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ABSTRACT

Huge increases in the volume of waste produced by society have
created an urgent need for new and improved municipal solid waste
(MSW) processes. In many countries, traditional methods to manage
MSW, such as landfills, have been abandoned in favor of more effective
and environmentally efficient technologies. These include gasification
(decomposition at high temperatures), recycling, and composting (of
organic matter). The purpose of this research was to assess certain
financial, social, and environmental indicators, especially the IRR and
cost-benefit ratio of changing the technologies used in MSW processing.
The research focuses on assessing these changes in the CONRESOL
area — a consortium that covers almost all the municipalities in the
metropolitan region of Curitiba, Brazil. To this end, scenarios were
proposed that apply various technological combinations and two
collection fees. Of the three proposed scenarios, the one with the best
socioeconomic and environmental results (Internal Rate of Return, Net
Present Value, Discounted Payback, and Benefit/Cost ratio) combines
gasification, recycling, and composting. This scenario generated the least
GHG emissions and the highest number of jobs.

Keywords: municipal solid waste; gasification; recycling; composting; cost-
benefit analysis; technologies.
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RESUMO
O enorme aumento no volume de residuos produzidos pela sociedade
criou uma necessidade urgente de processos novos e melhores para
tratamento dos residuos sdlidos urbanos (RSU). Em muitos paises,
0s metodos tradicionais de gerenciamento de RSU, como aterros
sanitarios, foram abandonados em favor de tecnologias mais eficazes e
ambientalmente eficientes. Eles incluem gaseificacdo (decomposicao em
altas temperaturas), reciclagem e compostagem (de matéria organica).
O objetivo desta pesquisa foi avaliar alguns indicadores financeiros,
sociais e ambientais, especialmente a taxa interna de retorno, a emissao
de gases de efeito estufa, a geracdo de empregos e a relacdo custo-
beneficio da mudanca de tecnologia utilizada no processamento dos
RSU. A pesquisa se concentra em avaliar essas mudancas na drea do
Consorcio Intermunicipal para Gestdo dos Residuos Solidos Urbanos
(CONRESOL) — um consércio que abrange quase todos os municipios
da regido metropolitana de Curitiba, Brasil). Para tanto, foram propostos
cenarios que aplicam diversas combinacoes tecnoldgicas e duas taxas de
cobranca. Dos trés cenarios propostos, aguele com os melhores resultados
socioecondmicos e ambientais (Taxa Interna de Retorno, Valor Presente
Liquido, Payback Descontado e Relacdo Beneficio/Custo) combina
gaseificacao, reciclagem e compostagem. Esse cenario gera as menores

emissdes de gases de efeito estufa (GEE) e o maior nimero de empregos.
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INTRODUCTION

In developed countries, landfills have fallen into disuse, while in poor and deve-
loping countries this municipal solid waste (MSW) process persists on a large
scale. In most developed countries, strategies to reduce the volume of MSW
include environmental education for families and company managers. The aim
is to reduce the amount of MSW and to process the waste using efficient tech-
nologies that minimize environmental impacts (TILBURY, 2004; KOPNINA,
2014; MALINAUSKAITE et al., 2017).

Consumers are required to segregate metal, glass, and paper, which are
then forwarded to recycling companies (GORDON; BERTRAM; GRAEDEL,
2006). The remaining MSW volume contains organic and other non-recycla-
ble materials. The organic material is then taken for composting and used as
a natural fertilizer. Non-organic and non-recyclable materials undergo some
kind of thermal processing (such as incineration) (MURRAY, 1999; MEDINA,
2010; GARDNER, 2016).

The incineration process emits varying amounts of greenhouse gases (GHG).
Certain recent thermal technologies, such as gasification, aim to perform the
same function as traditional incineration plants, while reducing the volume of
GHG emissions (DONG et al., 2018; SUN et al., 2021). Processes such as gas-
ification, composting, and recycling are, therefore, examples of MSW treatment
processes considered environmentally friendly.

However, in some societies, this combination is not economically viable,
as the necessary financial investment requires an increased household collec-
tion fee. In other words, for many low/middle-income societies, increasing
such charges constitutes a barrier to these environmentally friendly processes
(ALAM; AHMADE, 2013; BUNDHOO, 2018).

In addition to the collection fee, other sources of investment are required.
In this context, processing MSW in gasification plants enables the production
of electricity which, if sold, constitutes financial inflow. In order to reduce an
MSW company’s operational expenditure, it can use some of this electricity to
supply its own needs. Thus, from a large volume of MSW, a gasification plant
can produce large amounts of energy (SRIWANNAWIT; ANISA; RONY, 2016;
HADIDI; OMER, 2017; RAHMAN; AZEEM; AHAMMED, 2017; ABDALLAH
et al., 2018; MABALANE et al., 2021).

Composting and recyclable segregation plants also provide financial inflows,
since recyclable materials and compost (black organic matter) can be sold in
regional markets. All these financial inputs minimize costs for society. In addi-
tion to finance, these processes increase the ecological content of MSW treat-
ment and provide environmental benefits for society (SONG; WANG; LI, 2013;
ARAFAT; JIJAKLL; AHSAN, 2015; SMITH et al., 2015).

With gasification, recycling, and composting, it is possible to attain greater
use, reuse, and recycling of materials, in other words, to apply the 3R princi-
ple (reduce, reuse, and recycle) (DAMANHURI et al., 2009; CHOWDHURY
etal.,2014).

There are many published studies on economic analyses of MSW and
that used methodologies that also include social and environmental issues, for
example: Life Cycle Assessment, Circular Economy, Cost-Effectiveness Analysis,
etc. However, it would be the task of a bibliometric analysis on the subject to
present all these references.

Instead, this article is dedicated to an analysis of the socioeconomic and
environmental feasibility of projects, such as technological alternatives for

landfill replacement. That is, it is not an analysis of the operational efficiency

of technologies, but the effects of combining technologies in the treatment
of MSW on socioeconomic and environmental issues. Therefore, it is neces-
sary to use a methodology that estimate the return of these projects to soci-
ety. This return must consider financial, environmental, and social issues.
Therefore, the methodology that presents this analytical complexity is the
cost-benefit analysis (CBA), whose results are indicators capable of guiding
the choice of the best project. These indicators are the benefit/cost ratio, the
internal rate of return, and others.

No CBA research were found in the literature that evaluated the change
from landfill to the MSW processing systems proposed in this study: gasification;
recycling; and composting. These technologies are well described in Christensen
(2011), Ludwig, Hellweg and Stucki (2012) and Agbejule et al. (2021), however,
these studies do not analyze the CBA of these processing strategies within a
complex system that combines multiple technologies.

Butt et al. (1998) studied the economic assessment of recycling sewage by
anaerobic co-digestion with incineration and composting of MSW by CBA.
This study is similar to the present article. However, incineration and compost-
ing technologies are different from those analyzed here.

Sharma and Chandel (2021) carried out a Life Cycle Cost analysis and
projected scenarios with certain MSW treatment technologies. However, this
research did not quantify the benefit/cost ratio, the balance of changes in GHGs
(that is, the environmental benefits) or the difference in the number of jobs.
An extensive review of Life Cycle Assessment (LCA) studies can be found in
Astrup et al. (2015).

The most frequently published surveys provide separate economic assess-
ments of certain MSW treatment technologies. For example, whether recy-
cling, composting, or an energy recovery process is economically viable.
In some cases, studies examine a reduction in GHG emissions alongside a set
of financial indicators (MCCREA et al., 2009; CHANG et al. 2012; NG et al.,
2014; CHEN, 2016; ELSAID; AGHEZZAF, 2016; HARAGUCHI; SIDDIQI;
NARAYANAMURTI, 2019; LIU et al., 2020). These do not, therefore, con-
sider a sequence of combined technologies that balances GHG emissions,
jobs, and financial matters.

Many studies assessed energy-related GHG emissions (PARSHALL et al.,
2011); the MSW sector needs to view other issues, especially at the global context,
related to jobs and financial return. Waste-to-energy (WTE) technologies have
some clear advantages in favor of their adoption, e.g. minimizing the amount of
waste sent to landfills (GOHLKE; MARTIN, 2007; LOMBARDI; CARNEVALE;
CORTI, 2015), and generating heat and electricity (AYODELE; OGUNJUYIGBE;
ALAO, 2017). Recently, energy recovery (rate) has been increasing and the vol-
ume of GHG emissions, reducing (CASTALDI; THEMELIS, 2010).

Given these possibilities, this study focused on the economic assessment
of the transition from landfill to more ecologically friendly technologies for
the treatment of MSW in one part of the metropolitan region of Curitiba in
the state of Parand, Brazil. The municipal governments of these 23 municipali-
ties (Figure 1) charge companies and families with MSW collection fees and
pool these financial resources in the Intercity Consortia for Urban Solid Waste
Management (Consorcio Intermuncipal para Gestdo dos Residuos Sélidos Urbanos
- CONRESOL). Depending on the volume of MSW to be treated, CONRESOL
uses this money to pay a waste treatment company.

This geographical area of the consortium is formed by a large part of the

municipalities of the metropolitan region of Curitiba, capital of the state of
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Parana (Brazil). Therefore, it is an urban agglomeration with the largest pop-
ulation of the state (about 3.5 million) and has a reasonable human develop-
ment compared to other regions of the state and of Brazil. But, when analyzing
the municipalities individually, one sees that about half of them have a Human
Development Index (HDI) below 0.7, i.e., low. The largest municipality in terms
of population is Curitiba (almost 2 million inhabitants), in addition to produc-
ing the largest amount of MSW (458 thousand tons per year). The total MSW
generated in the municipalities of the consortium is more than 832 thousand
tons per year. This can be seen in Table 1.

This research aimed to measure socioeconomic and environmental indica-
tors of MSW treatment technologies (from landfill to a system that combines
gasification, recyclable segregation, and composting plants). Two charges (the
actual collection fee and willingness-to-pay) and certain scenarios containing
combinations of these technologies are depicted here.

The research is divided into 5 sections. After the introduction, the first
section outlines the methodology, the second section presents the results and
discussions, an another section presents the results and discussions, finally the

last section presents our main conclusions.

METODOLOGY

Scope of the research

CBA methodology is widely used to address socioeconomic and environmen-

tal issues. In order to perform this assessment, the following objectives nee-

ded to be fulfilled:

«  Estimating the population growth and volume of MSW over the invest-
ment amortization period (30 years - landfill lifetime according to Brazilian
environmental law);

«  Quantifying gasification, composting and recycling equipment, in line with
the amount of MSW to be processed;

o Calculating the costs, inflows, jobs, GHG emissions, and financial indica-
tors (net present value — NPV, internal rate of return - IRR, Discounted
Payback, etc.) in reference to landfill and scenarios;

o Conducting a cost-benefit analysis;

o Performing a sensitivity analysis using Monte Carlo simulations.

Figure 1 - CONRESOL (consortium of 23 municipalities) area in the state of
Parana, Brazil.
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Technologies and scenarios
Three technology scenarios were proposed for the cost-benefit analysis, accor-
ding to the material flows.
Thus, in summary, our scenarios are:
o Scenario 1: Gasification;
«  Scenario 2: Gasification and Recycling;

«  Scenario 3: Gasification, Recycling, and Composting.

Segregation of recyclables

Despite the selective collection of recyclables prior to landfill, a certain volume
remains in raw MSW (uncontaminated metals, plastics, glass, and paper).
Thus, the recyclable segregation process can be anticipated. Segregation equi-
pment include: mats, sieves, compressors, computers, artificial intelligence soft-
ware, etc. In this technology, segregation occurs through gravity and at speed
using (2D and 3D) optical identification software (MELO, 2015).

Composting
An oxidative, biological, and aerobic biodegradation process that converts
organic matter into compost, which can be used as organic fertilizer (BIDONE;

POVINELLI, 1999). We proposed the use of “Dano” equipment for sorting,

Table1-Socioeconomic and MSW data of municipalities inthe CONRESOL consortium.

MSW Volume | Population Human

Municipality (tons/year - | (Inhabitants- | Development In-
2020 2020)* dex (HDI - 2010)*

Curitiba 458666 1933105 0823
S&o José dos Pinhais 76719 323340 0758
Colombo 57829 243726 0733
Araucdria 34129 143,843 0740
Pinhais 31357 132157 0751
Campo Largo 31320 132002 0745
Almirante Tamandare 28146 18623 0699
Piraquara 26820 Nn3036 0700
Fazenda Rio Grande 23776 100,209 0720
Campina Grande do Sul 10271 43288 0718
Campo Magro 6956 29318 0701
Itaperucu 6,794 28634 0637
Mandirituba 6375 26,869 0655
Quatro Barras 5590 23559 0742
Quitandinha 4520 19049 0680
Contenda 4409 18584 0681
Tijucas do Sul 4002 16,868 0636
Bocaiuiva do Sul 3071 12944 0640
Balsa Nova 3070 12941 0696
Pién 3024 12,746 0694
Agudos do Sul 2223 9371 0660
Tunas do Parana 2081 8,769 oen
Adrianopolis 1404 5919 0667
Total 832553 3508900

Source: 'CONRESOL (2018); 2IPARDES (2018); *PNUD (2010).




Tulio, TJ. & Schmitz, A.P.

milling raw organic matter, and horizontal composting (REIS, 2005). “Dano” is
assembled by rotating cylinders of approximately 3 meters in diameter and 35
meters in length. These cylinders have a production range of 50 tons of organic
matter and a retention time of 3 days. The residue is stirred in the cylinders at a
speed of approximately 1 rpm. The product obtained is called pre-compost and
the composting process is completed in windrows, turned biweekly for 50 days.

The material must then be sieved (SILVA et al., 2005).

Gasification by anaerobic pyrolysis

A thermochemical degradation reaction at temperatures ranging from 800 to
900°C. This process recovers approximately 80% of the energy from the bur-
ned materials and turns them into oil, coal, and gases, according to the techni-
cal efficiency of the equipment planned for this study (IPK-PIROFLEX, 2019).
Gasification produces electrical energy (WTE process). This technology was
chosen because it is currently often used in Brazil, maybe as a tendency. In other
words, it is a known technology in world terms with expansion of use cases
and there are some plants in Brazil, for example in the municipality of Boa
Esperanga, state of Minas Gerais (MENEZES NETO et al., 2021); in the muni-
cipality of Mafra, state of Santa Catarina (ARRUDA, 2020); and other plants
under implementation and operation (TULIO, 2020).

Framework structure
For an overview of the methodology, the steps of the research are described in

Figure 2. It shows the sequence of calculations, from the partial results to the

Figure 2 - Methodology steps.

final results, that is, the use of parameters and inputs, with the references of
each mathematical formula. Calculation formulas, as well as their explanation,

can be found in the following sections.

Collection fee projections,
population, and MSW feedstock
Municipal governments pay the company to process the MSW via CONRESOL.

The amount paid to this company is thus calculated by Equation 1:
Ce= W,.Sp.dt (1)

Where:

C,: Total value paid to the MSW processing company (year “t”);

W,: Total volume of MSW to be processed (year “t”);

S, Collection fee for processing the MSW in US$ per ton - (year “t”);
d: Discount rate;

t: Project lifetime.

To estimate population growth during the project, the following expo-
nential function was used, according to Leite, Silva and Souza (2011)

(Equation 2):
P = Py.e™t @

Where:

P Population at time “¢” (“t” ranging from 0 to n);
P: Actual population;

r: Population growth rate.

To estimate the MSW production parameter (proportion of MSW produc-

tion, as a function of the population) (Equation 3):
az = W;/Po (3)

Where:

a,: MSW production parameter (proportion of “Z” (kind of) MSW produced
by P, population);

W : Total volume of “Z” MSW produced by the P, population.

Raw MSW was used to estimate this parameter. In order to estimate the
volume of MSW for each type of waste (recyclables, organic matter for com-
posting, and other MSW for gasification) for the duration of each project, the

following linear function was calculated (Equation 4):
Rzt = Pr.ay (4)

Where:

R, ; Quantity of “Z” waste to be processed, time “t” (“t” ranging from 0 to n).

MSW segregation and recycling
Segregating MSW produces a certain amount of recyclable materials, organic

matter, and other MSW. The volume of this material is given by Equation 5:
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Xz,t = Rz,t- 0, (5)

Where:

X,/ Volume of “Z” MSW (recyclables, organic matter, and other MSW) (tons),
time “t7;

R, : Raw MSW produced by households and companies for processing, time
“t” (with “#” ranging from 0 to n);

0,: the MSW segregation parameter of “Z” waste (between 0 and 1).

This is the amount of recyclables, organic matter, and other MSW as a pro-

portion (per ton) of the total volume of MSW.

Composting
Processing the organic matter produces a certain amount of black organic mat-

ter. The annual quantities of this product are obtained by Equation 6:
BM¢ = Xzt B (6)

Where:

BM,: Quantity of black organic matter (tons), time “¢”;

B: Conversion parameter of organic matter into black organic matter (ranging
between 0 and 1) - percentage of amount of compost produced from proces-

sing the volume (per ton) of organic matter.

Electricity production

Gasification recovers energy from MSW and produces electrical energy.
Some of the electrical energy produced is used to operate all the MSW
processing facilities. The net amount of electricity is therefore given by

Equation 7:
EL;=¢&;. Xzt — Ut (7)

Where:

EL; Average electrical power produced (MW/1,250 tons/month), time “¢”;
¢,: Energy production coefficient of “Z” MSW (MW/ton);

U,: Quantity of electrical energy used by the MSW company’s facilities.

Black organic matter, recyclables,
and electricity monetary values
The monetary inflows from the sale of electricity, recyclables and organic com-

post are calculated by Equation 8:
n
Ver = ) Ses-Pes ®)
t=1

Where:

V. : Value of the “¢” product sold, time “¢”;

S, Quantity of the “e” product sold, time “”;
P, Price of the “¢” product (US$), time t;

e: Product sold;

X, ; Quantity of recyclables (tons) by type;
BM: Quantity of black organic matter (tons);
EL; Quantity of electricity (MW).

Cr Eng Sanit Ambient v. 28, e20230002, 2023

Quantities and values of greenhouse gas emissions
Landfill, composting, and gasification of GHG emissions are calculated by Equation 9:

GHc,y,t = Xzt Yoy (9)

Where:
GHL_% + Quantity of the “c” GHG emitted (tons);

« » «, »

Y, : emission coefficient of the “c” GHG in the “y” process (tons of gas emit-
ted per ton of MSW);

y: process type (landfill, composting, and gasification).

In order to calculate the total monetary value of the GHGs emitted, the

following expression is used (Equation 10):

n
GVoy = ) GHey GP: (10)
t=0
Where:
GV, : Total monetary value of “c” GHG, emitted in “y” process;

« »

GP: median price of “c” gas, per ton (USS$).

In line with our scenarios, the difference between the amount of GHG emit-

ted by landfill and by other technologies is given as (Equation 11):

n n
GVDe = Z GVicy=tandafin — Z GVt y-tandfiu (11)
c=0 c=0
Where:
GVD;: Total difference in GHG values;
GV, _ignagst Sum of the monetary value of all the “c” GHG emitted by landfill;

GV : Sum of the monetary value of all the “c” GHGs emitted by the new tech-

ey’

nologies per scenario.

Jobs: a social issue
The mean number of jobs generated over the lifetime of the landfill project
and by new technologies (per scenario) was estimated through the following

expression (Equation 12):
n

Joe= ) Myt (12)
t=0

Where:
]y + Average annual number of workers; and

M_: Direct job requirements.
nt

Financial and environmental indicators

The formulas include the GHG values, although these values are disregarded
for the scenarios only containing financial estimates (excluding the environ-
ment). The cash flow balance, adapted from Tham and Vélez-Pareja (2004), can
be defined by Equation 13:

n n n
CF; = Ct + GVDy + Z Vet — Z Capexy; — Z Opexy,; (13)
e=0 y=0 y=0

Where:
CF,: Cash flow balance of the “y”process, time “¢” ($);




Tulio, TJ. & Schmitz, A.P.

« » .

Capex, ; Capital expenditure of the “y” process - investment in equipment, time “1”;

« »

Opex, : Operational expenditure of the “y” process, time “t”.

For the financial indicators and the CBA, the monetary values are calculated
at the present value, that is, costs and benefits are discounted at an appropriate
discount rate. This rate is selected according to the estimated financial market
conditions over the project’s lifetime.

In the financial analysis, it is necessary to discount the cash flow balance.
To this end, NPV must be calculated, and the project is feasible if NPV > 0.
Based on Abdelhady (2021), the NPV formula is (Equation 14):

n
NPV = Y CF/(1+d)t (14)
Where:
NPV: Net Present Value (US$);

d: Discount rate.

Another key financial indicator is IRR. Based on the IRR, it is possible
to compare different projects, where the project with the highest IRR has the
highest return on capital, if IRR > 0. Therefore, if the project has an IRR > 0,
then the project provides a positive financial return (higher than the discount
rate), otherwise there is capital loss. The IRR formula adapted from Halder
et al. (2016) is (Equation 15):

CF,
(s ay)/+1RRY =0 (15)
Where:

IRR: Internal Rate of Return.

Based on Maghsoudi and Sadeghi (2020), the discounted payback period
(DPB) is a key indicator that calculates the time period in which the accumu-

lated cash flow balance is positive (Equation 16):

y
Z[CFBL/Q +d)t =0 (16)
t=1

where:
« .

DPB;: the minimum value of “y”;

CFB;: cash flow balance accumulated over period “t”.

The final indicator is benefit-cost ratio (B/C). The project is feasible if 2 > 1,
because at this point the benefits are greater than the costs. Adapted from Zheng
et al. (2009), the B/C ratio is (Equation 17):

B
Cc

_ (z": (Ce + GVD, + X0y Ve,t)>/ zn: (Capexy: + Opexy,:) (17)

1+d)¢ 1+d)t

=0 y,t=0

On the right side of this formula, the benefits are presented in the numera-

tor with the costs in the denominator.

Sensitivity analysis: the Monte Carlo method
The volume of MSW may change due to consumption habits and environ-
mental education, while the future price of electrical energy, recyclables, and

black organic matter may change because of supply and demand pressures.

Further uncertainty refers to the investment required over the project’s lifetime
in relation to equipment prices (growth in the volume of MSW will require
more equipment for the various processes).

The Monte Carlo methodology is well known and has been widely used
in various analyses, including sensitivity analyses for investment projects.
Without intending to list all the literature on the subject, some examples of the use
of this methodology can be found in: You et al. (2016); Zang et al. (2018); Cardoso,
Silva and Eusébio (2019); Pradhan et al. (2019); and Puig-Gamero et al. (2020).

In order to apply the Monte Carlo method, normal distribution was used
to generate 10,000 simulations for 2 discrete time periods (over 15 years, the
project timeline) because of the need to invest in equipment. The uncertainty

associated with the Monte Carlo process was 5%.

Data

The authors are willing to provide the spreadsheet with the calculated data and
parameters to the audience (e-mail requests). Our MSW processing parame-
ters are based on technical data regarding the efficiency of the equipment, as
described in the manufacturers’ technical reports (Table 2).

The technical data for the gasification, segregation of recyclables, and com-
posting processes are described in the references described in Table 2, espe-
cially in Tulio (2020). Nevertheless, the following aspects should be highlighted.
The processing flow capacity of a gasification reactor is 12,485 t/year/reactor.
It is assumed to operate for 24 hours a day, 30 days a month, for 12 months.
The efficiency of the power generator is 32%, according to the technical char-
acteristics of the equipment — data provided by IPK PYROFLEX (manufac-
turer of gasification reactors). Power generation also depends on the synthesis
gas energy generated in the pyrolysis process.

The recyclable segregation plant has a capacity of 900,000 tons/year. The esti-
mated operation was 16 hours per day, 26 days per month, for 12 months.
The efficiency in the mechanized segregation of MSW was obtained by techni-
cal data provided by the company STADLER DO BRASIL LTDA, manufacturer
and operator of equipment for mechanized separation of MSW, and depends
on the type and composition of the MSW.

For the composting process, the “DANO” equipment was setup with
cylinders of 3 meter in diameter and 35 meter in length. The organic matter
processing capacity is 50 tons with a 3-day detention period. This is a rotat-
ing drum to accelerate the composting rate. The waste remains inside the
biostabilizers for two to three days and is moved with a rotation speed of
over 1.0 rpm. It is necessary to finish the composting in beds, keeping these
materials in yards to reach the level of maturity acceptable for agricultural
purposes. For the processing capability of a composting reactor (organic mat-
ter), 16 hours of labor per day was considered for 12 months, and each DANO
cylinder had a capacity of 6 t/day.

For the estimates, the first investment (Capital Expenditure — CAPEX)
required a 100% loan to be paid back over 120 months, with a 12-month grace
period (according to the rules of the Brazilian public investment bank). All finan-
cial and MSW values are based on 2020 (¢, = 2020).

Two alternatives were proposed for the financial projections of collection
fees: The actual collection fee that families and companies pay for MSW pro-
cessing; Willingness-To-Pay (WTP) — a 68.76% increase in the actual collection
fee. This increase is based on a Willingness-To-Pay survey carried out within

the CONRESOL area. The survey asked people what they considered to be a
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fair collection fee in order to implement more environmentally friendly MSW
technologies (TULIO, 2020).

Landfill costs were estimated using values obtained from FGV (2007).
These economic assessment data include information on costs from several

landfill plants. Other values are shown in Table 3.

RESULTS AND DISCUSSION

The GHG emissions avoided in each scenario are presented in Table 4. Scenario
3 (gasification, recycling, and composting) avoided most GHG emissions.
One can also see that scenario 2 avoids a higher volume of GHG emissions
than scenario 1. Scenario 2 includes gasification and recycling, while scenario
1 only refers to gasification.

The setup with the highest number of combinations is therefore the one
that avoids the most GHG emissions. The only exception to this is SO,, since,
according to Haraguchi, Siddiqi and Narayanamurti (2019), gasification emits

more SO, than landfills. The most avoided emissions are seen in scenario 3,

Table 2 - Parameters and sources.

and in relation to CO, and CH,. Ninety-seven percent of CH, emissions are
avoided, while for CO, this figure is 86%. However, with the exception of SO,
the avoided emissions of the other gases fall between 83 and 97%. In scenario
1, less emissions are avoided than in the other scenarios; however, compared
to landfills, this remains significant. In this scenario, for example, avoided CH,
emissions are 97%, while those for CO, are 66%.

The estimated number of direct jobs is shown in Figure 3. In scenario 3,
the number of jobs is 1,130, while in scenario 2 it is 935, in scenario 1 there are
804 jobs, and in the landfill there are 118 jobs. All these job numbers are for
the average of the project period (30 years).

When comparing the scenarios with landfill, it is possible to observe that
changing to new technologies increases the demand for jobs. This is because
job requirements increase in order to meet the needs of each MSW process-
ing plant. The number of jobs in Scenario 3 is approximately 10 times higher
than for landfills, since it contains all the new technologies that require invest-
ment. In addition to the economic, financial, and environmental impacts, the

change in MSW processing also generates social benefits by generating new jobs.

Parameters Value Source

r = Population growth rate 057% (year) Ipardes (2018)
Capex Loan Interest Rate (payment in 120 months) 835% (year) BNDES (2020)
d = Discount Rate 78% (year) Bacen (2020)

t = Project duration (useful life of landfill") 30 (Years) Conresol (2018)

S, = Collection fee

US$1981 (by year charged for household or company)

Conresol (2020); Curitiba (2020)

/\/IW = Job requirements

According to process type (units of jobs)

Brasil 2010); FIPE (2017); Ipk-piroflex (2019); Stadler (2019)

0,=MSW segregation parameter of “Z" MSW

Based on waste volume by type (tons of MSW/tons
of recyclables)

Conresol (2018)

= Parameter for conversion of organic matter into
black organic matter

0.26 (tons of organic matter/black organic matter)

Silva et al. (2005); Brasil (2010)

&, = Energy production coefficient of “Z" MSW

0824 (MW/ton)

Ipk-piroflex (2019)

Yw = emission coefficient of “c” GHG in “y" process

Based on process type (tons of gas emitted per ton
of MSW)

Chang, Chen and Chang (1998); Beck-Friis et al. 2000);
Gladding and Thurgood (2004); Komilis and Ham (2004);
Lou and Nair (2009); Thorneloe (2012); Haraguchi, Siddigi and
Narayanamurti (2019); Thuppahige, Gheewala and Babel (2022)

'Biological landfill operation: base sealing, drainage and slurry treatment system, biogas drainage and flaring, and rainwater drainage.

Table 3 - Variables and sources.
Variables

W, = Total volume of MSW for processing

Value

822,072 (tons)

Source

Conresol (2018)

P, = Actual population

3498 (millions)

Ipardes (2018)

C, = Total value paid to the MSW processing company - Actual Collection Fee

US$ 89 (millions)

Conresol (2018)

C, = Total value paid to the MSW processing company - collection fee by WTP

US$ 150 (millions)

Tulio (2020)

W, = Total volume of “Z" MSW produced by P, population

Based on waste volume
by type (tons)

Conresol (2018)

U, = Quantity of electrical energy used by the MSW company facilities

Based on operational
equipment (MW)

Silva et al. (2005); Brasil (2010); Ipk-piroflex (2019); Stadler (2019)

P, = Price of “e” product (US$)

Based on product type ($)

Mfrural (2020); Sucatas (2020); Tradener (2020)

GP_=median price of “c” gas, per ton (US$)

Based on type of gas ($)

Harder and Gibson (201D); Marten and Newbold (2012);
Council (2013); Haraguchi, Siddigi and Narayanamurti (2019)

Capexw = Capital expenditure of the “y" process

Based on process type ($)

FGV (2007); Brasil (2010); Ipk-piroflex (2019); Stadler (2019)

Opex = Operational expenditure of the “y" process

Based on process type ($)

FGV (2007); Brasil (2010); Ipk-piroflex (2019); Stadler (2019)
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The results for NPV and DPB according to scenario and type of collection
fee can be found in Table 5. This table contains results that both include and
exclude the benefits of avoiding GHG emissions. Where the avoided GHG are
not included as benefits, a purely financial overview is provided. However, there
is socioeconomic and environmental value to avoiding GHG. Furthermore, sim-
ulations were performed for two types of collection fee. The first is the Actual
Collection Fee, while the second is based on WTP.

For the Actual Collection Fee (ACF), and excluding the benefits of avoiding
GHG, the NPV for all the scenarios is negative, i.e., there is no return on invest-
ment. However, if the benefits of avoiding GHG are included, the return in terms
of NPV falls between US$186 and US$285 (million), depending on the scenario.

For the collection fee by WTP and excluding the benefits of GHG avoid-
ance, the NPV falls between US$420 and US$482 (million). In this case, the
return in scenario 1 is higher than in the other scenarios, and the return on
investment is seen within approximately 4 years and 5 months. This result is
very similar to the calculations in Scenario 3.

However, when the benefits of GHG avoidance are included, the socioeco-
nomic and environmental return for NPV falls between $712 and $793 (mil-
lion), depending on the scenario. In this case, the return is greater in scenario
3 than in the other scenarios, due to the greater avoidance of GHG emissions.
For this scenario, the return on investment occurs within 2 years and 6 months.

For the ACF, and excluding the benefits of avoiding GHG, it is noteworthy that
the socioeconomic and environmental return in scenario 3 is higher than in the other
scenarios. This is because there is a greater volume of avoided GHG emissions. In
this scenario, there is a return on financial investment within 4 years and 9 months.

IRR outcomes are shown in Figure 4; and it is negative in all the scenar-
ios (excluding the benefits of GHG avoidance and the ACF). However, if the

Table 4 - Average annual volumes of GHG emitted by landfill and GHG emissions
avoided by scenario - tons.

benefits of GHG avoidance are included, the IRR vary between 9.9 and 30.4%
per year. The highest rate was calculated for Scenario 3.

On the other hand, for the scenarios by WTP and excluding avoidance of
GHG emissions, the IRR falls between 25.7 and 44.6% per year. The highest
rate is in Scenario 3, which involves the implementation of all the technolo-
gies. If avoidance of GHG emissions is included, IRR will fall between 56.6 and
96.0% per year. Scenario 3 also has the highest rate.

However, when GHG avoidance is included, the socioeconomic and envi-
ronmental rate of return is higher than the financial IRR in scenario 1, between
17 and 36 percentage points; scenario 2, between 14 and 30 percentage points;
and scenario 3, between 32 and 51.

As a result of the NPV, the IRR is negative in all the scenarios (excluding
the benefits of GHG avoidance and the ACF). This is because there is no return
on financial investment. With the GHG avoidance included, the IRR is more
than double in the scenarios with WTP, but there is not much difference in the
scenarios including the ACE

These IRRs may seem very high; however, since the interest rates in the
Brazilian economy have been quite high for many decades, the investment
attractiveness rating is also high. In order to attract investors, it is therefore
necessary to have a high financial return, which takes into account risk and
other financial investments.

The estimated IRR for landfill is approximately 37% per year, meaning that
IRR higher than this rate could be considered very high. In order to implement

the new technologies in line with the scenarios, one can consider IRR close to

Landfill Scenario 1 Scenario 2 Scenario 3
NOx 6426 3856 -416.3 5340
SO, 501 359 256 138
PM 501 387 -401 -439
CO, 2835071 1890047 -200,2875 2436458
CH, 189005 184714 185227 183688

Table 5 - Net Present Value (US$ million) and Discounted Payback by Scenario, Greenhouse Gases Avoidance Benefits and Type of Collection Fee.

Scenario 1 Scenario 2 Scenario 3

DPB (time)

Collection Fee Type

Excluding Benefits of GHG avoidance

NPV ($)

DPB (time)

Figure 3 - Direct jobs (mean) by Scenario and Landfill.

NPV ($)

DPB (time)

NPV ($)

Actual collection fee 340 No Return 1057 No Return 270 No Return
) 4 years 5 years 3years
Willingness-To-Pay 4827 Sm 4201 am 4804 am
Including Benefits of GHG avoidance
Actual collection fee 2521 M years 1867 14 years 2857 4 years
3m. 6m.
WillingnessTo-Pay 7688 2years 7125 3 years 7930 2years
10m. m. 6m.
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that of landfills to be sufficient. Since the scenarios that do not include GHG
avoidance or the ACF have negative IRRs, and the scenarios with WTP and
excluding GHG avoidance have IRRs between 25.7 and 44.6% per year (which
is not very different from 37%), it makes sense to think that the estimated WTP
is consistent with the projects’ financial needs. For scenario 2, the collection fee
could, perhaps, be a little higher.

Figure 5 shows the benefit/cost ratios for the scenarios, according to GHG
avoidance and type of collection fee. In almost all the scenarios, the benefits
outweigh the costs (B/C ratio greater than 1), with the exceptions being the
scenarios that exclude the benefits of GHG avoidance and the ACF. In these
scenarios, the costs outweigh the benefits (B/C ratio less than 1).

The highest benefit/cost ratio (1.76) is found in Scenario 3, including GHG
avoidance and WTP. This means that the socioeconomic and environmental
benefits outweigh the costs by approximately 75%. In all scenarios, including
GHG avoidance and WTP, the benefit/cost ratio is greater than 1.5, that is, the
benefits outweigh the costs by more than 50%.

If the B/C ratio were used to select the project with the best socioeco-

nomic and environmental return, the result would be Scenario 3 with the WTP

Figure 4 - IRR by Scenario, Type of Collection Fee and GHG avoidance.

Figure 5 - Benefit Cost Ratio by Scenario, Collection Fee Type and GHG avoidance.

Cr Eng Sanit Ambient v. 28, e20230002, 2023

collection fee. This result is not surprising, since, compared to the other sce-
narios, the greatest volume of GHG emissions is avoided in Scenario 3, which
also has the highest IRR, despite the greater need for investment (CAPEX and
Operational Expenditure — OPEX). From a strictly environmental point of
view, this also seems to be the most appropriate scenario. Scenario 3 provides

evidence of the 3R principles through gasification, recycling, and composting.

Sensitivity analysis
IRR results in the Monte Carlo simulations are shown in Figures 6 and 7, while

those for the B/C ratio can be found in Table 5. In the scenarios assessed for

Figure 6 - Monte Carlo results for IRR and ACF (Actual Collection Fee) by Scenario
and GHG avoidance.

Figure 7 - Monte Carlo results for IRR and WTP (Willingness-To-Pay) by Scenario
and GHG avoidance.
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IRR by ACE, including and excluding GHG avoidance (Figure 6), the greatest
difference between the maximum and minimum value is seen in Scenario 3,
including GHG avoidance.

The same observations made in the ACF scenarios can be seen in IRR
by WTP (Figure 6). However, under certain circumstances, Scenarios 1 and
2 (including the benefits of GHG avoidance) have similar returns, since the
maximum value of Scenario 2 is greater than the minimum value of Scenario
1. In other words, Scenario 1 (gasification only) may have the same outcome as
Scenario 2 (gasification and recycling). On the other hand, Scenario 3 has the
highest return, since no other scenario has a return higher than its minimum
value, which can also be observed in the ACF scenarios (Figure 6).

Overall, considering the 5% uncertainty associated with the Monte Carlo
process, scenarios with higher returns (IRR) are subject to higher losses or
gains, hence the greater difference between the maximum and minimum values.

The B/C ratio results of the Monte Carlo simulations (Table 6) provide the
same conclusions as the IRR assessment. Scenario 3 by WTP and including
GHG avoidance has the best benefit/cost ratio. However, under certain circum-
stances, Scenario 3 can produce the same B/C ratio as Scenarios 1. This ratio
falls between the maximum and minimum values of Scenarios 2 and 3, respec-

tively, and between the mean and minimum values of Scenario 3.

Limitations to assessing environmental effects

Some of the environmental and socioeconomic impacts that do not fall

within the remit of this research, but which should be considered by policy

makers, are:

o Changes related to natural resources: in the exploitation of natural resources
as a result of the volume of recycled products; the production costs of using
these inputs; and the benefits to industry and society from reduced pres-
sure on natural resources;

o The impacts of reduced consumption of chemical fertilizers, due the sup-
ply of black organic matter;

o Increased real estate valuation in areas surrounding landfill locations, due
to the eradication of harmful effects (smell, landscape, etc.);

o Benefits to the study area due to avoidance of GHG emissions.

Table 6 - Monte Carlo results for B/C ratio by scenario, type of collection fee and
inclusion/exclusion of GHG avoidance.

Scenarios Min Mean Max

Scenario 1 095 096 097
ACF -Exdl.GHG Scenario 2 087 089 090
avoidance

Scenario 3 096 097 098

Scenario 1 137 143 147
WP Bxcl. GHG Scenario 2 130 135 139
avoidance

Scenario 3 141 146 152

Scenario 1 125 129 133
ACF - Incl. GHG Scenario 2 17 119 122
avoidance

Scenario 3 131 136 140

Scenario 1 160 168 176
WTI.D - Incl. GHG Scenario 2 152 159 166
avoidance

Scenario 3 167 176 186
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CONCLUSIONS

Our first conclusion concerns the ACE. Changes to implement any of the sce-
narios using new technologies are not feasible without subsidies from local
governments. This is because financial results do not show a return on inves-
ted capital (in terms of IRR). The scenarios are only feasible within the scope
of socioeconomic and environmental returns, that is, when the benefits from
avoided GHG emissions are taken into account. This can also be seen in the
B/C ratios, where the values are less than 1 if the benefits of the GHG avoi-
dance are not included, and greater than 1 when they are. However, in addi-
tion to these returns, MSW treatment companies require financial results to
ensure investment viability.

On the other hand, if WTP is taken into account in the scenarios, finan-
cial as well as socioeconomic and environmental feasibility is obtained (which
includes avoided GHG emissions). In this case, Scenario 3 is the best one, since
it generates a greater return in all senses. In restricted market situations, our
sensitivity analysis demonstrated that the other scenarios may be equivalent,
although this is unlikely.

These restricted or extreme situations may arise, for example, from:

« aprice drop (in energy, recyclables, and black organic matter);

« adrop in the volume of MSW (which can occur through environmental
education);

» areal increase in labor costs (an increase in wages higher than inflation);

o areal increase in equipment maintenance costs;

o areal increase in the cost of future investment (in order to increase MSW

treatment over time).

Compared to the other scenarios, Scenario 3 is preferable in both financial
and environmental terms, as it generates the highest return (NPV, payback, and
IRR) and avoids more GHG emissions (in general). In terms of social benefits,
this scenario also generates more jobs. In addition, this scenario is most con-
sistent with the 3R principles.

If local governments were required to implement this scenario, it would
involve wide-ranging public policies (economic, social, and environmen-
tal). However, for Scenario 3 to be a real possibility, the collection fee needs
to increase. There is, therefore, a need for socioenvironmental awareness
campaigns to convince the public to agree to such an increase. The popula-
tion must be made aware of potential benefits. Another approach involves
subsidies from local governments to implement the project. Regardless of
how project implementation is facilitated, it is important to halt the dis-
posal of MSW in landfill and to invest in more environmentally friendly
activities that respect the environment, without neglecting other spheres

of human development.

Future research

Future research is needed to improve the model’s quantification of environ-
mental effects on the urban and rural areas in which MSW treatment plants
are located. This is especially important in relation to real estate valuation.
On the other hand, it is necessary to quantify the local effects of avoiding
GHG emissions. In parallel, it would be interesting to calculate the number
of indirect jobs generated by a change in MSW treatment technology and
the impacts on household income. This has an impact on those who pay the

collection fee and on the workers at the MSW treatment company. The other

Eng Sanit Ambient v. 28, e20230002, 2023 =



Cost-benefit analysis of technological changes: MSW Curitiba

benefits that ecologically friendly technologies can generate must be, the-
refore, incorporated. Another prominent issue concerns estimations of the
impact that local government subsidies for the collection fee have on low-

-income households.
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