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PRESENTATION

The e-book:“Collection: Applied environmental and sanitary engineering” consists of
nineteen book chapters that address different themes, but which converge to an enormous
concern that increasingly threatens the quality and well-being of future generations: use
sustainable environment and its different biotic and abiotic factors. Inthis sense, the organization
and presentation of book chapters was carried out in four thematic areas, providing a better
organization and sequencing, leading to a better understanding and ease in understanding
each chapter in this e-book. Therefore, the e-book was divided into four thematic areas,
namely: /) evaluation of the quality of water resources intended for human consumption; ii)
emission of particulate materials from the combustion of fuels by the fleet of motor vehicles
and the burning of large green areas in order to meet the interest of the agricultural sector; iii)
actions to minimize the amount of waste sent to sanitary landfills, controlled or dumps based
on the practice of segregating recyclable waste; iv) basic sanitation and the increase in the
Human Development index, generation of energy and fertilizers from biodigestion processes
and the presence of pesticides and pharmaceuticals in foods of animal origin.

The first theme consists of six book chapters dealing with the importance of continuous
monitoring of water quality for drinking purposes, with studies being presented that prove
the lack of efficiency in removing microorganisms with pathogenic properties. Furthermore,
the importance and creation of public policies in order to avoid the eutrophication of
aquatic bodies that are increasingly common in urban areas. The second consists of four
chapters that evaluated the air quality from the emission of particulate materials from human
activities, including the burning of fuels and fires in different biomes and how these have
been influencing the increase in the formation of islands of heat in urban centers.

The third theme consists of four book chapters that address the importance of carrying
out the construction of residential works (condominiums) in order to encourage residents
to develop an environmental awareness in relation to the segregation of waste, especially
organic and recyclable ones, and the latter would be intended for people who work and with
recycling and who contribute significantly to the reduction in the final disposal of waste. Finally,
the fourth theme consists of five chapters that present works that discuss the importance of
biodigestion in rural areas, basic sanitation as an important factor in determining the HDI and
the importance of monitoring the presence of pesticides and drugs in food of animal origin.

In this perspective, Atena Editora has been working with the aim of stimulating
and encouraging researchers from Brazil and other countries to publish their work with
a guarantee of quality and excellence in the form of books and book chapters that are

available on the Editora’s website and elsewhere. digital platforms with free access.

Cleiseano Emanuel da Silva Paniagua
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CAPITULO 13

OPTIMIZING REVERSE LOGISTIC NETWORK
PROPOSAL OF WASTE PICKERS ORGANIZATIONS
WITH WASTE TRANSFER STATIONS TO IMPROVE
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ABSTRACT: This study evaluates the financial
and operational feasibility of Waste Transfer
Station (WTS) installations in order to increase the
operational scale of Waste Pickers Organizations

Collection: Applied environmental and sanitary engineering

CHAIN

network in the Espirito Santo state, Brazil. Using
information gathered from 18 areas, 10 different
scenarios were analyzed using a two-layer, Mixed
Integer Linear Programming (MILP) model. Input
data for different scenarios considered costs
(installation, operation, and transportation),
recycling companies’ capacity, recyclable waste
prices and generation, population projection,
municipal waste collection (%), gravimetric
composition, and diversion rates from landfills.
MILP model analyzed the technical and financial
variables to include WTS from the perspective
of expanding and enabling WPO networks. By
implementing the strategies developed by the
analysis herein, higher recyclable material yield
could increase economic returns from WPOs by
as much as 61%. In all scenarios evaluated, the
economic returns were positive, ranging from
US$ 1.24 to 11.39 million a year due to large-
scale commercialization.

KEYWORDS: Facility location model, Waste
Transfer Stations, Waste Pickers Organizations,
municipal solid waste, recyclable waste.

11 INTRODUCTION

In  low-income and middle-income
countries, the informal recycling sector such as
Brazilian Waste Pickers Organizations (WPOs)
play an important role in municipal solid waste
management (Gall et al. 2020), since the waste
pickers are main stakeholders of a waste trading
system, as well as the households, middlemen,
larger dealers and finally, the remanufacturing

industries (Suthar et al., 2016). However, poor

Capitulo 13



quality of life and safety at work, wages and collection rates limit their performance in the
recycling chain (Fidelis et al. 2020; Navarrete-Hernandez and Navarrete-Hernandez 2018).
Due to limited economic returns, low governmental support and difficulties associated with
self-management, WPO are currently unable to compete in the recycling market.

According to Fergutz et al. (2011), the lack of an economy of scale weakens WPOs’
bargaining power by causing intermediaries to pay about 10% of what recycling companies
would pay. The scale depends of population size, types of implemented municipal selective
collection, agreements with companies, number of associated waste pickers and structure
capacity (Dutra, Yamane, and Siman 2018). In addition to the difficulty of reaching a highly
profitable operational scale, WPOs also have structural constraints such as the lack of an
operational screening structure, transportation to reach the recycling industry, and storage
(Tirado-Soto and Zamberlan 2013).

The development of larger networks could potentially make WPOs sufficient in
negotiating larger volumes and ensuring supply regularity to the market, which would then
enable a sufficient volume in a given area to overtake brokerage structures (Dutra, Yamane,
and Siman 2018). To increase commercialization capacity and reduce transportation costs,
Ferri et al. (2015) evidenced the benefits provided by Waste Transfer Stations (WTS’s)
within a reverse logistics structure.

Waste Transfer Stations are usually part of the municipal solid waste management
(MSWM) system for the temporary storage been an intermediate link between the source
and treatment ensuring efficient transport through storage and high-density compression of
waste, reducing waste transportation and final disposal cost (Liu and Zheng 2020). There are
various studies which have taken to modeling Waste Transfer Station locations for MSWM
considering different aspects and approaches (Rathore and Sarmah 2019; Chatzouridis
and Komilis 2012; Yadav et al. 2016; Agagsapan and Cabuk 2020; Klidela et al. 2019) and
construction and demolition management system (Lin et al. 2020), but any study explore the
WTS creation to expand WPO network.

Agacsapan and Cabuk (2020) evaluated geographical information systems (GIS)
technologies to determine the potential suitable locations for waste transfer stations in
Eskisehir, Turkey. Chatzouridis and Komilis (2012) investigated an optimal design of a solid
waste collection network in the Region of Eastern Macedonia — Thrace that consists of
waste production nodes (municipalities), intermediate nodes (waste transfer stations) and
final nodes (landfills) using binary programming and concluded that the implementation
of 12 WTS could minimize total collection cost from €52.5 t™' to €42.4 t~'. In this sense,
Kuddela et al. (2019) applied a mathematical model for the design of an WTS grid to mixed
municipal waste management of Czech Republic that allowed define a range of strategies
and respective impacts analysis on the municipalities and waste processing plants.

Rathore and Sarmah (2019) proposed a model with WTS strategically located in

Bilaspur, India under unsegregated and segregated waste scenarios considering the overall

Collection: Applied environmental and sanitary engineering Capitulo 13




cost of municipal solid waste management and tools of a geographic information system.
Yadav et al. (2016) proposed the use of a mathematical model to select the optimal areas
for the installation of WTS’s within a municipal solid waste management system. Couto
and Lange (2017) also reported optimal territorial arrangements for post-consumer reverse
packaging logistics employing a packaging specific WTS location model.

Pishvaee et al. (2010) presented classic quantitative models related to reverse
logistics, among them the facilities localization model based on Mixed Integer Linear
Programming (MILP). The literature review presented by Rathore and Sarmah (2019)
containing 14 studies (1970-2017) MILP, MINLP (mixed integer nonlinear programming) and
heuristic were the main approaches employed to find the best potential sites for WTS in order
to improve the solid waste management system. However, these studies did not aimed at
incorporated WTS into WPO network that is, optimizing the logistics network from the point
of view of this link in the reverse supply chain, aiming at increasing its bargaining power
vis-a-vis other actors. The contribution of this paper relies in this approach, considering the
reality of developing countries where the social involvement of the WPO is an important
element to ensure its integration into the MSWM.

The proposed logistics networks tends to centralize the recyclable waste in few
WTS, increasing the amount of recyclable waste in one WTS, becoming more attractive
to be bought by the recycling companies as the costs of collection and transport of higher
material quantities would be reduced. The gathering of the material contributes to provide
WPOs’ supply more competitive vis-a-vis intermediaries, which will potentially bring
benefits of increased income and formalization of these organizations. These benefits were
assessed considering the recyclable waste landfill diversion targets established by the legal
framework related to SWM in Brazil. Therefore, this study is an important contribution for
the policymakers, WPO managers and recycling companies, by analyzing the impact of
the WTS inclusion to increase the operational scale of WPOs, which reflects on waste
pickers income and contributes for a sustainable waste management strengthening the
social aspect of the network beyond the environmental and economic elements.

The proposed network was developed using a MILP mathematical model and
enabled the investigation of various scenarios governing WPO network profitability, taking
into account the quantity, location and capacity of the WTS’s as well as the respective costs
of installation, operation and transportation.

21 MATERIALS AND METHODS

2.1 Case study

The study area consisted of the state of Espirito Santo (ES) located in southeastern
Brazil, which has 46.09 thousand km? and an absolute population of 3,972,388 inhabitants
as of the year 2013 (IBGE, 2018). Of the 65 WPOs currently in operation in state of Espirito
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Santo (ES), Brazil, 35 agreed to take part of this study. A full characterization of the study
area regarding the solid waste management system and the current involvement of the
waste pickers organizations is provided by Siman et al. (2020) that point out the necessity of
establishment of commercial networks to improve the WPOs’ efficiency and achieve gains
in scale and quality.

Beyond this characterization, it’s also important to highlight the challenge of properly
managing the solid waste collected daily by WPOs, besides existence of legal framework for
urban solid waste management in Brazil. According to Brazilian National Solid Waste Policy
(NSWP) requirements, uncontrolled landfills (dumpsites) should be extinct, but people
who made their living there (informal waste pickers) needed to be reappointed by creating
WPOs and included into the management of urban solid waste. Since then they can work
independently or associated with a Waste Picker Organization (Dutra et al., 2018).

2.2 Evaluation of different scenarios by mathematical model

Our paper proposes to structure the logistics network in two levels connected by
Waste Transfer Stations (WTS), in which the recyclable waste is stored while it is being
moved along the logistics networks. The proposed mathematical model considers in the
first level the WPO and the WTS. In the second level there are the WTS and the RC. Each
WTS can be open in different ranges of capacity, but the available ranges of capacity are the
same for all WTS. The proposed logistics network can be seen in Figure 1.

Waste Pickers Waste Transfer Recycling company
Organization (WPO) _ Station (WTS) (RC)

nv;;j W

oL L
L ——

@§ AN\ O]

w /\

Yir =1; WTS is open in
the range of capacity f°
Yir =0; otherwise

0={1,..,np} T ={1,..,nt} R={1,..,nr}
F={1,..,nf}

Figure 1 — Proposed structure of the logistics network.

The mathematical model aims to define the logistics network which maximize the

revenue received by selling the recyclable waste to the RC minus the total cost, represented
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by the sum of the costs to install and to operate the WTS in a specific range of capacity, plus
the cost to freight trucks to transport from all WPO to all chosen WTS. The mathematical
model defines which WTS must be open and in which range of capacity, and how many tons
of recyclable waste are transported from each WPO to each WTS and the number of trucks
needed to do this transport. It also defines how many tons of recyclable waste is transported
from each WTS to each RC, making it possible to calculate how much recyclable waste
each RC will receive. It is considered in our model that there are several types of recyclable
waste. Each WPO informs how many tons of recyclable waste it generates. Each RC has a
maximum capacity to receive each type of recyclable waste.

Considering np the number of WPO; nt the number of available WTS to be installed;
nr the number of RC; ns the number of different recyclable waste; and nf the number of
different range of capacities each WTS can be open; then the proposed mathematical
model is presented in five parts: sets, parameters, decision variables, objective function and
constraints (subject to). The main sets and the decision variables are showed in Figure 1.

Sets

0 - Set of WPO, 0={1,..,np};

T - Set of WPO, T={1,..,nt};

R- Set of RC, R={1,..,nr};;

S - Set of different recyclable waste, S={1,..,ns};

F - Set of different range of capacity in which each WTS can be open, F={1,..,nf}.

Parameters

co,— Total cost to install and to operate WTS je T in the range of capacity fe F;

ct- Cost to freight one truck to transport all the recyclable waste from WPO i€ C to
WTSje T;

tq;— Total capacity of WTS je T'in the range of capacity fe F to process all types of
recyclable waste;

rq,.- Total capacity of RC re R to receive the recyclable waste se€ S;
myv — Trucks’ capacity, considering a fleet in which all trucks are equal;
oq,- Total amount of recyclable waste s € S generated by WPO i€ C;
rv - Value paid by RC re R for each ton of recyclable waste s € S.

Decision variables

X, - Total tons of the recyclable waste s € S sent from WPO ie Cto WTS je T;
w, - Total tons of the recyclable waste se S sent from WTS je Tto RC re R.

¥, - Binary variable; if WTS je T'is open in the range of capacity fe Fthen it is equal
to 1, and 0, otherwise;
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nv, - Number of trucks needed to transport all the recyclable waste from WPO ie C
tothe WTS je T.

The objective function (OF) (Equation 2) represents the revenue received by selling
the recyclable waste to the RC minus the total cost, represented by the sum of the costs to
install and to operate the WTS in a specific range of capacity, plus the cost to freight trucks
to transport from all WPO to all chosen WTS. The OF must be maximized to achieve a more
profitable result to the logistics network.

Objective function

The objective function is subject to some constraints represented by Equations 3 to
13. Constraints (3) assure that all recyclable waste generated by WPO je 0 must be sent to
any WTS. Constraints (4) guarantee that if WTS je Tis open in a certain range of capacity f
€ F, then it cannot receive more than this capacity. Constraints (5) assure that each WTS will
be open in just one range of capacity. Constraints (6) guarantee that it will not be open more
WTS than the number of available WTS to be open. Constraints (7) states that all recyclable
waste received by WTS j e T from all WPO must be sent to the RC. Constraints (8) do
not allow that RC r e R receives more than its capacity for each type of recyclable waste.
Constraints (9) define the number of trucks needed to transport all recyclable waste from
all WPO to all WTS. Constraints (10) to (13) define the domain of the decision variables.

Subject to:
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2.3 Experimental procedure

The experimental procedure was developed in 3 stages. In the first stage, all necessary
input data for the mathematical model was collected or calculated. In the second stage,
different scenarios were analyzed with various model input combinations being utilized.
In the Stage 3, a sensitivity test was carried out in order to evaluate input data variations
on the gravimetric composition of waste, recyclable waste landfill diversion targets, and
truck transport capacity. Also, a map with the proposal WPO network illustrating recyclable
materials flow and optimum locations of WTS was create to the reference scenario.

2.3.1 Stage 1 — Input data collection and calculation

2.3.1.1. Input data collection from Waste Pickers Organizations

Information regarding infrastructure, production costs, operational screening
processes, tailings content, volume of waste sold, and market prices per unit of
commercialized waste were collected by interview. Tailings content are the portion of the
waste collected by the WPO unsuitable for selling to recycling companies and sent to the
landfill (Pinha and Sagawa 2020).

Either the president or a waste picker appointed by the organization itself of the 35
WPO were interviewed. The interview was conducted in person with support of experts
from Instituto Sindimicro — ES, professionals who have been monthly visiting the WPOs
of Espirito Santo during 3 years (2015-2017) in order to prepare reports such as Gravity
Composition Report, Productive Layout Analysis Report, Risk Map Report, and Economical
Feasibility Analysis Report.

2.3.1.2. Input data collection from Recycling companies

In Brazil, the recycling companies pay for the recyclable waste and also pay to pick
up and transport it from its origin, a Waste Pickers Organization or an intermediate/trader,
to a Recycling Company (RC). The State Institute of Environment and Water Resources
(IEMA), the City Halls, the Recycling Unions and the Espirito Santo State Board of Trade
(JUCEES) were consulted to identify the recycling companies operating in the state. They
were invited to participate in an online survey (Appendix A) through the Google Forms tool.
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Through this survey, the following information was collected: amount of recyclable material
purchased (paper/cardboard, plastic, metal, and glass), purchase price, and whether some
barrier can be overcome by buying WPO waste. The collected data were used to project
the values of recyclable material in the period between 2020 and 2035. In total, 20 recycling
companies participated in the survey, being classified according to annual revenues: 10%
of individual micro entrepreneurs (up to US$ 15,503), 35% of micro-scale operations (up
to US$93,023), 35% of small-scale operations (up to US$930,232), 15% of medium-scale
operations (up to US$5,167,958), and 5% of large-scale operations (over US$5.167 million)
considering a conversion rate of 1 US$ = R$ 3.87.

2.3.1.3. Input data calculation for the mathematical model

Eighteen potential areas were selected for WTS installation. Of these, 14 are state-
owned areas available for the creation of consortium public landfills and four are WPO-
owned areas that have been selected due to their size being larger than 1,000 m2 identified
in WPO interviews. Information on the location and land area of the state-owned areas were
obtained from the Brazilian Federal Official Gazette.

The choice of these areas was justified by the economy of land expropriation, since
they already belong to the state government or are allocated for WPO operations by the
relevant municipal government. Input data for the evaluation of an improved WPO network
were estimated for the years 2020-2035 from survey responses, documentary research and
literature review as described below.

Estimated cost of installation and operation

The installation cost is related to the construction costs of the physical facilities, as
well as the purchase of machines and equipment. Operating costs involve personnel costs
(concierge, administration, sorting, and logistics operators), equipment maintenance, as well
as costs associated with the supply of food, energy, water, gas, and telecommunications.
It is described in 15 ranges directly proportional to the WTS’s recyclable waste receiving
capacity (tons/week) as shown in Table 1. Installation and operation costs were described
per week, considering 20 years of service life.
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argas?)ffutlhe Capacity Costs (US$/week)

Ranges Wa’fnr:g”se ﬁZZﬁ; Installation®  Operating® Total

Range 1 600 14 US$ 133.87 US$ 990.93 US$ 1,124.80
Range 2 1200 28 US$ 267.75 US$1,517.40  US$1,785.15
Range 3 1800 42 US$ 401.62 US$2,330.38  US$ 2,732.00
Range 4 2400 56 US$ 535.50 US$3,014.03  US$ 3,549.54
Range 5 3000 70 US$ 669.38 US$3,829.30  US$ 4,498.68
Range 6 4500 105 US$1,004.07 US$5,375.41  US$ 6,379.48
Range 7 6000 140 US$1,338.76  US$ 7,040.79  USS$ 8,379.55
Range 8 9000 210 US$2,008.14 US$10,104,44 US$ 12,112.57
Range 9 12000 280 US$2,677.52 US$ 13,444.82 US$ 16,122.34
Range 10 15000 350 US$3,346.90 US$ 16,783.94 US$ 20,130.84
Range 11 18000 420 US$4,016.28 US$20,280.34 US$ 24,296.62
Range 12 24000 560 US$5,355.03 US$26,954.22 US$ 32,309.26
Range 13 30000 700 US$6,693.79 US$32,899.45 US$ 39,593.25
Range 14 36000 840 US$8,032.56 US$39,159.45 US$ 47,192.01
Range 15 48000 1120  US$10,710.08 US$51,769.21 US$ 62,479.30

*Conversion rate 1 US$ = R$ 3.87 (average annual value of commercial exchange in 2018).

Table 1. Estimated cost of installation and operation of Waste Transfer Stations

Source: To obtain the costs, reference values presented by Brazil (2008, 2010) and Vital (2013) were

used, updated by the Brazilian Extended Consumer Price Index for March 2016.

Estimated capacity of recycling companies and recyclable waste prices

The quantities and prices of recyclable waste (paper/cardboard, plastic, metal and
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glass) were obtained through the survey of recycling companies. Costs incurred were kept
constant over the period 2020-2035, disregarding the influence of commodity prices and
their possible appreciations or devaluations.

To predict the value of recyclable materials, the Brazilian industrial growth for each
sector investigated was assigned as follows: 4.5% p.a. for the paper/cardboard sector
(ANAP 2015); 3.5% p.a. for the plastics sector (Oliveira et al., 2013); 13% p.a. by 2020
and 6.5% p.a. after 2020 for the metallurgical sector (INESFA 2013); and 5.0% p.a. for
the glass sector (ABIVIDRO, 2009). The material handling capacity of recycling companies
was calculated as the sum of each year’s capacity during the 15-year period (2020-2035)
divided by the length of the period. The price considered was the current market price of
each product for each company size (Table 2).
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Company Capacity (tons/week) Price (US$/ton)

size* (scale Paper/ . Paper/ :
operations) car dgoar d Plastics Metal Glass car dgoar d Plastics Metal Glass

Micro 14,0 11,7 7,0 16,3 25.84 77,52  310.07 5.16

Small - 46,7 23,3 35,0 - 103.36 387.59 7.75
Medium 233,3 116,7 70,0 - 51.68 155.03 594.31 -

Large - 466,7 - 233,3 - 200.71 - 15.50

* micro-scale operations (up to US$93,023), small-scale operations (up to US$930,232), medium-scale
operations (up to US$5,167,958), large-scale operations (over US$5.167 million). Conversion rate 1
US$ = R$ 3.87.

Table 2. Estimated capacity of recycling companies and recyclable waste prices

Estimated recyclable waste generationw

Equation (1) was used to estimate the amount of recyclable waste generated by a
given municipality of a given type during the period 2020-2035 based on the principle of
universalization from the Brazilian National Basic Sanitation Policy (NBSP) (Brazil 2007),
which assumes that all municipalities will be covered by a collection service for household
waste by 2035.

In Equation 1, m represents the municipality, ranging from 1 to 78; z represents
the type of zone: urban, equal to 1 and rural equal to 2; g represents the type of waste
generated, ranging from 1 to 4; y represents the year within the period 2020-2035, ranging
from 1 to 15; ris the tailings content index; G, represents the generation rate (ton/year) of
recyclable waste g from municipality min year y; P, represents the population (n umber
of inhabitant) covered by door-to-door collection service in zone z of municipality m in
year y, GPC, represents the daily per capita generation rate (kg/hab . day) of recyclable
waste of the municipality m; CG, represents the percentage (%) of the recyclable waste g
in the gravimetric composition of waste generated; (1-r)my represents the percentage (%) of
recyclable waste (after removal of tailings content r); and MDRy represents in percentual the

recyclable waste diversion targets from landfill in year y.

Population projection

In order to determine the projected population of the 78 municipalities of Espirito
Santo, the arithmetic method was employed because it presented an error of only 3-5% in
relation to the official government projections for growth between 2020 and 2035. Population
data from the 2000 and 2010 Demographic Census (IBGE, 2010, 2000) were consulted
since the 2020 Demographic Census was postponed to 2021 due to Covid-19 pandemic. It
was considered that the proportion of the urban and rural population in relation to the total
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municipal population in the 2010 Census would remain the same for population projections
in the 2020-2035 period.

Coverage of municipal solid waste collection

Two values of the current municipal waste collection coverage were considered.
The current coverage in relation to the total population was utilized as well as the current
coverage in relation to the urban population in Brazil (2014). From these values, we
calculated the percent of coverage for the rural population, considering in this case the
population estimated by IBGE in 2014. The target coverage of 4 progressive municipal
zoning standards (urban and rural areas) until 2035 (Table 3).

Urban area Target coverage of municipal solid waste collection
co“ﬂ:g;f;f‘aégﬁ;ze Number of counties  2020-23  2024-27 202831 203235
From 90 to 100% 75 100% 100% 100% 100%
Under 90% 3 100% 100% 100% 100%
Rural area Target coverage of municipal solid waste collection
. o"l"l:g;fc',‘r"a;gﬁgze Number of counties  2020-23 202427  2028-31  2032:35
From 90 to 100% 22 100% 100% 100% 100%
From 80 to 90% 8 100% 100% 100% 100%
From 70 to 80% 5 90% 100% 100% 100%
From 60 to 70% 3 80% 90% 100% 100%
From 50 to 60% 1 70% 80% 90% 100%
From 40 to 50% 17 65% 75% 90% 100%
From 30 to 40% 2 60% 75% 90% 100%
From 20 to 30% 3 45% 60% 80% 100%
From 10 to 20% 4 45% 65% 85% 100%
From 0 to 10% 12 40% 60% 80% 100%

Table 3. Coverage of municipal solid waste collection

Estimated gravimetric composition

To estimate the gravimetric composition of collected material, two types of input data
were utilized; both of which were included in sensitivity analysis of the proposed model: data
from NSIS (National Sanitation Information System) (Brazil 2015) distributed over absolute
population size ranges; and data from the Brazilian National Solid Waste Policy (NSWP)
(Brazil 2010b) as presented in Table 4.
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Estimated gravimetric Waste generation  Tailings

Population size composition per capita (%)
ranges B -1, -1
Paper Plastic Metal Glass (kg-hab'.day")

Upto30milhab® 587% 26.7% 7.5%  2.4% 0.67 4.2%
From S0 M10100 5539, 18.3% 15.4%  8.0% 0.85 1.3%
From 100 mil to o o o o o
P e 761% 158% 50%  2.1% 0.71 0.8%
Fromasomie’  e77% 193% 104% 05% 0.96 3.2%
Wide range® 411% 423% 9.1% 7.5% - -

Table 4. Estimated gravimetric composition distributed over absolute population size ranges.
Source: (a) Brazil (2015); (b) Brazil (2010b).

Proposal of recyclable waste diversion rates from landfill

Two possible recyclable waste diversion targets were considered in the proposed
network model: the current values of landfill diversion rates for 34 municipalities in ES
from 2014 (Brazil 2015) and a framework of progressive diversion rate goals. Both were
considered so that different scenarios could be constructed, in which the recyclable waste
landfill diversion rate could be varied (Table 5).

Recyclable waste diversion rates from landfill (%)

Targets

2020-2023 2024-2027 2028-2031 2032-2035
Target 1 15 20 25 30
Target 2 20 25 32 40
Target 3 25 32 40 50
Target 4 37 42 45 50
Target 5 32 45 60 75

Table 5. Proposal of recyclable waste diversion targets from landfill

Estimated cost of transportation according to truck load capacity

Transport costs at Level 1 are considered to be absorbed by WPOs and Level 2
costs by recycling companies. To estimate transport costs at Level 1 (with empty return
and including taxes) under the responsibility of the proposed WPO network, the distance
ranges between the origin and destination nodes and the mass of recyclables transported
according to the truck’s load capacity were considered (Table 6). Different truck load capacity
considered was semi-heavy (10 ton), heavy (16 ton) and extra-heavy (21 ton). Compacting
vehicles were not considered, as these can promote contamination or humidification of

materials that can be recycled, and may make their recovery unfeasible (Ferri, Diniz Chaves,
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and Ribeiro 2015).

Distance Truck load capacity

ranges Semi-heavy Extra-heavy
(km) (10 ton) Heavy (16 ton) (21 ton)

0 - 50 US$ 100,81 US$ 128,17 US$ 228,79
51 - 100 US$ 147,36 US$ 188,00 US$ 301,32
101 - 150 US$ 193,91 US$ 247,83 US$ 373,84
151 - 200 US$ 240,47 US$ 307,67 US$ 446,37
201 - 250 US$ 287,01 US$ 367,51 US$ 518,90
251 - 300 US$ 333,57 US$ 427,34 US$ 591,43
301 - 350 US$ 380,12 US$ 487,18 US$ 663,95
351 - 400 US$ 426,67 US$ 547,01 US$ 736,48
401 - 450  US$ 473,22 US$ 606,85 US$ 809,01
451 - 500 US$ 519,77 US$ 666,68 US$ 881,54

Table 6. Estimated cost of transportation according to truck load capacity

Conversion rate 1 US$ = R$ 3.87. Reference year: 2016.

2.3.2 Stage 2 - Sensitivity tests

Ten different scenarios were created by varying model parameters. These scenarios

were grouped according to the purpose of the sensitivity tests: to understand the effect of

gravimetric composition of waste, to evaluate the effect of recyclable waste landfill diversion

targets, and to investigate the effect of truck transport capacity, as detailed in Table 6.

In all scenarios, fixed prices were considered for all waste in the period 2020-2035. This

approach excludes the influence of the commodity market with applicable appreciations

or devaluations. For some scenarios, the population projection was considered for all the

municipalities of the state until 2035. Grouped scenarios utilized variation in a common set

of parameters, so that their effect on WTS location could be analysed.
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. . . MSW Gravimetric  Diversion  Truck
Analysis purpose Scenarios  Population collection  composition rates capacity
To evaluate the effect of p NSWP NSIS
gravimetric composition Current Current
on the generation of B (NSIS) NSIS NSIS
recyclable waste; and
the financial outcome 16 ton
of the proposed NSwP Target 3
WPO mtetWOkf)k USZ’Q Projection  Targets
parameters based on 2020-2035 (NBSP)
current and projected D NSIS Target 3
trends
To evaluate the effect of E Target 1
recyclable waste landfill
diversion targets on Target 2
the financial outcome I
of the proposed WPO ~ C zg;‘g_cztg’;s (Tﬁg’g;,s) NSWP Target3  161ton
network considering the
quantity, location, WTS @G Target 4
capacity, and related
costs H Target 5
To evaluate the effect I 10 ton
of truck load capacity
on transport cost c 16 ton
between WPO and Projection Targets NSWP Target 3
WTS; and the effect of 2020-2035 (NBSP) 9
truck load capacity on

21 ton

the required network
storage capacity

Legend: MSW — municipal solid waste; NBSP - National Basic Sanitation Policy; NSIS - National
Sanitation Information System; NSWP - National Solid Waste Policy.

Table 6. Description of evaluated scenarios by mathematical model

Optimum locations of Waste Transfer Stations

Recyclable solid waste flow between Waste Pickers Organizations network and

optimum locations of Waste Transfer Stations were illustrated to the scenario considered as

reference after financial analysis of the proposed WTS networks.

Distances from WPOs to WTS’s (Level 1), and WTS’s to recycling companies (Level

2) were calculated using open source QGis geographic information system software, version

2.2 Valmiera. All distances were considered to be Euclidian and were generated by drawing

a straight line between the applicable projected coordinates; with the real distance being

approximated using a correlation factor of a = 1.35 (Gongalves et al., 2014).

31 RESULTS AND DISCUSSION

3.1 Proposal WPO network

The results for each scenario considered, including the projected waste transport
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load, the number of trucks, their respective load occupancy, the number of WTS’s proposed,
their respective used capacity, and the number of recycling companies identified as available
to receive the recyclable waste, are shown in Table 7.

Sconarios Wage QUMY oocipancy otwrs  WTSused Peoycing
(ton/week) (%) Proposed

A 512.5 98 32.7 8 98.94% 9
B 498.6 96 325 9 98.95% 7
C 2,183.3 181 75.4 14 99.97% 14
D 2,166.4 179 75.6 10 99.80% 12
E 1,313.4 133 61.7 12 99.80% 11
F 1,728.5 156 69.3 9 99.97% 10
G 2,625.2 205 80.0 12 99.74% 25
H 3,068.2 234 82.0 12 99.62% 26
| 2,183.4 260 84.0 11 99.97% 14
J 2,183.4 153 68.0 12 99.97% 12

Legend: (a) WTS number versus capacity (ton/week); WTS - Waste Transfer Stations.

Table 7. Summary of the proposed scenarios for WPO network

As illustrated in Table 7, all scenarios had a minimum of 8 operational WTS’s and a
maximum of 14 operational WTS’s. The installation of WTS’s should be a high priority at the
time of network planning, because if poorly planned, the network can become dysfunctional.
WTS load capacities were always above 98.9%, indicating that the model maximizes the
potential of its load accumulation, thus avoiding the costs of maintaining underperforming
WTS’s. However, operating a WTS this close to the projected capacity is not advisable.
Seasonal variations in waste reception or other periodic factors may result in an acute
increase in waste that pushes the WTS beyond its operating capacity.

When determining the operational capacity of a WTS, a defined amount of clearance
should be included to buffer against such stochastic changes in waste reception rates.
This practice would also account for future growth in cargo handling capacity and ensure
operational flexibility in response to economic and market development.

The number of recycling companies able to receive waste varied from 7 to 26, out of
a total of 57 companies, representing 12.3% to 45.6% engagement. The average fraction of
recycling companies engaged was 24.6%, with the majority of engaged recycling companies
being larger-scale operations.

Scenario C (diversion target: 15% - 50%) was considered as the reference scenario
for all comparisons, as its final target for recyclable waste landfill deviation is the same as
that proposed by the NSWP but is implemented gradually over 20 years. Figure 2 illustrates
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the reference scenario of Waste Pickers Organizations network with 14 Waste Transfer

Stations and respective recyclable waste flows. The total capacity of the 14 WTS opened is

2,183.3 ton/week and 99.97% load occupancy.

Fig.2. Recyclable solid waste flow between Waste Pickers Organizations network and optimum
locations of Waste Transfer Stations in the reference scenario.

Legend: WP — waste pickers; WTS — waste transfer station; RSW — recyclable solid waste.

3.2 Financial analysis of the proposed WTS networks

Table 8 shows the financial analysis enabled by the mathematical model of the

proposed WTS networks in various scenarios.

Scenarios Profitability® lr:eigﬁlr:g’ial Revenue Lr:)sst? fation Coog;?ration I(r)a;?sport
% (US$*/week) (US$*/week) (US$*/week) (US$*/week) (US$*/ week)
A 46 39,063.60 85,758.79 4,953.41 26,249.67 15,492.10
B 35 24,172.05 69,751.60 4,819.53 25,584.07 15,175.93
C 54 188,890.31 347,229.06  20,884.65 105,161.29  32,292.79
D 46 131,767.10  288,901.87  20,750.77 103,928.68  32,455.30
E 55 120,614.62 219,875.16 12,584.34 64,484.43 22,191.77
F 55 158,370.22  286,459.56 16,533.68 83.244,84 28,311.58
G 53 212,886.75  401,191.39  25,168.68 125,792.64  37,343.30
H 50 219,486.17  439,854.30 29,452.71 146,743.90 44,171.50
| 53 183,699.31 347,000.34  20,884.65 105,405.47  37,010.90
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J 51 176,980.86  347,004.38  20,884.65 105,140.51  43,998.34

Legend: (a) Profitability = financial result / revenue; (b) Financial result = revenue — costs (installation,
operation and transport); *Conversion rate 1 US$ = R$ 3.87.

Table 8. Financial analysis of the proposed scenarios.

The revenue from selling recyclable waste that is generated by the improved network
organization not only justifies its construction, but it also enables a reduction in spending
on other population welfare solutions. Similar positive financial returns were also found by
Ferri et al. (2015) and Couto and Lange (2017). Extrapolating the weekly revenue stream
predicted by the model, the proposed WPO network generates economic returns between
US$ 1.24 to 11.39 million per year, depending on the particular scenario considered.

Among the different costs accounted for in the proposed scenarios, the most
significant was WTS operating cost. Transport costs were most significant in Scenarios
A and B, representing about 1/3 of total costs. Overall, operating costs were the most
significant due to the need for equipment and labor at all stages of the operational chain,
including: receiving, washing, shredding, baling, storage, and transportation. The focus of
improving WTS networks is to increase WPO participation in the recycling economy, even
if further process mechanization may lead to increased production with reduced personnel
costs; however, this option would be contradictory.

Figure 3 shows the financial results regarding the effect of the gravimetric composition
adopted in scenarios A to D, and the group of scenarios whose targets for diversion of
recyclables ranged from 10% to 75% (Scenarios E to H).

Fig. 3. Financial results of the sensitivity test. (a) Effect of the gravimetric composition adopted in
scenarios A to D; (b) Effect of recyclable waste landfill diversion targets in scenarios E to H.

As can be seen in Figure 3a, although the input parameters in Scenarios A and B are
similar, differing only by gravimetric composition, the financial result in B was 38% less than
in Scenario A. Similarly, Scenario D presents an estimate of waste generation that was only
0.8% lower than Scenario C, and it resulted in a financial return of about 30% less, due to
the considerable difference between the recyclable waste installments.
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The differentiation of the recyclable fractions has a direct effect on the revenues
obtained from commercialization due to the different prices for each type of waste. This
difference was due to the estimated quantity of plastics, a material with higher added value
and mainly for large companies.

The financial results for scenarios with targets for recyclables recovery ranging from
10% to 75% that depend also on the respective target four-year period are presented in
Figure 3b. It was observed that the increased growth rate for the financial result did not
translate into growth to the same extent for targets of recyclables diversion. Thus, this
caused more waste to reach organizations, however, it would result in the material not
having a final consumer market. In this sense, installation and transportation costs were
increased to accommodate recyclable waste that had no market and could not generate
revenues for the network.

4| DISCUSSION

This study points to important elements to be considered for the development of
a logistics network that contributes to the strengthening of WPOs. Although cost versus
benefit indicates the feasibility of implementing WTS, it is important to understand that the
installation cost has been amortized over weeks. However, in practice, this value implies
a significant initial investment for WPOs, which usually have a short-term planning vision.
It is important to consider that these organizations do not have the necessary financial
resources to enable the implementation of these WPOs. Therefore, the expansion of this
network involves the provision of government resources. This is justified, since WPOs are
the actors that have effectively operated the collection of recyclable waste in Brazil. It is
these organizations that will make it possible to achieve the goals of recyclable material
diversion from landfills at the local level.

In addition, the viability of this network involves the participation of several WPOs
to guarantee the volume of waste necessary to effectively enable the implementation and
operation of the WTS. This involves an articulation work for initial engagement, but also the
coordination of initial activities that should be performed by a recognized WPO. Therefore,
despite the financial viability of the proposed network, its implementation depends on the
establishment of a governance mechanism that goes beyond the limits of the mathematical
model presented, but which is essential for the realization of this proposal.

Another implication associated to the financial return of the reverse logistics network
is directly related to the differentiation of the recyclable fractions due to the increase in
revenue due to the better quality of the material. Therefore, despite not being the focus of
this study, environmental education policies and incentives to separate waste at source can
contribute to a better financial result for WPOs, increasing the social impact of the proposal.
These actions are proposed in NSWP as well as their development in the related state law.
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51 CONCLUSION

The proposed WTS offers an effective and efficient scheme for the reverse logistics
of WPO network operations, allowing for the large-scale commercialization of recyclable
waste. The improved operational scale of the WPOs allows them to achieve a higher
market efficiency and larger economic returns, but the proposal depends on investment and
coordination by the government.

However, it is important to mention that only Waste Picker Organizations formally
associated to Instituto Sindimicro-ES were interviewed, while independent waste pickers
or informal organizations were not considered. If the per capita revenue of waste pickers
grows, it could also encourage the formalization of informal ones, which would dilute the
revenue per picker but increase the number of people formally involved in the system.

The MILP model was the tool used to investigate different scenarios in order to provide
more specific results for each manager, since it can assess several data to determine the
optimal configuration for the reverse logistic network. However, the novelty of this study
is not based on the mathematical model but, rather, on the applicability that the model
responses bring to the incorporation of WTS in WPO networks. Because the model input
data are dynamic and still vary both geographically and temporally, the main contribution
of this article is to allow for the dimensioning of WPO networks through a model capable
of carrying out an analysis involving technical and financial variables. It could be used by
the planners, public decision makers, traders, and WPO managers as a planning tool.
Despite the contribution to strengthen their integration into municipal waste management
system, these economic returns incentivize WPO participation in the circular economy; and
offer increased opportunities for a greater degree of cooperation with established recycling
companies.
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