 0.15 1.59 0.43 0.72
Food and kitchen waste — 4412 45.38 42.18 43.89
Garden, yard, and park waste — 10.39 1117 9.61 10.39
Others — 7.41 6.90 3.37 5.89
TOTAL 100.00 100.00 100.00 100.00
Recoverable fraction 26.67 23.17 30.70 26.85

et al,, 2001; Aristoteles et al,, 2017; Martinez et al., 2018) based their
characterization on samples taken directly from households where the
MSW was generated. Such an approach, which is contrary to the
approach employed in the present study, fails to reflect the WP
activities. A comparison of the characterization made in this study and
the characterizations reported in previous studies is shown in Table 3.

3.2 Life Cycle Assessment and Sensitivity
Analysis

Table 4 shows all of the inputs and outputs to the studied
subsystem for each assessed scenario, considering the
functional unit (annual MSW generation of the subsystem).
The electricity consumption in the transfer stations and the

sanitary landfill was found to be practically the same for all
three scenarios. However, there was an increase in the overall
electricity input by 813 and 550% due to the operation of the
treatment plants (MT and MBT) for scenarios B and C,
respectively. Regarding fuel consumption, the potential
scenarios increased by 151% in comparison with the current
model, which is due to an increase in the distance traveled by the
collection vehicles because of the location of the new sanitary
landfill, which is almost 4 times further than the current landfill
(95.5 as opposed to 21.5 km). Besides the increase in total distance
traveled, the considerable quantity of collection vehicles (8-ton
capacity) that must travel directly to the treatment plant next to
the new sanitary landfill also contributes to the increase in diesel
consumption. For instance, if the collection vehicles were
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TABLE 3 | GMA MSW composition studies comparison.

Fraction Average component weight (%)
Bernache-Pérez et al. (2001) Martinez et al. (2018) Aristoteles et al. (2017) This work

Organic waste (Food/yard waste) 52.9 59.4 53.8 54.3
Paper and cardboard 10.5 4.5 5.9 7.9
Plastics 9.2 8.0 13.0 16.3
Glass 4.2 5.9 3.7 2.7
Metals 1.5 1.9 1.5 2.1
Miscellaneous 21.8 20.3 221 16.7

TABLE 4 | LCI - Balance of system for the management of the annual GMA MSW generation in each scenario.

Flows Scenario A Scenario B Scenario C
Inputs
Solid waste (ton/year) 1,044,327.05
Energy
Electricity (MWh)
Transfer stations 529.61
Sanitary landfill 636.24 590.52 568.12
Treatment plant 9,5625.00 6,476.60
Total 1,165.85 10,645.13 7,5674.33
Diesel (l)
Collection system 5,230,083.54 12,672,787.59 12,672,787.59
Transfer stations 211,846.00
Sanitary landfill 301,646.55 279,973.12 269,352.48
Treatment plant 1,241,000.00 620,500.00
Total 5,743,576.09 14,405,606.71 13,774,486.07
Outputs
Solid waste (ton landfilled) 1,029,510.43 955,539.66 919,291.75

Emissions to air
Greenhouse gases (ton CO.-eq)

Collection system 14,826.48 35,925.41 35,925.41
Transfer stations - 862.18
Sanitary landfill (operations) 1,169.42 1,085.40 1,044.22
Sanitary landfill (waste degradation) 94,353.59 92,801.22 85,228.88
8,223.41 4,958.44
Treatment plant — — 2,880.81
Composting 111,211.67 138,897.62 130,899.94
Total
Recovered materials
By selective collection (ton) 2,358.81
By mixed collection and sorting (ton) 12,457.81 50,922.00 31,689.90
RDF (ton) - 71,013.15 35,506.57
Compost (ton) - — 15,043.40
Avoided emissions
By recycling (ton CO»-eq) 12,329.03 47,827.57 30,078.30
By RDF (ton CO»-eq) — 25,564.73 25,564.73
Total 12,329.03 73,392.30 55,643.03
Abiotic resources depletion
Avoided by recycling (ton Sb-eq) 161.66 554.51 358.09
Avoided by RDF (ton Sb-eq) — 5,267.60 5,267.60
Total 161.66 5,822.11 5,625.69

employed only for collection and all the MSW was transferred to  efficient use of the collection vehicles, with a significant reduction
heavy-duty vehicles to transport the MSW to the new landfill, the  in fuel demand and, hence, GHG emissions. This potential
diesel consumption of the B and C scenarios could be reduced by =~ improvement is consistent with the study performed by Bovea
nearly 38% (around 7.8 million liters per year) due to the more et al. (2007), who evaluated the environmental benefits of
efficient diesel consumption of the heavy-duty vehicles employed.  incorporating a transfer station in an MSW management
Therefore, the GMA Authorities must focus on the opening of ~ system of the Plana region (Spain). These authors concluded
more transfer stations, as this infrastructure would allow for an  that the environmental impact of the whole system could be
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FIGURE 4 | Total GHG contributions per scenario. Transport (Trans),
Sanitary landfill (SL), Facilities operations (Fac Ops), Savings due to recycling
of recoverable materials (Recycl), Savings due to RDF co-processing in
cement kiln (RDF), Composting facilities (CF).

reduced by as much as 14.0-20.7%. Moreover, the authors
reported that the increases in environmental impacts due to
energy consumption in the transfer station is highly
compensated due to the fuel savings that results from the use
of transfer trucks instead of collection trucks. Despite the
logistical inefficiency that supposes a sanitary landfill far from
the subsystem under study, this assumption was made as the most
probable scenario because of the rapid urbanization the city is
experiencing (Figueroa, 2017), as well as the generalized social
discontent generated around ‘Los Laureles,” which hinders the
possibility of constructing the new sanitary landfill near to city
(Meléndez, 2018). While the location of the sanitary landfill is yet
to be confirmed, the optimal spatial distribution of the MSW
management infrastructure must be considered for future
assessments.

Regarding the outputs, Figure 4 shows the performance of
each scenario regarding their global warming impact. The gross
CO,-eq emissions of scenarios B and C are higher than those of
the current management system (scenario A) due to the
contributions of MSW transportation (with a greater distance
traveled to the sanitary landfill) and the energy consumed by the
treatment plants. However, both potential management scenarios
(B and C) present a decrease in the sanitary landfill emissions
category, especially scenario C, which reduces emissions by 9.8%
due to composting 9.78% of the organic waste. Despite the larger
gross GHG emissions of B and C, the balance between the CO,-eq
emitted and the avoided emissions shows that the current MSW
management system (scenario A) has the worst environmental
performance regarding GHG emissions. Overall, the B and C
scenarios displayed a reduction in GHG emissions by 34 and 24%,
respectively, in comparison to scenario A. For B, the main source
of emission savings was the recovery of materials at the MT
facility (65% of the total savings) as well as the substitution of
petroleum coke by RDF (35%). Despite the fact that the material
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quality is reduced in the recoverable materials (mainly due to the
contact with organic waste), the implementation of the MT plant
with a capacity of 1,000 tons per day allows for a large amount of
emission savings. MSW recycling (Sevigné-Itoiz et al., 2015) and
fuel substitution by RDF (Giiereca et al., 2015) have been reported
to be effective measures to reduce the GHG emissions of MSW
management systems. In the case of scenario C, since the capacity
of the treatment facility is halved with respect to B, the reduction
in GHG emissions was achieved by the combined action of
material recovery (47% of the total savings), petroleum coke
substitution by RDF (39%) and composting activities (14%).
Scenario B was the most beneficial in terms of a reduction in
GHG emissions, due to the bigger contribution of emissions
avoided by the recovery of materials. The reduced emissions,
which resulted from the energetic valorization of RDF, are the
same for B and C, since half of the RDF produced in scenario B is
not used by the cement plant due to a lack of capacity. Therefore,
the main factor contributing to the difference in avoided
emissions is the capacity of the MT plant, which is
significantly larger in B. Nevertheless, the reduction of landfill
space for the disposal of organic waste and the subsequent
reduction in the generation of leachates that results from
composting the organic material, as considered by scenario C,
needs to be further explored for a more comprehensive
environmental assessment.

Furthermore, the emissions generated by the facility
operations and the transport activities are surpassed by the
sanitary landfill emissions. This is consistent with the work of
Xin et al. (2020), who concluded that the sanitary landfill was the
component of the MSW management system with the largest
contribution to GHG emissions. This becomes an even larger
issue in countries with a high organic fraction in MSW, low
material recovery rates, uncontrolled landfill operation
conditions and a lack of infrastructure to capture landfill
gases, which are common features of the MSW management
systems in Mexico and Latin America (Kaza et al, 2018). For
instance, Manfredi et al. (2009) have reported that an
uncontrolled landfill displayed an emission range between 0.56
and 0.78 ton CO,-eq/ton MSW landfilled, while a controlled
landfill resulted in an emission range of 0.071-0.150 ton CO»-
eq/ton MSW landfilled. Therefore, the new MSW management
models developed for the GMA and Latin American countries
must prioritize the introduction of treatments, such as
composting or anaerobic digestion, which can significantly
reduce or bio-stabilize the organic waste prior to disposal and
can reduce the environmental impacts generated. Moreover, the
energetic valorization of biogas produced through organic waste
treatment could be employed to reduce the GHG emissions as a
result of fuel substitution. Montejo et al. (2013) conducted an
LCA to assess the environmental performance of eight MBT
plants located in the region of Castilla and Leon, Spain. They
concluded that the increase of material recovery through
automation of the plant and an optimized use of the biogas-
energy (through maximization of electricity production and using
the waste heat from the biogas engine process) may drastically
increase the associated GHG savings. Therefore, in the present
case, the model should prioritize the installation of high-capacity
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treatment plants rather than focusing on the search for a site
location that reduces the transport distances. However, other
economic, legal and logistics aspects could shape the new
MSW management collection routes to avoid long-distance
travel.

Another key aspect that must be considered for the
development of a new MSW management model is the
accelerated implementation of selective collection. Although no
increases were considered for the selective collection in the
potential scenarios (B and C), it has been reported that the
‘Clean Points’ program is progressing rapidly with the
installation of new units and that the number of participants
(people separating their waste) is also steadily increasing
(Martinez et al., 2018). This stream of source-separated MSW
accounts for an emissions savings of 1.95 Gg of CO,-eq/year for
all scenarios (as no increases were considered for B and C), and
accounts for 15, 2.65 and 3% of the emissions savings resulting
from the recovery of materials for scenarios A, B and C,
respectively, as B and C include the recovery of materials from
treatment plants. Selective collection has been identified as a great
way to increase MSW management efficiency in developing
countries. The enhancement of these activities would help to
obtain higher quality recoverable material and would
simultaneously involve the population in a more active and
eco-conscious manner (Grau et al., 2015).

Figure 5 shows the results for the abiotic resource depletion
category. Direct resource depletion was not considered, and only
indirect impacts of recycling and fossil fuel substitution were
accounted for. Contrary to the global warming impact category,
the recycling of recoverable materials represents a minimal part of
the ARD impact indicator (6-10% of the total ARD savings) in
comparison with the use of RDF in the cement kiln (90-94%). As
previously reported by Silva et al. (2021), the reduction of fossil
fuel consumption achieved through the substitution of petroleum
coke with RDF represents a more significant contribution to this
category due to the high energy demand associated with the
cement clinker production. Scenario B resulted in the lowest
impact to this category with an ARD savings increase of 3,501%
(when using scenario A as baseline) due to the recovery of
materials. However, since the use of this is the same for B and
C, this scenario also performed well with a savings increase of
3,380% when considering the savings due to the recovery of
materials. However, if all the RDF produced in scenario B could
be energetically valorized by the cement kiln, the ARD savings for
scenario B would double. Therefore, another key aspect to
consider for the development of a new MSW management
system in the GMA is the lack of a larger capacity for RDF
utilization in the cement plant (around 98 tons/day).
Unfortunately, the biggest cement clinker plant in the State is
located in the Zapotiltic municipality, 152 km from the GMA
(INEGI, 2013). The lack of ability to use a larger stream of RDF
needs to be resolved if a high-capacity MT plant were to be
installed in the future. The employment of RDF has the potential
to reduce the landfilled MSW by up to 20% (if all the MSW was
treated prior to disposal). This would result in a significant
decrease in GHG emissions and less depletion of abiotic
resources.
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FIGURE 5 | Abiotic resource depletion savings per scenario. Savings
due to recycling of recoverable materials (Recycl), Savings due to RDF co-
processing in cement kiln (RDF).

Figure 6 shows the results of the sensitivity analysis of the key
parameters affecting the global warming impact indicator. Even
when the variability of MSW composition is considered
(Figure 6A), scenario A displays the worst environmental
performance (98.84 + 2.1 Gg CO,-eq/year). Additionally, while
scenario B was thought of as the preferred option in terms of
GHG emissions, the sensitivity analysis shows that for certain
possible MSW compositions, scenario C (74.65 + 3.9 Gg CO,-
eq/year) could be a better alternative than scenario B (64.33 +
6.3 Gg CO; -eq/year), as is shown in the overlapping of the
probability density of scenarios B and C. Furthermore, a
perturbation analysis was performed over the MSW
fractions (Figure 6D). According to the criteria presented
by Liikanen et al. (2017), only the food and kitchen waste
fraction (FKW) was identified as a key parameter. However,
for the purpose of comparison, the FKW and the plastic
fractions were selected for a further scenario analysis
(Figures 7A,C). Considering both MSW fractions, scenario
B prevailed as the preferred option for certain fraction ranges
(0-52% and 0-72% for FKW and plastic contents,
respectively). However, in accordance with what is shown
in the probability distribution graph, after a certain fraction
threshold (53 and 72% for FKW and plastic waste contents,
respectively), scenario C becomes a better alternative than
scenario B. This results from the diversification of sources of
emissions savings in scenario C (material recovery,
composting and substitution of coke with RDF), which
makes this alternative more robust against variations in
MSW composition, such as increases in the organic fraction
and an associated decrease in the recoverable materials
fractions (which is the main strength of scenario B).

Regarding selective collection and landfill gas recovery
percentage, these parameters showed an inversely proportional
relationship (Figures 6B,C). For both parameters, at each
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Sensitivity ratios of the MSW fractions

simulated value within the possible range, scenario B displayed a
better global warming impact performance (33.40-67.35 and
—27.29-88.70 Gg CO,-eq/year, for selective collection and LG
recovery percentage, respectively) with a similar performance
of scenario C (43.15-77.10 and -9.97-96.56 Gg CO-eq/year).
Scenario A was identified as the worst alternative for the
entire range (66.78-100.73 and 4.52-122.47 Gg CO-eq/year).
As already discussed, the landfill represents the largest
emissions source for all of the scenarios, and this is largely
due to poor management conditions and low recovery rates of
the biogas generated within the disposal site. The simulation
showed that doubling the current landfill gas recovery rate (from
20 to 40%) would reduce the total emissions by 24% for the
current management system. Regarding selective collection, the
simulation demonstrated that if 10% of all the MSW were source-
separated and selectively collected (compared to the current rate
of 0.57%), emissions would decrease by 34% due to the recycling
of recovered materials.

Finally, an additional analysis was performed to explore the
possible variability of the selectivity ratios if changes were to
occur in the MSW fractions (Figures 7B,D). Although the plastic
fraction showed a non-significant SR coefficient, the curve shows

a potential increase in the SR with changes in composition.
Therefore, the SR values can vary substantially depending on
the MSW composition. This should be considered in future
studies, including sensitivity analyses where the MSW
composition could change.

3.3 SWOT Analysis
Table 5 displays the SWOT analysis performed for the current

(linear) MSW management system (scenario A) as a basis for the
transition towards a circular economy management system. From
an economic perspective, despite the high fraction of recoverable
materials, the recovery and recycling rates are very low in the
GMA. WP are currently the main beneficiaries of material
recovery, accounting for 85% of the total MSW valorization.
However, before the implementation of a major treatment facility
that can ensure a larger stream of recoverable materials, the lack
of important data, such as the demand and the quality
specifications of recoverable materials and the characteristics
of the recycling infrastructure within the GMA, need to be
better understood. Furthermore, despite Jalisco’s great
potential for recycling some material streams like plastics
(Romo, 2015), the recoverable materials market needs to be
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regulated to ensure safe working conditions and fair  (Valente-Santos & Guevara-Garcia, 2019). However, the WP
compensation for the WP and to avoid price volatility — represents one of the most important workers across Latin
(Bernache & Lucero, 2019). The creation of a council to America (S. Dias, 2016). Instead of being excluded, the WP
regulate the WP activities, issue certifications of materials  should be formally included in the system through the
quality and offer subsidies (e.g., for the transport of the  establishment of WP unions with whom the authorities can
recovered materials and recycling projects) could strengthen  work with for hiring purposes and to ensure safe working
the value chain and ensure that all the recovered materials  conditions and fair compensation, as has previously been done
are used. in Brazil (Valente-Santos & Guevara-Garcia, 2019). For instance,

From a sociocultural perspective, there is a growing  Rutkowski (2020) presented a three-party scheme in which a
participation of civil associations in the promotion of material  coalition was formed by about 4,000 companies from 22 different
recovery activities (Casa CEM, 2020). This is happening through ~ business sectors, the Brazil Government and the WP
the implementation of sites for the correct disposal of specific =~ cooperatives, to collaboratively implement an Extended
waste fractions, such as for electronic devices and batteries ~ Producer Responsibility (EPR) program focused in package
(Martinez et al., 2018), as well as through raising awareness of ~ waste. The private stakeholders provided financial support,
the mismanagement of sanitary landfills (CEDH]J, 2020). through non-governmental organizations (NGO’s), for the
However, social participation in source-separation activities = improvement of the infrastructure of the WP cooperatives to
still remains low (Aristoteles et al,, 2017). Furthermore, the  increase their productivity in the processes of collection,
WP have been historically marginalized, with poor working  transportation and pre-treatment prior to recycling. In return,
conditions characterized by social invisibility, lack of labor =~ WP cooperatives reported to the private stakeholders the
recognition (Guibrunet et al., 2017), unsafe environments  monthly number of recoverable materials sold. These reports
(specifically due to a lack of security equipment and to the  were presented by the affiliated companies to the Government
direct exposure to MSW), poor compensation ($4.92-7.37  Environmental Department, which establishes the goals for
USD per 8-h shift) and a lack of social security benefits  recycling and landfill disposal reduction in the country. Such a
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TABLE 5 | SWOT analysis of the current GMA MSW management system.
Strengths

MSW with a high content of recoverable materials (EC)

High territorial capacity of collection service; more than 95% of the GMA territory has a
MSW collection service (TI)

Existence of specific infrastructure for source separation and selective collection, the
‘Clean Points’” program (TI)

Existence of high-capacity public and private transfer stations where material recovery
takes place (TI)

Well defined federal, state and municipal attributions for all the actors involved in waste
management (PL)

Development of MSW management programs oriented toward schemes of circular
economy such as ‘Jalisco Reduce’ (PL)

Creation of norms that promote the inclusion of recycled waste into products made in
Jalisco State (PL)

Willingness of GMA population to perform source-separation activities and growing
interest in the ‘Clean Points’ program (SC)

Large number of WP involved in material recovery activities; more than 800 WP (SC)

Material recovery and recycling campaigns promoted by civil associations (SC)

Social awareness to report the mishandling of MSW (SC)

Opportunities

Strong plastic recycling industry within the State including the biggest recycling plant
in Latin America (EC)

Available international funds for the implementation of treatment technologies to
transition to circular economies (EC)
Available infrastructure of cement industry for utilization of RDF (T1)

Agreements between the public and private sectors for the mutual use of their MSW
management infrastructure, mainly transfer stations and MT plants (T1)

Potential creation of a Metropolitan Agency for MS through Institute of Planning and
Development Management of the Guadalajara Metropolitan Area, IMEPLAN (PL)
Establishment of cooperation agreements between the municipalities and the State
authorities to transition to a circular management of MSW (PL)

Formal integration of the WP activities as labor force for the MT and/or MBT
plants (SC)

Integrated Environmental Assessment Developing Country

Weaknesses

Informality of the recycling market; unhealthy and unsafe working conditions for WP
and lack of precise data regarding supply and demand (EC)
Poor or no municipal investment in MSW treatment technologies (EC)

Lack of taxes paid by citizens for their generation of MSW (EC)
Disposal of waste in sanitary landfill as the predominant practice (TI)

Poor monitoring and control of the emissions in the sanitary landfill, such as biogas
and leachates, during operation and after closure (TI)
Lack of specific infrastructure for the treatment of organic waste (TI)

Mixed MSW collection as the predominant practice (TI)

Lack of space or agreement among stakeholders for the new sanitary landfill within
the city (TI)

Established concessions or contracts between municipalities and private firms for the
management of MSW, which frequently hinder the implementation of new
management systems due to legal obligations (PL)

Lack of cooperation or coordination between the municipalities that comprise the
GMA regarding the management of MSW (PL)

Poor monitoring by the municipality of the MSW management services provided by
the concessionaire (PL)

Poor involvement of the population in source separation, especially when they have no
available options in their neighborhoods (SC)

Lack of formal recognition and inclusion of the WP activities as part of the MSW
management system (SC)

Threats

Lack of regulation in the market of the materials recovered from MSW; price volatility
which translates into uncertainty in the economic projections of the new MSW
management model (EC)

Cuts in the municipalities and State budgets for MSW infrastructure due to post-
pandemic effects (EC)

Mixture of special management waste in the MSW streams due to disloyal or corrupt
activities of private actors, which result in additional costs to the municipalities (TI)
Logistical inefficiency due to the current location of the current sanitary landfill and the
proposed site of the new sanitary landfill (T1)

Lack of cooperation of the WP syndicate with the authorities; lack of internal data
about their activities and members (SC)

(EC) Economic factors; (TI) Technological and Infrastructural factors; (PL) Political and legal factors; (SC) Sociocultural factors.

scheme allows for a reduction in the costs of collection and
disposal for the municipalities by the action of WP, encourages
investments in the recycling chain and assures material inputs
into the recycling chain. Additionally, the introduction of taxes
on the generation of MSW to be paid by the citizens would
generate an income that could be used for MSW management
and which would encourage the population to moderate their
consumption habits and simultaneously increase source
separation, as has been previously implemented in many
developed countries (Folz & Giles, 2002).

The infrastructure/technological challenges have already been
discussed along with the environmental assessment. However,
special attention needs to be paid to three additional aspects: 1)
settling agreements must be made between the local authorities

and the private stakeholders for the common use of the
infrastructure, either public or private, such as transfer
stations, sorting plants and composting facilities, distributed
across the GMA; 2) initiating or resuming actions to mitigate
the environmental impacts of abandoned disposal sites, such as
‘Matatlan’, ‘El Taray’ or ‘La Copalita’, which have been absorbed
by the growth of the city and have received poor or no monitoring
and no investment since their closure for their physical, chemical
and biological stabilization (Guillén, 2009); 3) reinforcing the
monitoring of collection routes in order to avoid the illegal
mixing of special management waste (SMW) that results from
production (private) activities, with the MSW collection routes.
This practice is common among small businesses to avoid the
hiring of a licensed SMW collector by offering a tip to the MSW
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collectors (Patifio, 2019). These practices should be urgently
addressed because they not only cause an increase in the
disposal and transport costs for the municipalities, but they
also unfairly exempt the private sector from managing their
own waste using public resources.

Finally, from a political/legal perspective, circular economy
approaches have been promoted for MSW management by the
creation of state programs and norms, such as the regulation of
single-use recycled plastic bags that make up a significant fraction
of plastic recovered from MSW (POEJ, 2019) and the
development of a specific State Norm for the
separation and selective collection of MSW in the State of
Jalisco (POEJ, 2008). This Norm established a mandatory
primary type source separation and selective collection of
three fractions: organic (food, kitchen, garden and yard waste),
sanitary (diapers, pads, toilet paper, among others) and inorganic
(all the remaining MSW fractions). Once implemented, the Norm
proposed a transition to a secondary type of scheme in which the
inorganic fraction was further separated in two new classes: 1)
high recyclable potential fraction (PET, HDPE, PE, paper,
cardboard, metals, glass, and textiles), and 2) low recyclable
potential fraction (PP, PS, vegetal fibers, leather, and ceramics,
among others). Despite being released since 2008, this Norm has
been completely ignored as only some Municipalities have tried
to implement it with poor success. One of the main causes of this
failure are the poor municipality monitoring and control of the
collection activities, which allow for the mixture of different waste
fractions in the collection vehicles. These practices have
discouraged the population to perform the MSW source
separation activities (Bobadilla, 2018).

Furthermore, each municipality has autonomy over the MSW
produced by its population and, in a large metropolitan area
comprising nine municipalities such as the GMA, it is imperative
to establish participation mechanisms that allow the
environmental representatives of the municipalities to
cooperate and take actions with an integrated vision of the
metropolitan area as a single system. In this context, the
Metropolitan Planning Institute, which is a GMA metropolitan
governance institute dedicated to the development of planning
instruments in areas such as land use, risk analysis, budget
investment, environmental care, among others, should
function as a headquarters and mediator.

source

4 CONCLUSION

An LCA was implemented for the environmental assessment of
the current GMA MSW management system vs. two potential
alternative scenarios, which include MBT facilities currently
considered by the local authorities. This assessment showed
that the introduction of MBT facilities in the system can
produce significant savings in GHGs emissions and in the use
of abiotic resources. Furthermore, to enhance the reduction in
environmental impacts, GMA authorities must focus on the
treatment of the high organic fraction contained in the MSW
and in the opening of more transfer stations to avoid inefficient
waste transport. These results can help guide the transition towards a

Integrated Environmental Assessment Developing Country

more sustainable MSW management system in the GMA. However,
one limitation of this study is that only two possible alternatives to
the current MSW management system were evaluated. Hence,
further research is warranted to strengthen this analysis and to
determine other eco-efficient alternatives for the local context.
Future analyses should consider: 1) other treatment alternatives,
such as anaerobic digestion, incineration, or gasification, among
others; 2) a wider set of impact indicators to avoid the burden of
shifting between the environmental impacts; 3) the direct emissions
from combustion processes at the cement kilns; 4) region-specific
emission factors for the transport and the recycling industry; 5) the
new sanitary landfill location and 6) the whole GMA system.
Furthermore, despite the robustness of the LCA methodology,
its results can only tell us if an option is more eco-efficient than
another, but this does not imply that it is sustainable. Therefore, a
deep understanding of the MSW system components and main
actors is required. In this regard, this study contributes to a
systemic understanding of the MSW management system of the
GMA through an integrated approach combining environmental
LCA, a sensitivity analysis and a SWOT analysis, which taken
together can explain the basic relationships among the
environmental impact indicators with economic, sociocultural,
legal, and technological/infrastructure considerations and can
help bring about a stronger adoption of LCA. Therefore,
developing countries, such as Mexico, need to address the key
economic, sociocultural and political challenges identified in this
work to transition to circular economy models, including: 1) the
introduction of source-separation and selective collection
mechanisms, mainly for the high fraction of organic waste
contained in the MSW in these countries; 2) reinforcement of
the monitoring and control of the disposal sites to avoid
emissions of GHG and leachates runoff; 3) the inclusion of the
WP in the MSW management system through the recognition
and formalization of their activities under safe working
conditions; 4) the establishment of formal valorization
markets; 5) the implementation of monetary responsibility
policies for waste generators; 6) the conformation of
intermunicipal cooperation schemes; and 7) the development
of technically skilled human resources for the design and
implementation of new MSW management models. The
results of this work will assist in the creation of policies that
can improve the feasibility of MBT implementation and drive the
first steps towards a circular economy model in the GMA and in
other cities in developing countries with similar characteristics.
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