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Abstract: The environmental concern with the treatment and final disposal of municipal
solid waste (MSW) generated in cities has increased worldwide. In Sao Paulo, the largest
city of the Latin America, the use of sanitary landfills is preponderant and initiatives that
incorporate treatment technologies that recovery recyclable materials, compost and gen-
erate energy are insipient. In this context, the main objective of this paper is to evaluate
the treatment technologies for integrated MSW management and propose the better treat-
ment scenario that incorporates the segregation of the MSW recoverable fractions and
reduce the final disposal into the sanitary landfills. Secondary data of gravimetric ana-
lyzes conducted between 2017 and 2018 of the southeast region of Sao Paulo City were
used to simulate a mechanic segregation model. The result of this sorting contributed to
modeling five scenarios and these ones were compared to the current scenario, which is
(1) 2% of selective collection and 98% to the landfill. The other scenarios are: (2) Sce-
nario 1 added by two mechanical biological treatment units (MBT); (3) An increase of
150% in selective collection, added by two thermal treatment units; (4) 2% of selective
collection, two MBTs and 2 thermal treatment plants; and (5) same of scenario 4, but
without compost sale. In view of the survey of environmental, financial, social and tech-
nical factors of each scenario, the TOPSIS method was used, which orders the preference
for similarity of the ideal solution. As a result, the scenario 4 is the better solution, reduc-
ing the current mass going to the landfill in 80 %. In Brazil, the use of waste treatment
technologies in large cities is incipient, so it is extremely important the study of solutions
that minimize the damage generated by society on the environment.
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1. INTRODUCTION

In most countries, the local authorities in charge of the waste collection, encourage initi-
atives of post-consumer recycling and select the best suitable alternatives for treating their
waste (Antonopoulos et.al., 2014). The landfill waste diversion is an ordinary goal among
the countries, due the potential environmental liabilities, the area required to implement
new landfills and the environmental resources preservation. Thus, facing the characteris-
tics of the waste produced at each site and the treatment technologies available, the selec-
tion of the most efficient scenario requires from the authorities a detailing of their needs,
wishes and strategies. In this context, decision-makers often need fast and effective tools
to model and optimize alternatives that meet defined conditions and compare them ac-
cording to specific criteria.

Multicriteria Decision Making (MCDM) analysis is a tool that incorporates the values of
individual judgments from decision-makers or multiple stakeholders in order to achieve
the best decision. The MCDM employ different optimization methods to rank the alter-
natives in order to select an optimal alternative or to differentiate between acceptable and
unacceptable ones (Vucijac et.al., 2016).

Among the MCDM alternatives available in the literature, to choose the model that finds
a more sustainable solution for waste management, the Analytical Hierarchy Process
(AHP) method is used to obtain the weights, and the Technique for Order Preference by

Similarity to Ideal Solution (TOPSIS) method to calculate the best scenario proposed.
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The TOPSIS method was also used by Pires et al. (2011), Vucijak et al. (2016), Maghajani
Mir et al. (2016) and Ali et al. (2018) as a tool to optimize integrated MSW management
models.

Initially, the TOPSIS algorithm begins with the survey of the decision criteria for choos-
ing the best scenario, whose information will form a matrix. Then, the values of the matrix
are multiplied by the weights of each criteria.

Thereafter, positive and negative solutions are calculated in relation to the ideal. The dis-
tance of each alternative to the ideal solution is calculated with a distance measurement.
Finally, the alternatives are classified based on their proximity to the ideal solution.

For the step of weighting the criteria, the analytical hierarchy process (AHP) was pro-
posed by Saaty (1980) and represents one of the most important techniques for multi-
criteria decision models, which makes it possible to establish weights for different criteria
(Pires et.al., 2011; Saaty, 1994). Pairwise comparisons between criteria are used to obtain
the weight related to the importance of each criterion, which improves data consistency.
The AHP method is used at this phase where the TOPSIS method is deficient, which
means that while the former establishes the definition of weights, the latter calculates the
order of priority of the scenarios (Pires et. al, 2011).

Based on this, the present paper has the objective to assess different scenarios for inte-
grated MSW management, considering the implementation of mechanical biological
treatment units, products processing and thermal treatment units, aiming reduce the final
disposal into the sanitary landfills reducing the amount of waste disposed of in the land-
fill, using the AHP and TOPSIS methods. The study case applied for the Southeast Region
of the Sao Paulo City, considering real data and current infrastructure use, brings a light
for the MSW management in the biggest cities of the developing countries, where there

is a lack of sustainable solutions applied into the scientific practice.
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2. MATERIALS AND METHODS

The study methodology started with the survey of the gravimetries’ secondary data per-
formed in the Southeast region of the Sao Paulo City in the years 2017 and 2018, which
were used to prepare the mass balance for the mechanical treatment or Material Recovery
Facity (MRF) model. Then, the integrated waste management scenarios were thought for
comparison with each other, based on the mass balance from real gravimetric data. For
the scenarios' assessment, quantitative and qualitative criteria were defined, and finally,
for chosen the best model, were applied the AHP method, that defines the weights of each
criteria, and TOPSIS method, that choose the closest scenario to the ideal one, according
to the established criteria.

2.1. Study Area

Sdo Paulo ranks the 4™ most populated city in the World (UNITED NATIONS, 2018).
Located in the Southeast region of the State of Sao Paulo, Brazil, it has an area of 1.5
million km?. Sao Paulo City generates, on average, 20 thousand tons of solid waste daily,
including household, health care, free market, green waste, road cleaning, commercial
and construction and demolition waste. The household waste represents 60% of the total,
or around 12 thousand tons/day (PMSP, 2018).

The present work was limited to gathering data on the household collection service of the
Southeast region of the Sao Paulo City (Figure 1), which has about 6.7 million inhabitants
in an area of 989.86 km?. This region has 54% of the household waste generated by the
city (on average, 6,500 t/day) (PMSP, 2018). The city has a Solid Waste Integrated Man-
agement Plan that mentions the implementation of new treatment units, as well a public
orientation for change the existing model where sanitary landfill prevails (PMSP, 2014).

Figure 1. Sdo Paulo City - Southeast region location.

GSJ© 2020
www.globalscientificjournal.com



GSJ: Volume 8, Issue 10, October 2020

ISSN 2320-9186

47°W

46°W

1997

23°5

24°5

24°S

Sado Paulo City

g 7
SN
;/‘/w

A

23°5

24°5

24°5

b Brazil
): ™~ B

e

<

b
A b

1000 2000 km

4 Lyt y

07100 200 300 km

Sao Paulo State
[ S&o Paulo City
__| Southeast Region

24°8
24°5

47°W 47°W

2.2 Gravimetry

The gravimetric data used was obtained from the characterization campaigns carried out

for Southeast region in January, May and September of the years 2017 and 2018. Table 1

presents the values obtained for each gravimetry campaign.

Table 1. The result of the gravimetry campaigns carried out in 2017 and 2018 on the
Southeast Region of the Sao Paulo City.

www.globalscientificjournal.com

Materials 1° Q2017 (%) | 2° Q2017 (%) | 3° Q2017 (%) | 1° Q2018 (%) | 2° Q2018 (%) | 3° Q2018 (%) | Average (%)
Organics 48.1 50.6 48.3 45.0 44.5 41.3 46.3
Paper/ Carboard | 14.9 10.3 10.4 9.2 11.3 11.1 11.2
Tetrapak 2.1 0.5 0.6 1.3 1.1 0.6 1.0
PET 3.1 0.7 1.0 1.3 0.8 0.8 1.3
PS 0.4 0.3 0.3 0.4 0.4 0.4 0.4
LDPE 7.7 10.8 9.8 9.6 10.4 11.1 9.9
HDPE 6.0 5.6 5.9 3.1 4.6 9.1 5.7
Ferrous 0.1 1.2 1.2 1.6 1.0 1.0 1.0
Glasses 1.2 14 2.8 2.3 1.8 1.7 1.9
Inerts 0.9 0.5 0.3 7.0 5.0 33 2.8
Wood 1.8 1.8 1.8 3.7 2.7 2.2 2.3
Textile 3.6 6.6 9.6 5.4 43 7.3 6.1
Others 0.7 0.6 0.7 0.1 1.3 0.5 1.0
Non-Ferrous 1.2 0.3 0.4 0.4 0.4 0.5 0.5
Rubber 0.2 0.3 0.2 2.8 1.3 04 0.9
Foam 0.4 0.6 0.3 0.9 0.5 0.2 0.5
Diapers 7.3 7.4 59 53 8.2 8.2 7.0
Electronic waste | 0.0 0.0 0.0 0.2 0.0 0.2 0.1
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With the exception of organic matter, paper, soft plastic and diapers, the other materials
present a greater dispersion, which demonstrates the great heterogeneity of MSW and the
complexity that this characteristic imposes in large scale waste treatment projects.

2.3. Mass Balance for Mechanical Treatment

Based on the process in operation in the mechanical Material Recovery Facilities (MRFs)
in the Sao Paulo City and the survey of technical equipment’s data, a mechanical treat-
ment process was prepared to obtain the necessary parameters to suggest scenarios closer
to the real.

In order to obtain a greater materials recovery, was considered the sorting of: glass; pa-
per/cardboard; soft plastic or light density polyethylene (LDPE); high density polyeth-
ylene (HDPE); polyethylene terephthalate (PET); polypropylene (PP); Tetrapak; recov-
ery derived fuel (RDF) and organic matter.

The mechanical sorting model aims to produce recyclable materials and RDFs, varying
according to the waste input.

The processes used in the proposed model of MSW sorting plant involve elements such
as: high technology gravity sorting sieves (trommel); ballistic separators, that split the
waste by its dimensions (2D and 3D); optical sensors, that perform spectral analysis for
distinguishing the types of plastics according to the polymers present in its composition
or by types of fibrous materials such as paper or cardboard. And finally, magnetic (fer-
rous) and induction separators (non-ferrous) for sorting ferrous and non-ferrous materials.
After sorting, all materials are sent by different conveyors to a cabin, where environmen-
tal agents proceed a manual quality control, guaranteeing the purity of the segregated

products.
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2.4. Criteria Definition

According to the composition of the MCDM mentioned techniques (AHP and TOPSIS)
in Introduction, the best alternative would be the one that is closest to the positive ideal
solution and the one that is farthest from the negative ideal solution. The positive ideal
solution is the one that maximizes the benefit criteria and minimizes the cost criteria;
while the negative ideal solution maximizes the cost criteria and minimizes the benefit
criteria.

Authors such as Pires, et al. (2011); Generowicz, et al. (2011); Maghajani Mir, et al.
(2016), Vucijak, et al. (2016), Coban et al. (2018) and Alj, et al. (2018) related four main
criteria in the decision process, like: environmental, technical, social and economic.

The Table 2 presents the calculation methodology attributed to each criterion, but first it
is important to mention the average daily amounts of the waste collected, destined to the
sorting plants or disposed into the landfills. The data provided by the company that exe-
cutes the household waste collection, treatment and sanitary landfill final disposal in the
Southeast region presented an average of 6,635.43t/day collected by mixed waste collec-
tion and 132.81t/day of selective waste collection in the study period, representing re-

spectively 98% and 2% of the total amount collected (Ecourbis Ambiental, 2019).
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Table 2. Calculation methodology attributed to each considered criterion.

Environmental

Criterion Methodology
In the scenario raised in 2019, there were no precise data regarding the efficiency rate of the Southeast region, which at the time comprised oneMRF and 20 manual sorting
Cl — Recovery of raw materials|cooperatives. Interviews conducted with manual cooperative leaders reported that the refuse rate at those facilities was about 40% (Cooperativas, 2019). For the MRF is

(t/day)

equivalent, about 39%, adopted as recovery rate in the study (Ecourbis Ambiental, 2019). The adopt model used the daily average of the refuse weight at the sorting process
output, in relation to the daily average of waste that entered at the facility.

C2 - Reduction of landfilled biode-
gradable MSW (t/day)

Relevant environmental indicator, since its implementation, besides avoiding possible fugitive methane emissions and soil contamination, reducing the leachate generation,
which are high concerns of the sanitary landfills.

C3 - Emissions to the environment

For the calculation of this criteria, the method for calculating the "zero waste" index, proposed by Zaman and Lehmann (2013), was used. The methodology developed calculates
the amount of air emissions avoided through the return of the post-consumers materials to the production chain, or in the waste treatment flow.

C4 - Landfill Diversion Rate (%)

Amount of waste that is diverted from the landfill in relation to the total disposed in the baseline scenario.

Economic

C5 - Annual operational costs (mon-
etary units)

Studies conducted by the World Bank (2018), Ghinea and Gavrilescu (2016) and Kasa and Bhada-Tata (2018) presented the operational costs of solid waste treatment technol-
ogies currently used in several countries. For this criterion was adopted the average value of each technology, among the studies mentioned, which are: Landfill US$45/t;
Mechanical Treatment US$30.9/t; Composting US$62.5/t; Anaerobic Digestion US$65.8/t; and Incineration with energy recovery US$119.6/t.

Current sellers of RDF in S@o Paulo State related the price equivalent to delivery at the cement plant's door. Cooperatives in the Sao Paulo City, and suppliers of waste treatment
equipment contributed with the values currently practiced for sale the recyclables and the electricity generated through the waste treatment.

C6 - Income from sailed recyclables/
RDF (monetary units)

Cc7 —  Energy  Production
(MWh/year)

The results obtained by Abrantes (2016) were adopted as reference for calculating the energy performance of the thermal treatment unit. The energy generation by methanization
and its products was calculated through the study performed by Favoino et al. (2013) and Colturato (2018).

Social

C8 - Employment (number of new
employees)

The adopted values, collected through interviews in waste treatment units located in Brazil and Europe, were: 90 employees for a mechanical treatment of 1,250t/day, 57
employees for the biological treatment of the organic fraction separated by MBT and about 15 employees for each 1,600t/day of thermal treatment by incineration.

C9 - Reaching the objectives of the
national Waste Management Polices
(scale 0-5)

Regarding the waste hierarchy, in which non-generation is the best option and landfill disposal is the worst option, the concept was assigned from 1 to 5 in scale for each scenario,
being 1 for low attendance and 5 for total attendance.

C10 - Social acceptance (scale 1-5)

Subjective criterion, referring to the society's level of acceptance of certain waste treatment facilities. In the study case, technologies that apply sorting for recycling have better
acceptance than those for energy recovery through incineration. Thus, was assigned from 1 to 5 in scale for each scenario, being 1 for lower acceptance and 5 total acceptance.

Technical

C11 - Length of time required for the
introduction of the scenario (year)

Estimated time for complete scenario start.

C12 — Employee Qualification (scale
0-100)

For this criterion, the values applied in the study by Coban et al. (2018) were adopted, which mentions the workforce qualification level for each treatment technology. In this
study, after survey, a scale from 0 to 100, where 0 does not require any qualification and 100, high qualification level.

C13 — Space Availability (scale 1-5)

Considering the literature review, a concept of 1 to 5 was assigned to the area required in each scenario. Thus, 1 was assigned to the scenario that in relation to the amount of]
waste treated requires a smaller area and a scale up to 5, for a scenario that required a larger area.
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2.5. Weights definition — AHP Method

Mathematical formulations of AHP method are carried out as follows (Saaty, 1980; Ali

etal., 2018):

1. First of all, decompose the decision problem into an hierarchy, with a goal at the
top and levels of criteria and decisions defined;

il. Develop a decision matrix using Saaty’s nine-point priority scale. The decision
matrix measures each alternative to the multiple decision criteria. The rating scale
suggested by Saaty (1980) is based on the values from 1 to 9 for assessing the
comparative weight of every variable with other through the pair-wise diagonal
matrix. The smallest value, i.e., 1, depicts the importance of both parameters,
whereas 9 depicts dominantly important. In this study, the power of significance
among two variables is filed in a matrix using knowledge and field specialist’s
opinion (Table 3). If a decision problem has n criteria and m alternatives, the de-
cision matrix will be as follows:

d11 dln
: - : ] (1)

dp1 v dnn
If the second alternative is preferred over the first, the reciprocal of the rating is given.
11i. The comparison pairs of the hierarchy are constructed. The relative priority is cal-

culated with respect to each element. The pairwise comparison is represented as:

W w
a;; Qg 1/Wl Wz - 1/Wn]
‘ l/ / - el o
an1  Qn2 Whp /Wl Wn /W2 o Wn /Wn

n(n — 1)/2 comparisons are consistent, where n is the number of the criterion;
then, elements {a;;} will fulfill the following conditions: a;; = w;/w; = 1/a;;

anda; = 1withi,j,k = 1,2,...n
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v. Normalize the matrices. This is performed by dividing each column by the sum of
the numbers in the corresponding column. The sum of the elements of each col-
umn in the normalized matrix must be equal to one.

V. The determination of the “W” contribution of each criterion in the organizational
goal is calculated from the priority vector or Eigen vector. The Eigen vector pre-
sents the relative weights between the criterion and is obtained approximately,
through the arithmetic average of the values on each row in the normalized matrix.
The values found for the Eigen vector have direct physical significance on the
AHP. It determines the share or weight of that criteria in the total goal result.

2.6. TOPSIS method

Mathematical formulations of TOPSIS method are carried out as follows (Maghajani Mir,

et al., 2016; Tzeng & Huang, 2011):

Vi. First of all, formulate an input decision matrix for the ranking comprising all cri-
teria and alternatives. TOPSIS method uses all outcomes (x;;) of a decision matrix
to develop a compromise rank. The viable alternatives of the decision process are
Al1,A2,.,An. The structure of the input decision matrix is denoted by X =
(xij)nxm-> Where, x;; is the outcome of it" alternative with respect to jt" criterion.
W = (wy, Wy, ..., Wj, ... Wy,) is the relative weight vector about the criterion, and
w; represents the weight of the j th attribute and Yizawj =1

vii.  Normalize the input decision matrix using the following equation:

I Xii
X, =——= €)

n 2
JZi=1Xij

where X—U is the normalized value of X;; and j=1....n

viii.  Weighted normalized decision matrix is calculated by multiplying the normalized

decision matrix by its associated weights obtained from the AHP weights as:
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Vij=W*X, )
iX. Identify the Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS), re-

spectively, as follow:

PIS = A* = Vi, V", Vi) = {(max;Vy;lj = 1, -, n)li = 1, ,m} (5)

NIS=A" ={V -V, Vi } = {(minVylj = 1, ,n)li = 1,---,m} (6)

X. Determine the Euclidean distance of each of alternatives from the PIS and NIS,
respectively:

d* = \/Z}Ll WiV = Vi) e d- = \/Z?ﬂ wi(vi; = Vi)’ ™)

xi. Calculate the relative closeness of the i alternative to the ideal solution using

the following equation:

af
fi= ()

xii. By comparing ¢;values, the ranking of alternatives is determined. Higher ¢;value
means the best is the rank.

Finally, rank the alternatives starting from the value that closest to 1 and in decreasing

order.

3. RESULTS AND DISCUSSION

3.1. Mechanical Treatment’s Mass Balance

The strategy for good mechanical sorting is to extract as many non-valuable materials as

possible at the beginning of the process and to allow a lower flow through the sorting

equipment, increasing the efficiency of the process as a whole (Christensen, 2011;

Pognani et al., 2012). As an example, at the mechanical sorting beginning stage is neces-

sary sorting the materials that have a high proportion of organic matter, textiles and dia-

pers, which, as presented in Table 1, represent about 60% of the waste mass. Thus, their
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separation will simplify the following stages of the mechanical process, since the volume
of waste will be lower.

The Figure 2 presents the whole process applied in the model, with the respective sorting
rates of each step. At the beginning, after entering the mechanical sorting unit, waste pass
through a bag opener machine and then go to the first sorting cabin to remove larger
materials, those could damage equipment in the following stages. Among this manually
sorted materials are recyclables (products) / RDF and rejects, those represent approxi-
mately 1.3 % of the input amount.

After the first cabin, waste goes to the rotary sieve (trommel), where it is separated into
fractions according to its size: the fraction denominated 1 is the material with granulom-
etry below 90 mm (fines), fraction 2 is the material with granulometry between 90 mm
and 280 mm and fraction 3 is the material with granulometry above 280 mm.

The three fractions separated by the trommel go to different parts of the process. Fines
(<90mm), which contains predominantly organics, goes to organic treatment, the medium
fraction (90-280 mm) goes to ballistics and the bulk materials go to a manual sorting
cabin.

The proposed model shown that the fines fraction (< 90 mm) presents the major propor-
tion of segregated materials, reaching about 65.9% of the input waste, containing inert
materials such as glass, sand and plastics, beyond organics. It is important to note that the
gravimetric characterization in the studied period (2017-2018) presented 46.6% of or-
ganic matter, the difference is considered reject.

The ballistic equipment sorts the materials according to their shape (medium fraction).
Flat materials (2D) are thrown to the top of the equipment, due to the movement of its
internal, inclined and perforated surface. Three dimensions (3D) materials drop to the

internal agitation to the lower part of the equipment and the fines are separated during the
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agitation through the perforated agitation surface. The manufacturers consider that the
desired efficiency is achieved by varying the inclination of the equipment internal surface,
so when the input waste has a greater amount of 3D materials, the inclination is increased,
while a greater amount of flat materials (2D) allows a lower inclination.

The sorting phase of the fraction above 280mm has the objective to separate materials
that can damage shredders or recyclables, such as large plastic films and cardboard boxes.
In the proposed model, this phase segregates 2.2 % of the input waste.

The 2D materials, separated by the ballistic equipment, are transferred to a first optical
sensor, where light plastics are segregated. A second optical sensor ejects paper, card-
board and crumpled Tetrapak. The non-ejected materials are sent to the crushing line for
use as RDF. After pass through the optical sensors, materials go to a cabin for a manual
quality control and then to the accumulation bays for subsequent pressing and recycling.

Figure 2. Complete mechanical separation flow, based on the MRF model that operates
in the Southeast region, Sao Paulo City.
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3.2. Proposed Scenarios for Integrated MSW Management
Five scenarios were proposed for the study area, considering the real applicability of these
technologies according to the local policies and interests, presented in Table 3.

Table 3. Scenarios definition for the integrated MSW management, considering the real
practice of the Southeast Region of the Sdo Paulo City.

Scenario Considerations

Considers the current model practiced in the Southeast Region, where 98% of the solid waste collected is sent
directly to the landfill and the remaining 2% is selective collected by households. Despite the 2% collected,
1 only 1.2% is effectively relayed to the recycling industry. The cooperatives and MRF receive the selective
waste, sort a part and the remaining (process refuse) is collected by the municipal waste collection and sent to
the landfill, thus the landfill receives 98.9% of the waste generated in the Southeast Region.

Maintains the selective collection in 2 % and adds 2 MBT plants, each one with 1,250 t/day of capacity, as
recommended by PMS (2014). The dry fraction will be commercialized as RDF or as recovered products, such
2 as plastic and cardboard. In this case, the amount of waste disposed into the landfill would be 64.4 % of the
total amount of MSW generated, around 1,000 t/day of composted material would be produced to cover green
areas and the recycling rate would increase to 7.4 %.

Considers an increase of 150 % in the current selective collection and adds 2 waste to energy (WtE) recovery
3 plants, each one with 2,700 t/day of capacity. In this case, the amount of waste disposed into the landfill would
be 28.6 % of the total amount of MSW generated and the recycling rate would increase to 3.0 %.

Considers the current amount of selective collection (2%), 2 MBT plants of the Scenario "2" and 2 WtE plants,
4 each one with 1,800 t/day of capacity. The sum of the energy generated among the methanization process (823
MWh/day) and WtE (1,577 MWh/day) will be 2,400 MWh/day. In this case, the amount of waste disposed into
the landfill would be 19.2 % of the total amount of MSW generated

Considers the hypothesis of the Scenario "4", but do not find destination for the treated organic materials,
5 implying their final disposal into the landfill. In this case, the amount of waste disposed into the landfill would
be 34.0 % of the total amount of MSW generated

It should be noted that these scenarios were chosen based on the experience of the mu-
nicipal MSW management in Sdo Paulo City, whose difficulty in increasing selective
collection is due to the scarcity of continuous efforts to raise environmental awareness
among the population and the great informal market by the cooperatives, whom sale the
recyclable materials. These factors imply in a great materials market seasonality through-
out the year, limiting the market growth and, consequently, the demand for these products
by the industries, because there no interest in trading products with a low market price
(e.g. at the end of the year there is no interest in cardboard sorting because at this time the
price of the packaging is low).

3.3. Criteria Weights According to the AHP Method

According to the item 2.5, the criteria were compared in pairs, in accordance with the

fundamental scale, and organized. Table 4 presents the results of the comparisons.
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Table 4. Results of the criteria comparisons using the AHP method.

Criteria Cl |C2 |C3 [C4 |C5 |C6 |CT |C8 |C9 |ClO|C11|CI2|C13
Recovery of raw materials Cl 1.00 {1.00{1.00{1.00{0.14 |0.20{0.25(1.00|1.00{1.00{0.50|3.00{0,33
Reduction of landfilled biodegradable MSW C2 1.00 (1.00{0.50/0.50{0.14 {0.17|0.25]0.50|0.50{0.50/|0.50{2.00|0,50
Emission to environment C3 1.00 |{2.00|1.00|1.00(0.20 {0.20]0.33|1.00(1.00{1.00{0.25{0.25|0.25
Landfill Diversion Rate C4 1.00 {2.00/1.00{1.00{0.14 |0.20(0.20(1.00|1.00{1.00{0.33|3.00{0.50
Annual operational costs C5 7.00 {7.00|5.00{7.00{1.00 |0.50{3.00(5.00|7.00|7.00{7.00|2.00{4.00
Income from sailed recyclables/ RDF C6 5.00 |6.00{5.00(5.00{2.00 |1.00{0.33]|4.00{3.00|6.00{6.00|4.00(1.00
Energy Production Cc7 4.00 (4.00(3.00{5.00{0.33 {3.00(1.00{5.00(3.00{5.00(5.00|3.00(4.00
Employment C8 1.00 (2.00{1.00/1.00{0.20 {0.25|0.20{1.00|1.00{1.00/|2.00{2.00|1.00
Reaching the objectives of the national WMS Cc9 1.00 (2.00{1.00{1.00{0.14 |0.33{0.33|1.00{1.00|1.00{2.00|2.00(2.00
Social acceptance C10 1..00{2.00/1.00{1.00{0.14 |0.17]0.20{1.00|1.00{1.00{2.00|3.00|2.00
i::iith oftime required for the introduction of the see-| .1, 5 1 4/4.00(3.03]0..14]0.17]0.20{0.50]0.50]0.50|1.00{ 1.00[0.50
Employee Qualification Cl12 0.3310.50{4.00(0.33]0.50 |0.25]0.33]0.50(0.50/|0.33{1.00{1.00|0.50
Availability of space C13 3.03 {2.00|4.00|2.00{0.25 |1.00{0.25(1.00]0.50{0.50{2.00|2.00{1.00
Total 28.4(33.531.5/28.9[5.3 |7.4 [6.9 |22.5[21.0(25.8|29.6(28.3|17.6

After adopt the procedures mentioned at steps “iv” and ‘v” of the item 2.5, the “W” value
contribution for each criterion is presented in Figure 3.

Figure 3. Complete mechanical separation flow, based on the MRF model that operates
in the Southeast region, Sao Paulo City.
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REDUCTION OF LANDFILLED BIODEGRADABLE MSW (C2) | 0.028

EMISSION TO ENVIRONMENT (C3) 0.034

LANDFILL DIVERSION RATE (C4) 0.040

ANNUAL OPERATIONAL COSTS (C5) 0.224
INCOME FROM SAILED RECYCLABLES/ RDF (C6) 0.169
ENERGY PRODUCTION (C7) 0.169
EMPLOYMENT (C8) 0.045
REACHING THE OBJECTIVES OF THE NATIONAL WMS (C9) 0.051
SOCIAL ACCEPTANCE (C10) 0.051

TIME REQUIRED FOR THE INTRODUCTION OF THE

SCENARIO (C11) 0.046

EMPLOYEE QUALIFICATION (C12) 0.038

AVAILABILITY OF SPACE (C13) 0.066

The results above indicate the greater weight given to the economic criteria, followed by

social, technical and environmental criteria, respectively. About the technical criteria, the
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area for construction reached the higher position than the others, due to the difficulty to
find available areas for this purpose in the Sao Paulo City.

3.4. TOPSIS Method for Determining the Scenario Closest to Ideal

The Table 5 presents the results of the environmental, economic, social and technical
criteria, according to the assessment criteria mentioned in Table 2.

Table 5. Criteria assessment for the different scenarios.

Scenario |(C1) [(C2) [(C3) |(C4) [(C5) [(C6) |(C7) [(C8) [(C9) |(C10) [(CI) |(CI12) |(CI3)
1 81.01 |0 5282 122 [93.16 |[35.64 |0 0 1 1 0 10 5
2 709.01 |1157.5 |-2.374 [35.58 |138.40 |193.78 |823.50 |147 |3 4 2 40 4
3 20253 [25002 [486  |7140 |246.55 [89.11 |2634.35]60 2 2 3 80 2
4 709.01 |2824.3 [1.310 |[80.64 |241.83 [193.78 [2400 |162 |4 3 3 30 3
5 709.01 |2824.3 [1.310 |65.93 |241.83 [193.78 [2400 |162 |4 3 3 30 3

The comparison between Scenarios 4 and 5, regarding environmental criteria, is estab-
lished in the Table 5 by the amount of waste diverted of the landfill. In relation to emis-
sions, these two scenarios are equivalent, because even the compost being sent to the
landfill, there is no longer the presence of organic matter.

It is clear that the operational costs related to the landfill are lower than any other treat-
ment technology, which is shown in the Table 5 for CS.

The Table 5 also presents the results attributed to the legislation criteria for each scenario,
which considered that only waste that could be disposed into the landfill is reject, thus the
waste disposal in landfill directly, without any treatment, received the lowest value (C9).
In Scenario 3, the energy recovery with low increase in recycling recovery is not ideal
either, so it also obtained a low value (C9). The Scenario 4, that implements concomi-
tantly an increase in the recyclables and the energy recovery, establishes a solution closer
to the ideal, but it did not obtain a maximum score due this scenario do not yet obtain a
large amount of materials recovery compared to the total waste generated by the South-

east region.
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The landfill public acceptance is only lower than the thermal treatment through incinera-
tion (Scenarios 1 and 3 for C10), while a solution that presents an integration of technol-
ogies has better acceptance (World Bank, 2018).

It was considered "0" for the landfill implementation time (C11), since the MSW is cur-
rently disposed in an existent landfill, in Scenario 1.
The Table 6 presents the "V;;" values, resulted after procedures mentioned at steps “vii”

and ‘viii” of the item 2.6, as also the “PIS” and “NIS” values mentioned at step “ix”.

Table 6. Weighted normalized decision matrix

Scenario |(C1) ](C2) [(C3) [(C4) (€5 [C6) [C7) (€8 [(C9 [(Cloy [(Cl1) |(C12) |(CI3)
1 0,002 |0,000 |-0,029 [0,000 |0,046 [0,017 [0,000 |0,000 |0,008 [0,008 |0,000 [0,003 0,042
2 0,022 |0,007 |-0.013 [0,0I1 |0,068 (0,094 [0,032 |0,024 [0,023 [0,032 |0,017 |0,011 [0,033
3 0,006 |0,014 0,003 [0,022 [0,122 0,043 [0,102 |0,010 0,015 [0,016 |0,025 [0,021 [0,017
4 0,022 |0,016 0,007 [0,025 [0,119 [0,094 [0,093 [0,026 0,030 [0,024 [0,025 [0,021 0,025
5 0,022 [0,016 |0,007 [0,020 [0,I19 [0,094 [0,093 [0,026 |0,030 |0,024 0,025 0,021 0,025
PIS 0,022 |0,016 [0,007 [0,025 |0,046 [0,094 [0,102 |0,026 0,030 [0,032 |0,000 [0,003 0,017
NIS 0,002 [0,000 |-0,029 0,000 [0,122 [0,017 0,000 |0,000 [0,008 [0,008 0,025 0,021 |0,042

The Table 7 presents the TOPSIS method results, after the application of the calculation

step "x" of the item 2.6. The scenarios were ordered according to their proximity to the
ideal solution.

Table 7. TOPSIS method result for the study case.

Scenario| d* | d~ &, |Rank
1 0.1457|0.0818|0.3597|5
0.0824/0.1102|0.5722|3
0.1015]0.1167|0.5347|4
1
2

0.0811]0.1371}0.6284
0.0812(0.1364(0.6268

|| WN

The results presented in the Table 7 ranks the scenarios in relation to the closest to ideal
solution where, for the evaluated criteria, Scenario 4, detailed in Figure 4, is the best
among the proposed ones. The Scenario 3, which proposes basicaly only incineration as
a technological route, stayed in the fourth position, in front of the scenario that disposes

of all the waste amount in landfill, but behind Scenario 2, which aggregates the
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technologies of sorting and biological treatment. The scenarios proposed did not consider
the landfill's useful life, as well as any need for future investments in the current landfill
or the need to change the current waste disposal logistics, which would increase
operational costs.

Figure 4. Proposed Flowchart for Scenario 4, ideal solution found for the Southeast Re-
gion of the Sao Paulo City.
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4. CONCLUSIONS

The gravimetric data identified that, with exception of the organic matter, presented sig-
nificant variation between the analyses carried in 2017 and 2018, which evidences the
inherent challenge of the MSW characterization for different treatment techniques in
large scale.

The model of mechanical recovery showed that the fraction of fines, mostly formed by
organic waste, goes to biological treatments with an important portion of impurities, that
impairs the quality of the compost, causing a possible problem to sell it.

For this case study, the best scenario proposed using the TOPSIS method calculation was
Scenario 4, which applies an integration of different technological routes, including se-

lective collection, biological mechanical treatment and thermal treatment by incineration,
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since it contributes to the recovery of materials and, consequently, to the circular econ-
omy, besides producing an important amount of energy, as well as reduce the landfill
waste disposal. The Scenario 4 implementation introduces MBT units and thermal pro-
cess with energy recovery in Sao Paulo City, raising the selective collection, what resulted
in an estimated reduction of 80.2% in final landfill disposal. The scenario that has thermal
treatment as the mainly solution, despite the large volume treated and energy produced,
as function of operating costs and recyclables recovery rate, left it in the second to last
position. The current scenario, which the most part goes to the landfill disposal is the
farthest from ideal. When thermal treatment with energy recovery is added to other tech-
nologies, which incorporate material recovery, they make the scenarios more attractive
as evidenced by the position of scenarios 4 and 5, which reached the first and second
position, respectively.

The treatment steps listed as the better scenario for the Southeast Region of the Sao Paulo
City, which include mechanical sorting, biological treatment, thermal treatment and se-
lective collection, are necessary parts of and adequate and sustainable integrated MSW
management in large demographic concentrations, if not open dumps in developing coun-
tries, where landfills will become increasingly scarce and more distant, implying higher
logistical costs.

The migration from a model based on the prevailing use of landfills to models aimed at
materials and energy recovery should be sought to meet the waste treatment hierarchy

provided in the international legislation and thus increase the products' life cycle.
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