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Abstract: Most municipalities in developing countries lack technical and economic resources to
improve their municipal solid waste management (MSWM) system. Therefore, tools are needed that
enable the most appropriate solutions to be identified to put waste to better use. This study presents
an easy-to-apply sequential methodology for the analysis of MSWM alternatives. The method consists
of two stages: (1) screening available technologies based on a small set of key variables; (2) ordering
the selected alternatives by a combination of multicriteria methods that integrate local priorities.
For this second stage, a basic series of technical, environmental, economic and social indicators
is proposed. The methodology is applied to a case study where current management is limited
to mixed municipal solid waste (MSW) disposal in a landfill without gas recovery. Seven options
for implementing energy recovery in landfill, using mechanical plants to recover part of recyclable
material, treating the organic fraction, and employing refuse-derived fuel and/or waste to energy
incineration, were evaluated together with the current situation and considering four scenarios.
The results identify various alternatives that allow the sustainability of MSWM in the case study to
improve. Notwithstanding, today, it is necessary to introduce economic instruments that discourage
final disposal to make municipal waste recovery viable.

Keywords: waste management; decision making; waste-to-energy; developing countries; resource

efficiency; circular economy

1. Introduction

Municipal solid waste management (MSWM) has become a topic of growing global
concern [1]. There are major differences in implemented municipal waste management
systems between some countries and others. Countries with a higher level of economic
development have considerably raised public awareness and advanced technological solu-
tions in place, and they are adopting preventive waste generation approaches. Developing
countries, where the population focuses more on survival or prospering in the short term,
resort to less expensive low-tech solutions [2]. In these countries, municipal solid waste
(MSW) is usually directed to sanitary landfills or disposed in open dumping sites, which
poses environmental and health risks [3]. The increase in waste generation and the deple-
tion of sites available for final disposal imply higher management costs [4]. Along with this,
demographic expansion, improved living standards and more environmental awareness in
these countries make improving current MSWM systems an urgent matter [5]. The main
issues that developing countries face on this path include lack of adequate governance
instruments, inefficient use of resources, relying excessively on imported equipment, inade-
quate financing methods and application of technology, uneven service provision and poor
technical expertise [6].

The lack of technical and economic resources for, and general information on, the
problem, together with the great complexity of the MSWM system where the informal sector
is extremely relevant [7], all render landfill disposal the preferred option when planning
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MSW “management” in developing countries [8]. Despite the fact that landfilling has a
stronger environmental impact than other MSW treatment alternatives, such as recycling
or incineration [9], sanitary landfills at least allow to protect health and the environment
with simple economical technology [10].

1.1. MSWM in Latin American and the Caribbean

In 2022, the population in the Latin America and the Caribbean (LAC) region came to
658 million inhabitants [11], of whom 81.2% lived in urban areas [12]. Currently, 52% and
28.3% of the waste generated in this region are disposed in sanitary landfills and open
dumps or in non-specified landfills, respectively [1]. Although the number of sanitary
landfills has significantly increased in the region in the last decade, many face serious
environmental and operational problems [13]. New technologies must be implemented for
appropriate MSW treatment to reduce volumes and to avoid negative impacts on ecosys-
tems and society [3]. Other management options, such as incineration, anaerobic digestion,
composting, and even formal recycling, are still emerging techniques in LAC, and they
all have relatively low implantation rates compared to other world regions [1]. However,
social development can only be sustainable if generated waste does not accumulate but
rather is reused, recycled and fully recovered [8].

In recent years, important regulatory advances have been made in LAC to establish a
framework for the best waste use. Chile can be taken as an example of being a vanguard
country in this group of countries. Recently, ambitious collection and recovery goals for
light packaging waste (of at least 70%) by 2035 have been established [14], as has the
recovery of at least 66% of the organic fraction (OF) from MSW by 2040 [15]. To fulfill
these goals, a change in the collection scheme is planned with the incorporation of separate
door-to-door collection systems for recyclables. Today, however, MSW is mostly collected
mixed (99%) and disposed of in sanitary landfills [16]. The nationwide MSW recovery or
recycling rate is less than 1% [17] and is achieved mostly by a pilot system in the country’s
capital, where approximately 12% of the mixed recyclable waste is separately collected by
a door-to-door service [18].

This mostly mixed collection situation is the commonest in LAC, where the main
priority is still to increase the collection service coverage and to improve the sanitary condi-
tions of the final disposal sites [19]. This is why the present work focuses on alternatives
applicable to management systems in which MSW is collected mixed.

1.2. Available Treatment Technologies

There are three alternatives with the longest tradition in the treatment and/or disposal
of mixed collected MSW: landfill, landfill with gas recovery (LFG) and incineration [20].
LFG recovery is well suited for places that receive a high percentage of biodegradable
matter with high moisture content. It allows to take advantage of the energy contained in
waste and also helps to mitigate greenhouse gas (GHG) emissions from waste by converting
methane into carbon dioxide [21]. For power generation to be viable, minimum LFG flows
are required [22]. In addition, each potential LFG for the energy project should be evaluated
based on local conditions, especially the availability of energy markets [23].

Incineration has become an important element of MSW management strategies world-
wide. Most of the energy stored in MSW fractions can be recovered as heat used in energy
production through incineration [24]. A key benefit of incineration lies in reducing waste
volumes and, hence, a smaller landfill disposal space is required. For the waste incinera-
tion process to allow energy recovery, a lower heating value (LHV) of at least 7 MJ /kg is
needed [25]. As part of an integrated waste management strategy, there are generally two
incineration scenarios: total mass burn and non-recyclable mass burn [26]. An essential
complement to incineration is an ash landfill (Ash-LF), where the ashes generated during
waste combustion are managed, usually as hazardous waste.

To improve these alternatives and to seek the best use of resources, nowadays, em-
ploying mechanical-biological treatment (MBT) plants has extended, where mixed waste
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fractions are pretreated [27]. These plants combine processes to first recover certain recy-
clable materials, such as glass, paper, cardboard, metals, etc., and to, second, stabilize the
OF [28] to reduce its volume and degradability [29]. MBT plants are used worldwide, with
installed capacities currently ranging from 12,000 to 500,000 tons per year (t/y) [30]. Europe
is one of the regions with the most plants of this type in operation. In 2017, there were
some 570 facilities that treated around 55 million tons, and 120 new plants are expected to
be installed by 2025 [31].

MBT plants can include different processes. Edo (2019) generally classifies them and
identifies, among others, three types that receive mixed MSW: mechanical treatment or
triage plants (MTP); recovery and composting plants (RCP); and recovery, biomethanization
and composting plants (RBCP) [28]. In MTP, only one separation of mixed recyclable
materials is carried out. These plant types are common for waste selection in the waste
streams that come from either wet—dry collection systems or some separate collection
programs for recyclable materials.

RCP and RBCP include a first mechanical stage to recover recyclable materials and
the separation of the OF and a second biological stage for the biostabilization of the
latter. The biological stage can be carried out by either composting (aerobic treatment) or
biomethanization (anaerobic treatment) with the subsequent composting of the digestate,
as performed in RBCP. Part of the rejects of these plant types (RCP and RBCP) can be
employed to produce refuse-derived fuel (RDF), as long as its LHV is around 15 MJ/kg to
make its use feasible [25].

1.3. Decision-Making Tools

With this wide variety of technologies available today for treatment, identifying the
optimal solution for each context is complex. The selection of alternatives must consider
environmental performance, economic viability and social acceptability aspects, whose
assessment must be made on a case-by-case basis by integrating local conditions [4,32].
With this aim, multicriteria analysis methods can be very useful as support tools, even in
areas where decision makers’ technical capacity is limited, which is common in developing
countries. These tools should: (1) clearly show the process of evaluating alternatives;
(2) help to systematize data collection; (3) allow the agile incorporation of information
generated in other contexts (e.g., taken from the literature); and (4) introduce specific
criteria and weightings according to local interests.

Of the mathematical techniques for a multicriteria analysis, the Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS) technique stands out for being widely
used in various fields [33]. TOPSIS is the multicriteria decision-making method proposed by
Hwang and Yoon (1981) [34] and modified by Yoon (1987) [35] and Hwang et al. (1993) [36].
It is simple and easy to understand [37]. It also has good computational efficiency and
allows the relative performance of each alternative to be measured in a simple mathematical
form [38]. This method has been employed to select the best waste management options in
certain application cases by taking into account environmental, economic and technological
criteria [20,39] or by also including socio-political criteria [40-42].

In the LAC region, studies have been carried out to evaluate alternative munici-
pal waste management or treatment with different approaches. Several studies focus
on analyzing the potential of converting waste into energy with different treatment tech-
niques [43-48]. Others address the economic feasibility of applying distinct waste treatment
techniques in several cities [43,49]. In the same context but applied to specific case studies,
multicriteria decision techniques have been used to consider social, economic, political and
environmental aspects [4,50,51]. Rodrigues and Mondelli (2021) apply TOPSIS to select the
best scenario in terms of material recovery and reducing waste to landfills by integrating
environmental, economic, social and technical factors [52].

This study presents an easy-to-apply sequential methodology to analyze MSWM
alternatives by considering multiple criteria in similar contexts to the LAC region. The
following section presents the developed methodology based on the sequential application
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of a screening matrix and the TOPSIS method, which can serve as a reference for other
places. An example of application in a case study is described below, in which different
solutions are proposed to seek the best use of resources by the treatment and disposal of
the municipal waste that is mostly collected as mixed waste. Finally, the results of the
analysis are shown to discuss their sensitivity to distinct weighting options, which respond
to several scenarios of local interests.

2. Methodology
2.1. Proposed Sequence

Figure 1 shows the scheme of the sequential methodology proposed for decision
making in this research. By considering specific conditioning factors for waste management,
such as fractions of waste collected separately, their main characteristics and amounts
generated on the one hand, and available technologies on the other hand, a screening
matrix allows the technologies that are viable in the studied case to be identified. These
possible technologies can subsequently be combined to define MSW treatment alternatives
that can be evaluated and prioritized using the multicriteria tool, which enables criteria
of a different nature (technical, environmental, economic and social) to be considered in
more detail.

Figure 1. Proposed methodology for the definition and selection of waste management alternatives.

2.2. Case Study

An area of northern Chile with 420,000 inhabitants was chosen as a case study. The
MSWM there currently focuses on a final disposal site that receives 165,937 t/y of mixed
collected waste, with a daily average of 455 t. The average composition of the MSW
received in the facility is 49% OF, 17% plastic, 11% paper—cardboard, 2% glass, 1% metals
and 20% others, with an average global moisture content of 37%. There is no separate
collection in the area. The LHV for the current waste composition is 9.98 MJ/kg.

2.3. Screening Matrix

This study considered the six technologies described above: landfill, LFG, incineration
with energy recovery (I-ER), and pretreatment in MTP, RPC and RBCP. As a first step to
define the MSWM alternatives, the application of several basic criteria is proposed through
the screening matrix that, based on easily accessible information, allows directly ruling out
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those options that are inappropriate for the local conditions of the studied case. Table 1
presents the screening matrix created in this study, which brings together the considered
technologies by assigning to each one the minimum requirements to implement it. By
taking previous works as a reference [25,53], seven basic implementation criteria were
herein selected in relation to the characteristics of the waste to be treated, the deployed
waste collection method and the socio-economic conditions of the place.

Table 1. Screening matrix. Criteria for the applicability of the considered treatment units.

Conditioning Factors LF LFG MTP RCP RBCP I-ER
. . . Mixed . . .
Fraction Mixed Mixed @ R labl. Mixed ? and OF Mixed ? and OF Mixed [10] @
ecyclables
LHV (M]/kg) - - - -b -b >7 [25]
. 10,000- 10,000- 10,000— 60,000~
Quantity (t/y) - >50000[23L, % 50 000 [54] 500,000 [30,54] 328,000 [54] 500,000 [10]
Technical complexity Low Medium [55] Medium [55] Medium [55] Medium-high [55] Medium-high [55]
Proven technology Proven [10] Proven [10] Proven [55] Proven [55] Proven [55] Proven [55]
Investment costs (€/t/y) d 2-20¢ 5-50 [10] 100-198 [54] 42-560 [54] 58-420 [54] 180-1181 [10,54]
O&M costs (€/t/y) 4 2-34¢ 6-114 [10] 18-40 [54,56] 24-95 [54] 18-160 [54] 8-205 [54]

2 OF > 30%. It should represent <50% for I-ER the OF. ® RDF could be produced with the rejection of these plants
if it exceeds the required energy potential. ¢ Value adapted for an average operation time of 20 years. 9 Costs of
technologies vary with their installed capacity. ¢ Estimated from the values for LFG.

As a first variable, the MSW fraction to be treated is identified. All the alternatives
considered in this study are suitable for treating mixed fractions. In addition, some can be
applied to specific selectively collected materials, such as the recyclable fraction in MTP
or the OF in RCP and RBCP. Although mixed materials are allowed, alternatives based
on biological processes, such as LFG, RCP and RBCP, require a minimum proportion of
biodegradable matter in the mixture. They are not suitable for inert waste.

The LHV is a main characteristic of waste when its potential recovery is evaluated.
Energy recovery through incineration is only feasible when waste meets the requirement
set out in Table 1, as mentioned in the Introduction. Otherwise, it is necessary to use a large
amount of supplementary fuel during the process, which decreases its efficiency to such an
extent that energy recovery cannot be considered [10,25].

Furthermore, the larger the amount of waste to be treated, the lower the treatment’s
unit cost. A larger amount of waste favors economies of scale, which is essential for the
feasibility of more expensive technologies [25,55]. When small amounts of waste are treated,
more complex treatments are penalized, and they can even be considered no longer suitable.

Different authors [10,25,55] agree that technological maturity, complexity and invest-
ment, and operation and maintenance (O&M) costs are the main conditioning factors for
implementing an alternative. Technology maturity describes its development level, which
is given by the number of years it has been on the market, the number of installations in
operation internationally, the expected service availability and the reliability of its operation.
Technological complexity encompasses the degree of qualification that operating personnel
require and the system’s technical complexity.

As a result of applying the matrix presented in Table 1, decision makers can obtain
a first list of suitable technologies for the given context. In an area with certain technical
limitations, for example, those alternatives with medium-high complexity should not
be considered. Thus, options RBCP and I-ER would be rejected. Based on these results,
different alternatives for the MSW treatment system can be defined, which can include
one or several of the technologies that have “passed” the screening matrix. The following
section details the criteria and indicators that can be used in the second phase to select
waste treatment alternatives.
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2.4. Ranking Method
2.4.1. Assessment Criteria and Indicators

Delgado et al. (2020) [20] define a series of criteria and indicators for the selection of
MSWM alternatives. Table 2 details the criteria and indicators herein proposed based on
the above-cited work. The values of the 13 indicators for each process unit were obtained
from a comprehensive scientific and technical literature review. Table 2 shows the finally
adopted values. The proposed assessment structure can be modified by adding columns
(treatment units to be considered) or rows (evaluation indicators) and by changing the
value given to each indicator when case-specific data are, or better information is, available.
Some considerations for the criteria and indicators used in this study are described below.

Table 2. Assessment of the indicators proposed for the assessment of municipal waste treatment

alternatives.
Criteria  Indicators LF LFG Ash-LF I-ER MTP RCP RBCP
Energy produced . a } )
- T (EWh,t 0 80; 16 [57,58] 0 544 [59] 220 [60]
:m/ Energy
g T2 consumption 0.42[61] 0.42[61] 0.42 [61] 153[61] 23162,  33[62] 98.1[62,63] ©
£ (KWh/t)
o .
T3 Technical 1 2 4 5 3 3 4
complexity

@ g CHGemissions o)) 055 [6a] de —24 1641 11[65]f  —10[65] -8 —2066]h  —126[66]h
= (kg COz-eq/t) ’ T
é E2 Soil ?I;Czu/ﬁ;"“"“ 421 [61] 421 [61] 2.1[61]1 0.76 [61] 0.4 [10] 1.2[10] 0.63 [10,63]
G .
.g E3 Materials 0 0 0 Zi Zi Zi i
S recovery (t/y)
& E4 Odor nuisances 5 3 1 1 1 3 2
o ECI Ime?g}‘f/“yt)mts 545 [53]) 73.1 [53]) 168[53]) 2427[53]) 1043[53]) 140.6[53]) 1424 [53])
53]
é EC2 Ofg[t/“y’;ts 10.9 [53]] 12.7 [53] 32[53]1 4275317 288[53]]  35.7[53] 36.1 [53]]
g Economic
E EC3 remunerations - _k 0 _k _k _k _k

(€/9
R Job creation
& Sl Jobs/ 10000 0.11[67] 0.11[67] 0.1[67] 0.1[67] 0.4 [68] 0.4 [68] 0.4 [68]
.Tg 52 Social acceptance 1 2 1 1 5 4 4
&  s3 Occtifgonal 5 5 5 5 3 3 4

2 OF values for not treated and treated in MBT, respectively. For the calculation of the energy potential of waste in
landfills, see the details below this table. ® Adapted value: it is assumed that MTP consumes 70% of the energy
of RCP. ¢ Adapted value: AD consumes 75 kWh/t. This value is assumed plus 70% of the RCP consumption.
4 Average values. ¢ For a conventional landfill and a low organic waste landfill with gas flaring, respectively.
f Only the emissions from transporting ash from the incineration plant to the sanitary landfill are considered.
8 Only the avoided emissions per type of RM are considered (Table 3). I Only the emissions avoided by the
OF treatment are considered (Table 3). ' Half the land occupation established for a conventional landfill is
considered. ] Adapted value. ¥ Economic remunerations from waste reception and the sale of by-products (energy,
biostabilized material, RDF, RM) are discussed in the text. The values taken in this study are shown in Table 3.

The qualitative criteria were assessed on scales from 1 to 5 (5 is high and 1 is low).
For the alternatives that consider the disposal of rejects and subsequent LFG use, a gas
generation rate over time was estimated to check if it was sufficient for energy produc-
tion. Considering the ranges compiled by [57], and taking into account that MBT can
reduce waste biodegradability by more than 79% [58], gas generation and the net en-
ergy potential ratios of 80 Nm3/t and 80 kWh/t for fresh waste, and of 16 Nm3/t and
16 kWh/t for the waste pretreated in MBT were taken for calculations. A gas collection
rate of 40,000 Nm3/month was taken as a minimum threshold for energy production in
landfills [22]. To estimate the gas flux obtained from the biomethanization at RBCP, a
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ratio of 45 Nm3 biogas/t (equivalent to a net electrical energy yield of 220 kWh/t) was
considered [59].

The net GHG emissions are considered among the environmental criteria. The emis-
sions avoided through the recovery of materials were calculated individually per mass of
each material type (Table 3). Recovered materials (RM) include paper, cardboard, metals,
plastic, glass, the biostabilized OF, and other outputs from recovery plants such as RDF or
recovered slag.

Regarding economic criteria, in the case study in Chile, the cost per ton received at
the facility was taken as 14 €/t [16] without distinguishing between the installation type
because there is currently no economic penalty in the country for final disposal. The sale
price of biostabilized material was taken to be 10 €/t [56] and per RM type, as shown in
Table 3. A zero sale value was assigned to slag from incineration plants by assuming a
common case today, in which it is used in sanitary landfills as a covering material or to
stabilize slopes [69].

Table 3. Avoided emissions and sale price per RM type.

Variable Paper Cardboard Metals Plastic Glass RDF
kg CO;-eq/t —559 [65] —559 [65]  —3006 [65] 27 [65] 27 [65] —337 [65]
Sale price (€/1) 61 [70] 22 [70] 52 [70] 39 [70] 24 [70] 25 [56]

The electricity sale price depends on the availability of networks for connection,
demand and the local energy market. As a reference, in 2022, the energy sale prices in
the LAC region varied between 0.04 and 0.30 €/kWh [71]. For this study, it was assumed
that all the energy produced in the system was available for sale, and the sale price of the
Chilean market for unconventional renewable energy was taken. To consider the effects of
supply and demand variations on the market, the values obtained from 2017 to 2022 were
averaged. This gave the distribution price through the central interconnected system to
be 0.070 €/kWh [72]. It was also assumed that consumed energy was tendered for the
operation stage at an average cost of 0.021 €/kWh [73], which was included in the operating
costs for each alternative.

The value corresponding to each indicator per treatment alternative is calculated as
the sum of the values obtained by applying Table 2 to each unitary process that makes
up the alternative. As the quantitative values in the table are expressed in unit terms per
unit ton of waste treated, the assessment of the indicator in each process is obtained by
multiplying these values by the amount of waste treated in it.

2.4.2. Criteria Integration and Weighting

After assessing each indicator, to obtain the overall evaluation of the treatment alterna-
tives, the TOPSIS method is used, which allows a weighted integration of all the considered
criteria and indicators. A comprehensive description of the mathematical development of
the method can be found in other works [20]. It is based on the calculation of the distance
of each alternative (i) from the “Ideal Positive” (di*) and “Ideal Negative” (d;") solutions,
which are, respectively, the best and worst possible rating for the alternatives considered
according to each criterion, and they are calculated based on the values and weights given
to the corresponding indicators. In this case, the weights assigned to each criterion were
distributed evenly among all the indicators included in it.

The relative closeness of each alternative (i) to the ideal solution for each criterion (k),
Ry, is defined by Equation (1), where m is the number of analyzed alternatives.

dr
Ryj=-—t—,i=12,...,m 1)
df —d,
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Ry; is in the range between 0 and 1, with the best alternative being that closest to
1 because this means that it is closer to the ideal alternative. Considering the different
weights assigned to the criteria (Pk), the overall assessment of each alternative, Ry;, is
obtained by integrating all the contemplated criteria; see Equation (2).

4
Rei=)Y , P xRy ()

2.5. Sensitivity Analysis

A sensitivity analysis helps to understand how much the result of the evaluation varies
when giving different weights to indicators. The total score obtained by each alternative
and, therefore, its position in the ranking, can change based on the relevance assigned to
each indicator, which varies according to the context.

In order to assess the sensitivity of the results in the case study, the ranking obtained by
considering each criterion individually for the defined alternatives, and the results of four
weighting scenarios, were analyzed: scenario (1), which involves all the criteria described
above; scenario (2), where the environmental criterion is neglected; scenario (3), where the
social criterion is not considered; scenario (4), where 90% of the total weight is assigned to
the economic criterion and the remaining 10% is equally distributed among the other three
criteria. Equal weights were given to the different criteria in each scenario except the last
one. Scenarios (2), (3) and (4) move away from the sustainability paradigm, in which all
the criteria have a significant weight, but they can represent different approaches to the
priorities of a developing area, where the population prioritizes short-term gain or survival
and, thus, resorts to cheaper low-tech approaches [2,8].

3. Results and Discussion
3.1. Definition of MSW Treatment Alternatives

Given the latest advances in waste legislation and the aforementioned valorization
goals, Chile would be able to assume technologies with medium and medium-high com-
plexity with no strict economic limits for investment and operation. Thus, in this case, all
the technologies included in the screening matrix (Table 1) defined in this work would be
“viable”. By considering them all, the seven alternatives summarized in Table 4 are defined.
All these alternatives contemplate only the treatment of the collected mixed MSW fraction,
except A2 and A5, which consider the separate collection of recyclables in part (12%) of
the served area. The alternatives to be studied are called Al to A7, while AQ represents the
current scenario.

Table 4. MSW treatment alternatives considered in the case study.

(]
2 Process
7]
g Systems Summary
:—E Pretreatment WtE Final Disposal
A0 - - LF LF
Al - LFG LFG LFG
A2 MTP * LFG LFG MTP + LFG
A3 - I-ER Ash-LF + LF I-ER + Ash-LF + LF
Ad RCP LFG LFG RCP + LFG
A5 MTP * I-ER Ash-LF + LF MTP + I-ER + Ash-LF + LF
A6 RCP RDF production LFG RCP + RDF production + LFG
A7 RBCP Biomethanization LFG RBCP + LFG

* For the separation of materials from the separately collected fraction (12% of total MSW amount).

Table 5 shows the mass balances per alternative based on the operation data of plants
with similar characteristics [28,56]. Diagrams of alternatives are included in the Supple-
mentary Materials. For MTP, data were taken from a similar plant currently installed in
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the Metropolitan Region of Santiago de Chile [18], which combines manual and mechani-
cal processes.

Table 5. Summary of the mass balance per alternative.

_E Recovered Materials Biological Treatment
= RDF Landfill ®
g RM Rejects Biostabilized Rejects Losses 2
"é tly tly tly tly tly tly tly
A0 - - - - - - 165,937 €
Al - - - - - - 165,937 4
A2 14,456 € 6181 - - - - 151,481 4
A3 20,507 16,995 - - - - 16,995 8h
A4 7334 € 76,786 19,243 26,940 34,638 - 104,722 98
A5 33,132 ¢f 15,330 - - - - 15,330 8"
A6 8356 ! 76,786 19,243 26,940 34,638 51,751 51,950 84
A7 8147 € 76,969 19,243 26,940 34,638 - 103,909 84
@ Water loss by evaporation, solids converted into gas, etc. b Disposal of rejects from the mechanical, biological
and RDF pretreatment for the corresponding cases. ¢ Landfill with flare. ¢ Landfill with biogas production (LFG).
¢ RM recovered from mechanical treatment: plastic, glass, paper, cardboard, metal. f Materials valorized from
slag. The metals recovered from slag correspond to 2% of RM. & Bulky waste represents 0.6% of the input waste.
For A5, it represents 0.5% of input. ' Corresponding to rejects from slag recovery and fly ash. The latter is
disposed separately in an Ash-LF and represents 1% of rejects. * It includes the metals recovered during the RDF
production process.
In all the alternatives involving energy production, the waste characteristics meet
the minimum energy recovery requirements described above. In particular, the incoming
MSW exceeds the minimum requirements for LHV in incineration plants (considered in
alternatives A3 and A5). The RDF obtained in option A6 is composed of pretreated OF
(38.6%), paper (11.4%), cardboard (11.4%), and glass (4.5%). With this composition, the
estimated LHV of RDF is 16.2 MJ /kg, which meets the requirements for its use as fuel in
cement kilns. According to the references described above, the defined landfills meet the
conditions for energy recovery from gas with an estimated gas generation of 663,748 (Al
and A2), 91,773 (A4), 69,266 (A6) and 91,060 (A7) Nm?/month, respectively. In alternative
A7, a gas generation rate of 301,163 Nm?/month is estimated for the biomethanization
process, which is also enough for energy production.
3.2. Partial Results
Table 6 shows the results obtained for each indicator in the considered alternatives.
Table 6. Assessment of indicators per alternative.
]
2 Technical Environmental Economic Social
o]
§ T1 T2 T3 E1 E2 E3 E4 EC1 EC2 EC3 S1 S2 S3
Z  LkWhy kWhly t COy-eq m? tly - € €ly €ly Jobs -
A0 0 69,694 1 111,842 698,595 0 5 9,034,606 1,801,412 2,262,409 17 1 5
Al 7,964,976 69,694 2 —3982 698,595 0 3 12,126,676 2,114,701 2,819,958 17 2 5
A2 7,964,976 540,347 2 —5849 645989 14,456 3 13,222,705 2,525,490 3,666,845 23 2 5
A3 89,728,110 25,198,635 5 8689 194,168 20,507 1 41,134,093 7,265,932 8,714,982 18 1 5
A4 1,101,273 5,487,049 3 —8941 640,004 26,577 3 30,977,194 7,261,848 2,826,196 77 3 4
A5 81,931,325 23,485,684 4 5599 184,088 33,132 1 39481769 7,188,751 8,718,869 25 1 5
A6 831,197 5,464,884 3 —25,193 417,833 79,349 3  26,625450 6,710,242 4,153,883 72 3 4
A7 19443226 16,224,391 3 —15,949 541,998 27,390 2 31,219,785 7,321,844 2,898,047 77 3 4

The indicators that refer to technical criteria show different trends. Alternatives A3
(I-ER + Ash-LF + LF) and A5 (MTP + I-ER + Ash-LF + LF) stand out for produced energy:
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a principal element in both is incineration. Thus, as a disadvantage, they present the
highest technological complexity. In accordance with other authors [24,74], the incineration
scenario has the highest power generation capacity. Ref. [75] agrees with this observation by
noting that incinerators can meet one-quarter of demand through waste-derived energy as
a key component in a country’s energy diversification strategy. The treatment alternatives
with the best consumed values energy are A0 (LF) and Al (LFG), which match lower
technological complexity.

From the environmental perspective, four alternatives stand out with the best results.
A6 (RCP + RDF production + LFG) and A7 (RBCP + LFG) are those that avoid the largest
amount of GHG emissions, mainly from using RDF as fuel (A6) and applying anaerobic OF
treatment (A7). The facilities considered in alternatives A3 and A5 are those that produce
a smaller quantity of rejects. They have the least land occupation and the best score for
controlling odor generation. This is perhaps a great advantage for some cities of LAC,
where available land for waste disposal is a serious issue because the large landfills there
are almost on the verge of their disposal capacity [19,76].

Regarding recovery of materials, A6 stands out for its RDF production, mainly as
RM, which is followed by A5 and A3 for slag recovery. Although waste-to-energy (WtE)
technologies appear one level lower than recycling in the hierarchy principle for waste
management, they play a complementary and essential role for implementing a circular
economy [77]. This explains the interest in combining these technologies with other waste
valorization processes because they enable a loss of valuable materials to be avoided, which
are otherwise deposited in landfills and, in turn, reduce land use as final disposal sites.

As regards economic criteria, alternatives A0, Al and A2 (MTP + LFG) entail the lowest
investment costs, while those that incorporate incineration (A3 and A5) represent the most
investment efforts. However, in A0, A1, A2, A3 and A5, revenues compensate O&M costs,
while the cases that consider MBT plants (A4, A6 and A7) involve high operational costs
that cannot be amortized by selling by-products in the scenario herein assumed.

In relation to social criteria, alternatives A4, A6 and A7 stand out for giving rise to
the creation of more jobs. These results coincide with Milutinovi¢ et al. (2014) [78], who
highlight that the alternatives that incorporate the manual separation of materials are more
labor-intensive than others based on using machinery, such as incineration or landfill.

The best assessment in social acceptance terms corresponds to alternatives A4, A6 and
A7, and it falls in line with Milutinovi¢ et al. (2016) [79] and Khan and Kabir (2020) [80],
who suggest that social acceptance for RCP and RBCP is better than for other technologies
in the developing world. Similarly, these results agree with the last National Environmental
Survey carried out in Chile [81], which shows that implementing these options would
fall more in line with the environmental awareness of the country’s citizens. On the
contrary, the worst valued alternatives (A3 and A5) are those that include incineration as
the main technology because of social opposition to the potential negative health effects of
its operation close to inhabited areas [82].

Finally, the results of the occupational risks indicator suggest that the plants with RCP
(A4 and A6) would be the safest alternatives for workers, while A0, A1l and A3 would
entail the highest risk.

Table 7 details standardized results. The most favorable values per indicator are shown
in bold. Based on these results and considering the same weight per indicator, the ranking
of alternatives would be: A6 > A4 > A2 > A7 > Al > A5 > A0.

3.3. Sensitivity Analysis
3.3.1. Integration of Indicators

From the technical point of view, Table 7 shows that alternative A3, followed by
A5, would be the best evaluated if only the indicator related to electricity generation (T1)
was considered, but these two would remain as the last options if this indicator was not
contemplated instead of the other two (T2 and T3). As the balance between the generated
and consumed energy would give similar weights to T1 and T2 (without considering
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T3), according to this criterion, the preferred alternatives would be Al and A2, which are
followed by A0 and A3. If only technical complexity was covered in this criterion, then AQ
would remain the best one. In any case, A4, A6 and A7 would never appear as preferred
options from the technical point of view with the indicators selected in this work.

Table 7. Normalized scores * per indicator and alternative, and the overall ranking in the balanced
weighting scenario.

0

g

E Technical Environmental Economic Social %
g &
2 3
2 T1 T2 T3 El E2 E3 E4 EC1 EC2 EC3 S1 S2 S3 EJ
®)

A0 0.000 0.333 0.333 0.000 0.000 0.000 0.000 0.333 0.333 0.000 0.000 0.000 0.000 8
Al 0.030 0.333 0.242 0.211 0.000 0.000 0.135 0.301 0.314 0.029 0.000 0.150 0.000 5
A2 0.030 0327 0231 0215 0.026 0046 0.151 0290 0.290 0.073 0.038 0204 0.065 3
A3 0.333 0.000 0.000 0.188 0.245 0.065 0.247 0.000 0.003 0.333 0.009 0.000 0.000 7
A4 0.004 0.261 0.186 0.220 0.028 0.084 0.135 0.105 0.004 0.029 0.333 0.333 0.333 2
A5 0304 0.023 0.016 0194 0.250 0.104 0.250 0.017 0.008 0.333 0.046 0.066 0.060 6
A6 0.003 0.262 0.139 0.250 0.136 0.250 0.144 0.151 0.037 0.098 0.304 0.331 0.313 1
A7 0.072 0.119 0.130 0.233 0.076 0.086 0.176 0.103 0.000 0.033 0.333 0.333 0.167 4

* The highest score per indicator is depicted in bold.

In relation to the environmental indicators, A6, A7 and A4 would be better evaluated
if only the indicator related to avoided emissions were taken into account, but these three
would occupy third, fourth and fifth position, respectively, if only indicators E2, E3 and E4
were considered (with similar weights).

In this evaluation, A6, A7 and A4 would be better evaluated if only the indicators
on material recovery (E3) and avoided emissions (E1) were considered. However, in land
use terms (E2), A5, A6 and A3 would occupy less surface area to install plants. For the
environmental impact due to odor, A5, A3 and A7 would be the best evaluated, with the
first two due to thermal waste treatment, which would allow better emissions control,
and the last one due to OF management through biomethanization. In any case, from an
environmental perspective, the worst valued alternatives would be A0, A1l and A2, which
contemplate the final disposal of a larger amount of MSW.

Of the economic indicators, the EC1 indicator (investment cost) would be better evalu-
ated for alternatives A0, A1 and A2. The first two would also be the best alternatives for
operating costs (EC2) but not for economic remuneration (EC3), which would be the worst
evaluated. If only operational costs (EC2) and remuneration (EC3) were contemplated, then
the best alternative would be A2, which is followed by Al and A5. Considering a scenario
in which the economic aspect was limiting and by taking all the economic indicators with
an equal weight, the most convenient alternatives would be A0, A2 and Al, and A5, A3
and A6 would be the worst evaluated ones.

Finally, with the social criterion, for S1 (number of created jobs), the best evaluated
alternatives would be A4, A7 and A6, which coincide as the best evaluated in indicators S2
(social acceptance) and S3 (occupational risks). The worst evaluated alternatives in the set
of social indicators coincide with those that consider landfill and thermal treatment (A0,
A3, A1, A5 and A2).

3.3.2. Integration of Criteria

Figure 2 shows the results of combining indicators by criteria and considering equal
weights for them all. For each criteria, it depicts how a different best alternative (that
with the highest Ri) is obtained. Therefore, in this case, no ideal alternative can be taken
as the best from all the standpoints. The selection of one or another depends on local
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priorities which, in this methodology, can be introduced into the weighting of the indicators
and/or criteria.

£ Technical Environmental Economic Social
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Figure 2. R; values for the eight alternatives evaluated per criteria (by taking equal weights for all
the indicators considered per criterion).

Figure 3 shows the results for the four different studied weighting scenarios.
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Figure 3. R; values for the eight alternatives evaluated per scenario: scenario 1 with all the criteria;
scenario 2 and scenario 3 that neglect the environmental and social criteria, respectively; scenario
4 where 90% of the total weight is assigned to the economic criterion.

The preferred solution (or the first position ranking) in scenarios 1 and 2 is A6 (RCP
with RDF production and LFG), although it is far from a hypothetical ideal solution.
Compared to other options that include pretreatment with material recovery from collected
mixed waste, this one also allows part of the rejects to be recovered for RDF production.
This valorization offers benefits, such as using alternative fuels in industry and applying the
circular economy paradigm by reducing the final disposal of resources that are still energy
rich [28]. This preferred alternative is aligned with the results obtained by [83]. These
authors evaluate four scenarios by considering indicators: landfilling and GHG emissions
reduction, energy recovery efficiency and life cycle costs and benefits. Their best option for
MSWM is that which considers an MBT plant by combining the application of RDF with
waste gasification. In this scenario, the amount of waste to be disposed significantly reduces
and, thus, extends the useful life of the landfill by, in turn, further reducing emissions and
with more energy efficiency due to the high heating value of RDF. However, the authors
add that this scenario may lead to a lower economic profit due to the current low RDF price,
although an increase in its demand is expected given growing climate change concern.

The second and third positions in both scenarios 1 and 2 are for A4 (RCP with LFG)
and A2 (MTP with LFG). A4 is preferred for its social repercussions, as is A2 for its low
complexity and good economic balance. These results coincide with the positions obtained
by [84] for two similar scenarios, which consider the recovery of materials combined with
the final disposal of rejects. These authors evaluate eight scenarios by contemplating
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economic, socio-environmental, socio-technical and environmental indicators using mul-
ticriteria tools. They conclude that combining recycling with sanitary landfill sites is a
good option in developing countries for cities that lack the necessary infrastructure and
economic resources to implement a complete recycling and composting scheme. The fourth
position in scenario 1 is attributed to A7, which stands out for environmental criteria, while
in scenario 2, it is for A1, where the economic aspect prevails, followed by the technical one.

In scenario 3 (that does not consider the social criterion), the preferred alternative is
A2. This alternative stands out for the economic criterion, which involves striking a balance
between operational costs and economic rewards. In rankings 2 and 3 for the same scenario,
A5 and Al stand out, the former for its benefits for the environmental aspect and the latter
for its economic benefits, which are followed by technical ones.

In scenario 4, which prioritizes the economic criterion, the preferred alternatives are
those with higher economic rewards than O&M costs (in ranking order: A2, A1, A0, A5,
A3). Of these, the best valued one coincides with less technical complexity and lower waste
recovery (only a small fraction of MSW is recovered in alternative A2, with slag and metals
from slag in alternatives A5 and A3). These results coincide with [85], who show that it is
common in developing countries to contemplate the collection of only mixed waste for its
simplicity, lower costs and less demanded public participation.

3.4. Practical Implications of the Results

Figure 3 shows the small differences between the preferred alternatives in the four
scenarios: the difference between the R; obtained for the alternatives that remain in the
first and third positions is 0.11, 0.06, 0.02 and 0.04 in scenarios 1 to 4, respectively. This
indicates that the ranking is very sensitive to weight distribution. Therefore, this result in
a real case would point out the need to carry out a subsequent study to select the best of
the more highly valued alternatives. The study could attempt to increase the accuracy of
the indicators assessment to consider other relevant indicators in the specific context or to
adjust the weights given to better reflect the corresponding priorities.

The Chilean government is planning to implement the Extended Producer Responsi-
bility Law at the end of 2023 [86]. To fulfill the set collection and valorization goals, it is
necessary to improve recovery efficiency by promoting different technologies and system
designs. The promotion of systems such as those preferred in the first three analyzed
scenarios, where a bigger waste fraction is recovered (in the form of recyclable materials,
OF for compost, using rejects as fuel, and even energy recovery), would allow, among
the already described benefits, to extend the useful life of final disposal sites, which is a
pressing and urgent situation in the country.

The obtained partial results show that the solutions that incorporate some waste
recovery stage far exceed the costs of the current scenario. With the values adopted in
this study (economic retributions assumed for MSW reception and the sales of energy
and materials), the financial balance would be only partially compensated. Economic
remuneration is subject to the existence of demand and to fluctuations in RM prices and,
thus, other incomes would be necessary. This need may be an obstacle for fulfilling the
planned recovery goals and for also implementing new MSWM technologies in LAC
countries unless economic instruments are created that progressively discourage final
disposal and make waste treatment and recovery viable. In an analysis such as that herein
presented, this reality is the equivalent to prioritizing economic aspects, and it could even
be revealed with a new indicator (with a substantial weight in the decision), which explicitly
contemplates economic balance.

4. Conclusions

This work proposes a sequential methodology to evaluate MSWM alternatives by con-
sidering various criteria to be applied in developing countries. The successive application
of a screening matrix and a multicriteria weighting method allows seven treatment tech-
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nologies to be defined and ranked by considering their technical, environmental, economic
and social impacts for the case study.

The case study results indicate that several alternatives permit the current MSWM
situation to improve, especially in countries such as Chile, which intend to fulfill high
recovery goals, and where it is urgent to reduce the need for final disposal spaces.

The performed sensitivity analysis shows that the ranking is very sensitive to weight
distribution. The preferred alternative for an equal distribution of weights (scenario 1) and
when the environmental criterion is neglected (scenario 2) is A6, which stands out with an
intensive recovery of waste resources through mixed waste pretreatment, RDF production
using part of rejects, and gas recovery in landfills. When neglecting the social criterion, the
first alternative in the ranking is A2, which includes a material recovery plant for a small
fraction of recyclable materials collected separately (12% of the total MSW) and the final
disposal (in a landfill with energy recovery) of the rest. Considering all the criteria with
priority for economic aspects (with a 90% weight in scenario 4), the preferred alternatives
are those with higher economic rewards than operation costs, which coincide with less
technical complexity and the lowest waste recovery solutions, and focus on final disposal.

The results also demonstrate that economic criteria still currently prevail, which
leads to strategies where waste is directed mainly to final disposal. The tendency is to
maintain the status quo, which prevents the goals set by legislation from being fulfilled. In
developing countries, the difficulty in financing alternatives that incorporate some recovery
stage is one of the major obstacles to implement them. So, it is necessary to introduce
economic instruments that progressively discourage final disposal to make waste treatment
and recovery viable.

The methodology used in this study can be extended to other cases in Chile, in the LAC
region or in developing countries in general by adjusting the solid waste data and scenario
definitions. Depending on the interest and information available in each study, indicators
can be added and the values assigned here can be modified. Whatever the objective
is, attention must be paid to the given weights so that they reflect the real priorities of
the context.
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