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Abstract: Decision-making for the selection of treatment alternatives and landfilling of municipal
solid waste (MSW) is based on the experience and judgment of those management responsible,
without considering multicriteria analysis. Therefore, the purpose of this research was to determine
the treatment scenario and landfilling of MSW with the lowest environmental and economic costs in
a medium-sized city. The methodology included the definition and data processing of the project
(population, generation, and composition of MSW), for 16 years. In the design of scenarios, recycling,
composting, incineration with energy recovery, and landfilling treatments were proposed; later,
the combinations of treatments for each type of residue were generated. The results showed
36 scenarios, then the ELECTRE method was applied to the five with the lowest economical and
environmental costs. Finally from the latter, one dominant scenario was determined: organic waste
in composting; plastic, paper, and glass in recycling; and ‘others’ in landfilling. It is concluded that
the final decision on the scenario is adapted to the particular conditions of the locality.
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1. Introduction

The management of MSW is one of the most important environmental problems that governments
must take on. The increase of MSW is a serious concern for several countries [1]. It implies that strategic
planning must be carried out at all stages to ensure a management that minimizes environmental
impact. This is especially true since an inadequate decision could have adverse effects on economic,
social, legal, and environmental aspects. Therefore, government decisions should consider social
demands in order to generate an “intelligent management model” that identifies, compares, and selects
alternatives that are effectively adapted to specific conditions and flexibility for decision making in
both short and medium terms [2]. The stakeholders should then establish alternative options and
weights to apply to criteria [3].

Selection of the different physical, chemical, biological, or thermal treatments along with
landfilling depend directly on the MSW streams’ characteristics. Generally, the selection of
MSW treatment and landfilling are based on the knowledge, experience, and judgment of the
decision-makers [4]. However, due to its complexity, this decision has to have basis in the resolution of
models that allow the acquisition of the best management option.
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A useful tool for this type of assessment is multicriteria analysis; it can be used for environmental
planning and MSW management. The ELECTRE method was used for this research which sequentially
reduces the number of alternatives from a set of possibilities [5,6].

This method consists of two general phases: aggregation and exploitation. In the aggregation
phase, the concordance and non-discordance concepts are used to make pair comparisons of the
alternatives. It is useful for presenting the results that are expected for the given problem [7].

Due to the chemical makeup and physical characterization of MSW components, the treatments
of each waste stream can generate different combinations. This in turn, can lead to several alternatives
that have to be considered and assessed in terms of different criteria, with a large amount of data to be
managed, which complicates the decision process.

Therefore, it is necessary to establish a methodology that is reliable enough to be applied through
numerically valued criteria; and to obtain a smaller set of possible options of MSW treatments through
which a final decision can be made [6].

The different methods of MSW treatment that are currently used should be assessed according to
the objectives to be achieved. In addition to the above described, it is necessary to know the parameters
of generation and composition of MSW, including aspects such as population density, urbanization,
and technical characteristics for the operation of the suggested technology, as well as available land for
installation and the environmental impact associated with its implementation [8].

In addition to the technical aspects, it is very important to include the criteria of costs and financing,
technological ease, social acceptance, and environmental damage into any final decision-making [9].

Several studies have reported the application of multicriteria analysis tools [8,10-12]; and in
that same vein, the purpose of this research is to determine the MSW treatment scenario that has the
lowest environmental and economic costs in a medium-sized city with limited resources through the
following multicriteria analysis method “Elimination and Choice Expressing Reality” (ELECTRE) [13].

2. Methodology

The methodology for this project was divided into three phases: basic data; scenario design; and
scenario selection.

2.1. Basic Data

The basic data used took into consideration the quantification of MSW generation and composition.
The projection of the population selected was calculated for a 16-year timeframe as per the methods
established by the pertinent government agency [14]. Using these data, the quantity of each type of
waste generated was expressed in tons. To calculate per capita generation, an annual increase of 1% [15]
was taken into account, while composition percentages remained constant during the project’s scope.

The project data used for this study was a population of 86,696 inhabitants [16], per capita
generation of 0.504 kg/hab-d and composition: organic waste (55.83%), plastics (11.58%), paper
(7.33%), glass (2.57%), and others (22.69%) [17].

2.2. Scenario Design

Treatments were defined according to physical, chemical, and biological characteristics of MSW.
Each type of waste was identified from 1 to 5, as shown in Table 1. While the selection of the types
of treatment and landfilling of MSW were tailored to the social, environmental, legal, economic, and
political conditions of the selected population’s context. The symbol “X” represents the MSW treatment
corresponding to each waste stream.

Once each waste type was defined, a numerical order was assigned to the treatment options:
1 = recycling, 2 = composting, 3 = incineration, and 4 = landfilling. To be able to determine all possible
scenarios, combinations with residue streams (in the following order: organic matter, plastic, paper,
glass and ‘others’) were generated with each different type of treatment.
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Table 1. Types of treatment selected by waste stream.

Organic Waste: Plastic: Rigid Others: Diapers,
Treatment Food and and i:ilm Paper Glass Paperboard, Tetrapack,
Garden Waste Non-Ferrous Metal
(1) Recycling X X X
(2) Composting X
(3) Incineration with energy recovery X X
(4) Landfilling X X X X X

The code for the first scenario is composed of the numbers 21114 which considers that organic
matter must be composted hence first digit of the code for this scenario is 2; plastic must be recycled
indicated by the digit 1; paper must be recycled indicated by the digit 1; glass must be recycled too
and it is also assigned the digit 1; and finally ‘others” were assigned the digit 4 and must be landfilled.

The total generation of each waste stream during the project’s scope was expressed in tons and
then multiplied by the values reported by Pefiuelas, Gomez-Limén, and Berbel [10]. The unit cost per
ton of treated waste was reported in both USD as well as per ton of carbon dioxide (CO,) emissions
processed by the type of treatment selected. Therefore the economic costs (EC) and the environmental
costs (ENC) of each stream of waste were obtained. The values of EC and ENC were added for all
possible combinations of each scenario. The associated costs for this study are shown in Tables 2 and 3.

Every scenario contained two values, so they were placed in a Cartesian coordinate system: the

"o "o

x” axis corresponded to the ENC; and the axis “y” to the EC.

Table 2. Economic costs of treatment options by waste stream ($/t).

Organic Waste  Plastic Paper Glass Others

Recycling (1) - 93.89 —67 20.12 -
Composting (2) 47 - - - -
Incineration (3) - 14.53 14.53 - -
Landfilling (4) 72 72 72 72 72

Source: Adapted from [10,18,19].

Table 3. Environmental costs of treatment options and landfilling of waste stream (CO,/1).

Organic Waste  Plastic Paper Glass Others

Recycling (1) - —1.30 -3.89 —0.31 -
Composting (2) 0.09 - - - -
Incineration (3) - 1.38 —0.49 - -

Landfilling (4) 0.47 0.04 0.44 0.44 0.48

Source: Adapted from [12,20-24].

2.3. Scenario Selection

After analyzing graphical representation, scenarios with lower economic and environmental costs
were selected to form the initial decision matrix [25]. The first column in the matrix contained values
obtained from the EC and the second column contained ENC values.

Because of the environmental and the economic costs considered for this research, it was necessary
to subjectively assign a weight or preferred weight vector (W) for data processing. The ELECTRE
algorithmic structure was applied to this matrix and W was defined for the EC and ENC giving a
weight of 50% for each one. However, W values may vary depending on the decision maker’s or
experts on MSW criteria [26].

W = (W1 =0.5, Wyo = 0.5)
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The vector W was defined and using the initial decision matrix, the matrix of concordance index
was calculated. This led to the selection of the ‘ideal” and ‘anti-ideal” points for the EC and ENC. The
ideal point was where the EC and ENC reached a maximum level, whereas the anti-ideal point was
the one that contained the minimum level.

The application of the ELECTRE method included [25]: (1) Standardization of the elements of the
initial decision matrix; (2) standardized and weighted decision matrix; (3) matrices of concordance
and discordance; (4) discordance index; (5) thresholds of concordance and discordance; (6) matrix of
concordant and discordant dominance; and (7) matrix of aggregate dominance.

A graphical representation was created from the matrix of aggregate dominance. Each alternative
represented one of the graph’s vertexes, allowing the comparison of each alternative to one another and
draw corresponding lines. As a result, the ELECTRE graph was generated composed of alternatives
that did not dominate one another, those that were not a part of the core were removed from the
selection process.

3. Results and Discussion

According to the population projected for the study area (Figure 1), there is a trend toward
population increase, leading to 123,919 inhabitants in the year 2033. The total generation of MSW for
the project horizon is shown in Table 4.
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Figure 1. Population projection for the locality under study 2010-2033.

Table 4. Total generation by waste stream (tons).

Total Generation in the Horizon of the Project = Organic Waste Plastic Paper Glass Others
352,734.72 196,931.79 40,846.68  25,855.45  9065.28  80,035.51

A total of 36 scenarios of treatment and landfilling were obtained (Table 5) for the design of the
scenarios after making all combinations possible of each of the waste streams by type of treatment,
with the assignment of the numerical order mentioned in the methodology.

Table 5. Scenarios generated and their coding.

Scenario Coding Scenario Coding Scenario Coding
El 21114 E13 21344 E25 41414
E2 23114 E14 23344 E26 43414
E3 24114 E15 24344 E27 44414
E4 21314 El6 21444 E28 41144
E5 23314 E17 23444 E29 43144
E6 24314 E18 24444 E30 44144
E7 21414 E19 41114 E31 41344
E8 23414 E20 43114 E32 43344
E9 24414 E21 44114 E33 44344
E10 21144 E22 41314 E34 41444
E11 23144 E23 43314 E35 43444

E12 24144 E24 44314 E36 44444
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When applying the unit costs to each of the scenarios, the EC and ENC costs were obtained as
shown in Figure 2.

The five scenarios selected from Figure 2 with the lowest EC and ENC are shown in Table 6.
This shows the alternatives with lowest EC are C, D, and E, while those with lower environmental
costs are A and B.
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Figure 2. Graphical representation of the EC and the ENC of the scenarios.

Table 6. Initial decision matrix.

Scenario EC (US$) ENC (t/CO,)
A (21114) 17,303,523.74 —100,144.62
B (24144) 16,879,696.75 —38,370.15
C (24114) 16,409,389.90 —45,165.23
D (23144) 14,532,238.02 16,111.00
E (23114) 14,061,931.17 9315.92

The most favorable point (ideal point) would be to reach an ENC of —100,144.62 tons of CO,
emissions to the atmosphere (which corresponds to scenario A) and with an EC of $14,061,931.17 USD
(scenario E). The anti-ideal point is an ENC of 16,111.00 tons of CO, emissions to the atmosphere
(scenario D) and EC of $17,303,523.74 USD (scenario A).

The diagram obtained from the ELECTRE aggregate dominance matrix is shown in Figure 3.
The core is formed by scenario A which is the most favorable option of the five considered. The focus
should be on scenario A for the selection of treatment and landfilling for the 16-year scope of the
project. The applied analysis resulted in D and E scenarios with the lowest dominance degree.

Scenario A shows that organic waste must be subjected to composting treatment [26,27], whereas
plastic, paper, and glass must be recycled; ‘others” must be sent to landfills. The EC and ENC cost for
this scenario is $17,303,523.74 USD and —100,144.62 tons of CO, emissions, respectively.

Scenario D suggests that organic waste should composted, while the ‘others’ stream should be
sent to landfills paper and glass would be recycled, while plastics must be incinerated. The EC and
ENC for this scenario is $14,532,238.02 USD and 16,111.00 tons of CO, emissions.

Both alternatives coincide in the recycling of paper and glass as an option for the treatment of those
waste streams. This is mainly due to economic potential and the existence of a recyclable materials
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market with exponential growth [28,29]. The competitive advantage of recycling in comparison to
the other types of treatment is the reduction of environmental costs associated with the management
process and the depletion of resources through the integration of byproducts into the supply chain,

thus reducing CO, emissions [30].

Figure 3. Graphic diagram of the dominance matrix.

In regards to the organic waste fraction, the composting treatment is considered in scenario A due
to the environmental benefits for the community such as the improvement of the soils by incorporation
of nutrients of the compost [31]. This may have positive effects on the flow of greenhouse gases as
well as the potential to be an economic option for marketing [32]; meanwhile, scenario E shows that
landfilling is the option with the least value for waste.

In addition to that, literature shows that organic waste incineration is a viable scenario [11,12].
However, for this research, organic waste incineration was not considered due to the high content of
humidity for this waste fraction and its operation cost [17,33].

In the case of scenarios D and E, treatment by incineration of plastic is considered due to its
high calorific value (above 11 MJ/kg average of calorific content [10]). This treatment contributes
to a reduction in CO; emissions [34]. For scenario A corresponding to plastic, lower EC and ENC
associated were obtained.

4. Conclusions

Of the 36 scenarios obtained in this research, the five that presented the lowest EC and ENC
were selected. The ELECTRE method was used to identify the scenario with the highest degree of
dominance. This scenario considers composting for organic waste, recycling for paper, plastic and
glass, and landfilling for the ‘others’ category.

The ELECTRE method suggests that the people with the decision-making power should select the
scenario that best considers the area’s particular conditions including population size, socioeconomic
situation, and public policies. In this research, scenario A meets these requirements.
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Abbreviations

MSW Municipal Solid Waste

ELECTRE Elimination and Choice Expressing Reality
EC Economical Cost

ENC Environmental Cost
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