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Abstract: This study evaluated the feasibility of producing solid recovered fuel (SRF) from rejected
waste from waste picker cooperatives (WPC). Three scenarios using different SRF and petroleum
coke proportions in cement kilns were assessed. The samples of rejected waste from WPC were
obtained in the city of Florianépolis, Brazil, and their physical and chemical characteristics were
determined. Furthermore, the avoided atmospheric emissions by replacing conventional cement
fuel with SRF and the costs to implement a SRF facility were estimated. According to the results,
60.29% of the waste from WPC could be used for energy recovery. Out of the materials eligible to
produce SREF, 75.26% are made up of plastic packaging and paper. Concerning atmospheric emissions,
replacing petroleum coke with SRF for direct feeding into the clinker kiln contributed to a reduction
of 4.83%, 14.73%, and 13.37% in the atmospheric emissions for Scenario 1, Scenario 2, and Scenario 3,
respectively. Furthermore, considering two hypothetical SRF industrial plants with capacities of 522
and 720 t/day, each ton of SRF produced would cost about USD 6.00, representing a decrease of
35 times in the costs when compared to petroleum coke. Therefore, SRF from the rejected fraction of
WPC could be an alternative waste-to-energy approach.

Keywords: municipal solid waste; biomass; waste picker cooperatives; solid recovered fuel; waste
valorization

1. Introduction

Solid waste management faces a series of challenges such as increased production,
inadequate disposal, lack of infrastructure for recycling, environmental education, and
population engagement in the process. Moreover, it is known that solid waste can pollute
soil, water, and air, and its mismanagement is responsible for approximately 5% of global
greenhouse gas emissions [1]. Globally, due to the linear economic model, about two billion
tons of solid waste are generated annually, and this number is expected to increase by 70%
by 2050 [2]. Nowadays, population and economic growth constitute a major challenge in
implementing strategies for the reduction, recovery, treatment, and disposal of solid waste
worldwide [3].

In Brazil, the National Solid Waste Policy establishes the following order of priority
in solid waste management: non-generation, reduction, reutilization, recycling, treatment
of solid waste, and environmentally appropriate final disposal of the rejected fraction [4].
However, given the inefficiency of the services to effectively attain these goals, most of the
waste is conveyed to dumps or landfills. Landfills, although considered a safe technique
for the final disposal of solid waste, significantly increase pollution vectors such as leachate
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and gases, which require suitable methods of control and treatment [5]. In cities with a
developed waste management system, selective collection is carried out, which separates
recyclable materials to reintroduce them into the production cycle [6]. Selective collection
is one of the stages of a broad integrated solid waste management system, contributing
to reducing the environmental impacts and giving the correct destination to materials
with the potential for further valorization [7]. In Brazil, selective collection has been
developed by municipal authorities or by associations and cooperatives of waste pickers of
recyclable materials. The materials regularly collected are paper, cardboard, plastic, glass,
and metal [8]. Indeed, the implementation of selective collection systems is directly related
to the work developed by waste picker cooperatives (WPC); about 55% of the material
collected by the door-to-door system is sent to these places [9]. The process carried out by
the WPC presents some flaws, such as incorrect household separation and the existence
of materials for which any recycling technology is available in the country, characterizing
these materials as waste.

One method for solid waste management is the utilization of materials with high
calorific value as an alternative fuel, which agrees with the circular economy concept [10].
Energy recovery is a sustainable way of exploiting the energetic potential of solid waste that
would otherwise be disposed of in landfills, causing long-term pollution [11]. Moreover,
alternative fuels are generally cheaper than conventional fuels because most of them come
from wastes that only present processing and logistical costs [12].

Among the existing alternative fuels, one can cite solid recovered fuel (SRF), which
consists of municipal solid waste (MSW) with or without the incorporation of other solid
waste (e.g., agricultural and non-hazardous waste) used in energy-recovery processes [13].
The production of SRF requires the elimination of the non-combustible fraction, the re-
duction in the particle size and moisture content, the homogenization of waste, and in
some cases, its transformation into pellets or briquettes [14]. Thus, the SRF can be used in
different locations such as industrial boilers, clinker production furnaces, and gasification
and pyrolysis reactors [15].

In cement industries, fossil fuels (e.g., petroleum coke) are used in the kilns and in the
preheater system to produce the high temperatures necessary to form clinker [11]. These
fuels emit carbon dioxide (CO;) and other gases, such as sulfur dioxide and nitrogen oxide,
in addition to generating a dependence on non-renewable resources. Thus, greenhouse gas
emissions can be reduced by replacing fossil fuels with alternative fuels, such as SRF, thus
reducing the use of natural resources [16,17]. In addition to replacing the energy source, the
use of SRF in the cement industry enables adequate waste treatment, since the ash generated
in the process can be incorporated into the clinker [11]. Therefore, SRF production has
become attractive due to two main factors: the production of relatively cheap and readily
available fuels, and treating large amounts of accumulated waste [18,19]. Moreover, SRF
has become important to the global energy transition, mainly due to the goals assumed
by countries in the Paris Agreement to reduce CO, emissions. For instance, using SRF
gasification can reduce the environmental impact of MSW landfills and the reliance on
natural gas in electricity generation [20]. Incineration plants as well as industrial co-
incineration plants have exploited the potential of SRF to fulfill their own heat/electricity
demand or somewhere else, which can also benefit economically from placing electricity
in the national grid [21]. Accordingly, SRF could be part of the energy source in the
cement industries.

Regarding the ideal composition of SRF, it should contain materials with high calorific
value, presenting high amounts of plastics, paper, cardboard, polymeric packaging, textiles,
and wood. These materials are made of biogenic compounds that increase the calorific
value of the fuel while contributing to the reduction in CO, emissions [16]. However, given
the variability of the MSW characteristics among different cultures, it is mandatory to verify
the potential of producing SRF in each country. In Brazil, SRF is a promising sector that
is expected to grow due to the edition of the standard ABNT-NBR 16849 /2020 from the
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Brazilian Association of Technical Norms, which deals with the requirements for using
MSW for energy purposes [13].

Therefore, this work aimed (i) to analyze the chemical characteristics of waste from
WPC in the city of Floriandpolis, Brazil, to evaluate the potential of these materials as SRF;
(ii) to report the avoided atmospheric emissions by using SRF instead of petroleum coke
in clinker production kilns for three scenarios using different proportions of these fuels;
(iii) to estimate the costs of implementing an SRF plant.

2. Materials and Methods
2.1. Sample Collection

The study was carried out in Floriandpolis, Santa Catarina, Brazil. The samples were
obtained from the rejected fraction produced by three WPC, named herein as A, B, and
C, which were responsible for receiving almost 72% of the total recyclable waste collected
in Florianopolis in 2020. For sampling, bags with approximately 50 kg were overturned
onto the local floor and divided three times by quartering until a sample of 10 kg was
obtained. After sample quartering, the gravimetric and granulometric characterization of
each sample (A, B, and C) were determined before chemical analyses.

2.2. Sampling Procedures: Granulometry, Gravimetry, and Physicochemical Analyses

The waste was evaluated according to the methodology for the solid waste analysis
of the European Commission (SWA-Tool, 2004). The number of samples needed was
first determined to perform the analyses. Considering that the waste heterogeneity in
Florianopolis was unknown, five random samplings were carried out in the largest WPC
to define the number of samples. A coefficient of variation of 25% and a confidence level
of 95% was considered, resulting in 24 samples from each WPC for the reliability of the
results obtained.

Given that each analyzed site has a large amount of rejected fraction generated (about
20% of the total amount of recyclable waste arriving at the cooperative), 10 kg was collected
from each WPC to carry out the gravimetric composition. The samples were obtained by
quartering following the standard procedure from the Brazilian Association of Technical
Norms (ABNT-NBR 10004 /2004), which describes the classification of solid waste [22].

The rejected fraction from the WPC was separated into ten categories to identify its
composition and relate it to the calorific value obtained. These were defined based on a
visual analysis of the rejected fraction in the WPC, as listed below:

(a) Metallic packaging (e.g., snacks packaging);

(b) Food product packaging 1 (polypropylene (PP) packaging, e.g., pasta and chocolate
packaging);

(¢) Food product packaging 2 (polyethylene terephthalate (PET) packing, e.g., cake
packaging);

(d) Two different materials (packaging made of paper and plastic together);

(e) Styrofoam;

(f) Clothes and shoes;

(g) Organics;

(h) Colored PET packaging;

(i) Paper;

() Glass and debris.

It is important to mention that although the organic, clothes and shoes, and glass and
debris categories form part of the waste from the WPC, they were not included in the final
gravimetric composition to produce SRE. The organics would lead to a significant increase
in humidity, in addition to degrading and attracting vectors. Additionally, the clothes and
shoes presented high humidity, so their utilization was also avoided. Regarding glasses,
they are inert materials.

The granulometry of the samples was measured in a range from 50 to 450 mm in
intervals of 50 mm, and a portion of each sample (about 100 g) was segregated to determine
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the chemical characteristics. The following parameters were determined: lower calorific
value and the content of moisture, ash, chlorine, zinc, mercury, and copper. This experiment
followed the procedures presented by the standard NBR 16.849 /2020 from the Brazilian
Association of Technical Norms [13].

The gravimetric fractions were reduced to pieces of about 2 mm to determine the
moisture and ash contents. The analysis was carried out in a muffle furnace. For the other
analyses, the samples were ground twice in a micro knife mill (Marconi, model MA048)
in a stainless-steel screen with a 0.075 mm opening. To determine the calorific value, the
crushed samples were pressed to form pellets, aiming to provide greater stability of the
material inserted in the calorimetric bomb (PARR, model 6200). The chlorine content was
determined using Dionex ICS 5000 equipment. The contents of copper and zinc were
quantified using an atomic absorption spectrometer (VARIAN Spectra 250), whereas the
mercury content was determined with a Mercur Duo Atomic Fluorescence Spectrometer
(Analityk Jena, Model Mercur DUO). For copper and zinc, 100 mg of the sample was
digested with 10 mL of HySOy for 20 min, neutralized with 2 mL of NaOH and 10 mL
of distilled water, filtered, and the volume made up to 50 mL with distilled water before
analysis in the atomic absorption spectrometer. For mercury, 200 mg of the sample was
digested with 5 mL of HNO; for 30 min at room temperature. Then, 5 mL of distilled
water was added, and the mixture was placed in an ultrasound (50 W and 55 Hz) for 5 min.
Following this, it was centrifuged at 3500 rpm for 3 min, and after dilution and stabilization
with KMnO, and NH,OH, the mercury content was analyzed. The statistical treatment of
the results was carried out using the Statistica® software, version 8.0.

2.3. Avoided Emissions

The avoided emissions were calculated considering the utilization of SRF in clinker
kilns in three scenarios: Scenario 1 used 15% SRF and 85% petroleum coke; Scenario 2 used
35% SRF and 65% petroleum coke; and Scenario 3 used 55% SRF and 45% petroleum coke.
The theoretical emissions of atmospheric pollutants were calculated based on the emission
factors for CO,, CHy, and N,O contained in the GHG Protocol Tool (version 2020.1.2)
adapted to the Brazilian context by the Sao Paulo School of Business Administration of
the Getulio Vargas Foundation (FGV-EAESP). The Brazilian GHG Protocol Program was
created in 2008 to provide a set of calculation tools to estimate greenhouse gas (GHG)
emissions in Brazil [23].

For coke, the emission factors of CO,, CH,, and N,O were 3425.96, 0.105, and
0.021 kg/t, respectively. For MSW, the emission factors of CO,, CH4, and N»,O were
917.00, 0.348, and 0.0464 kg /t, respectively [24]. The estimate of atmospheric emissions was
obtained by multiplying the emission factors by the amount of waste or petroleum coke
used in cement kilns. Once calculated, the theoretical emissions were compared among the
three scenarios (Scenario 1, Scenario 2, and Scenario 3).

2.4. Economic Evaluation

As SRF is a new technology in Brazil, the available data on the costs of setting up an
industrial plant are scarce. Thus, the economic analysis was based on the study developed
in the metropolitan region of Curitiba (South of Brazil) carried out by [25] to estimate the
costs to construct an SRF plant. That study presents detailed values of the operation and
maintenance of a mechanical treatment unit.

To determine the economic value of the SRF, the annualized equivalent investment
cost of the following items was considered: mechanical treatment unit, overhead crane,
transshipment station, digital road scale with a platform of 9 m x 3 m, land for installation,
infrastructure works, environmental compensation, administrative support area, shed of
the mechanical treatment unit, permanent stock of imported spare parts, and transshipment
shed. The annual equivalent cost (AEC) was calculated using Equation (1), for which the
capital recovery factor (CRF) was calculated using Equation (2) [26]. The cost of the SRF
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is defined by the sum of the AEC of each item divided by the annual production of SRF,

according to Equation (3).
IC-OM

1
100 M
where AEC, IC, CRF, and OM are annual equivalent costs, investment cost (USD), capital
recovery factor, and operation and maintenance fee (%), respectively.

AEC = IC.CRF +

CRF:A———E——tf 2)
1- (144"

where d and # are the discount rate or attractiveness rate (herein considered as 0.123) and
time of project life (years), respectively.

Y AEC

SRFcost = APSRE

®)

where AEC and APSRF are the annual equivalent costs (R$/year) and annual production
of SRF (tons), respectively.

3. Results
3.1. Granulometric Composition

From the granulometric analysis of all WPC (A, B, and C), the most representative
fractions were in the ranges of 200, 250, and 300 mm, equivalent to approximately 58%
of all waste. When adding the fractions of 150 and 350 mm, the total amount of waste
was approximately 75% (Figure 1). The mean granulometry was 247.87 & 163.93 mm,
presenting a great variability and indicating the need for a pretreatment (e.g., shredding) to
reduce the waste granulometry.
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Figure 1. Granulometric composition of the rejected fraction.

3.2. Gravimetric Composition

During the sampling period, materials from different selective collection routes dis-
tributed throughout the city were analyzed, representing 84.61% of all the recyclable waste
collected and destined for the WPCs. By collecting 72 samples (24 from each WPC), it was
possible to estimate the gravimetric composition of the waste from the selective collection,
as shown in Figure 2.
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Figure 2. Gravimetric composition of the waste collected by the waste picker cooperatives (WPC)
of Florianépolis.

Considering only the combustible fractions—metallic packaging (e.g., snack packag-
ing), food product packaging 1 (polypropylene (PP) packaging, e.g., pasta and chocolate
packaging), food product packaging 2 (polyethylene terephthalate (PET) packing, e.g., cake
packaging), packaging made of paper and plastic together, Styrofoam, colored PET packag-
ing, paper—of the gravimetric composition and the average of the gravimetric compositions
of all analyzed samples, 60.29% of the waste from the WPC in Florianépolis could be sent to
the production of SRF. The generation of recyclable waste and its gravimetric composition
are influenced by several factors, such as physical, geographic, sociocultural, and political.
In this way, selective collection systems are responsible for providing satisfactory levels of
MSW recovery, and the systems implemented can be organized in different ways in each
country or the same country, as is the case of Brazil [27]. As presented in Table 1, between
2017 and 2020, according to the private data from the company responsible for collecting
the solid waste in Floriandpolis, the average of the rejected fraction from all WPC was
20.45%. This indicates that about 2,265,000 kg of waste is sent to landfill every year, wasting
resources that could be reintegrated through energy recovery.

Table 1. Evolution of the amount of recyclable waste and the rejected fraction in Florianépolis.

Year Recyclable Waste (kg)  Rejected Fraction (kg) Rejected Fraction (%)
2017 9840.650 2029.016 20.62
2018 10,340.826 2169.382 20.98
2019 12,775.690 2515.430 19.69
2020 11,436.700 2346.584 20.52

Source: The data were obtained from the company responsible for collecting the solid waste in Florianépolis
(Companhia de Melhoramentos da Capital —COMCAP) by request.

Since 60.29% of the materials can become SRF, the WPC of Florianépolis have a
monthly capacity to supply 117,896 kg of waste to produce high-quality SRF. By excluding
the organic, clothes and shoes, and glass and debris categories, we obtained the gravimetric
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composition of only the fraction of waste that would be sent directly to SRF production.
According to Figure 3, “Food product packaging 1” (PP packing) was the predominant
category, indicating the population’s consumption habits and the lack of a market for this
type of packaging, which mainly consists of packaging for sweets, pasta, bread, and other
food products made of PP. “Food product packaging 2” was the second most predominant.
There was a consensus among all WPC that the composition of the samples was dominated
by the “Food product packaging 1”, “Food product packaging 2”, and “paper” categories.
Altogether, these categories represented an average of 70% and the analyzed samples had
in their composition about 75.16% of plastics of different types.

Food product

Two different

PET
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31.23% 20.73% 4.95% 12.309 5.23 17.87%
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27.39% 23.16% 6.74% 9.579 6.26% 16.32%

Figure 3. Gravimetric composition of the fuel fraction of the waste collected by the waste picker
cooperatives (WPC) of Floriandpolis.

Even considering all efforts to reduce, reuse, and recycle, there are still fractions that
are unsuitable for reutilization, mainly due to economic reasons. Therefore, energy recovery
represents an alternative to these fractions when compared to landfills [28]. It is important
to highlight that the adoption of waste-to-energy alternatives cannot be treated as the
primary solution to solid waste management problems in Brazilian cities. The adoption of
a complete system comprising other alternatives is required before sending the waste for
energetic recovery approaches such as SRF production.

On the other hand, in a waste-to-energy scenario, SRF could be used as an alternative
fuel in the cement industry. This approach not only saves primary sources of energy but
also promotes waste utilization, diverting these materials from landfill disposal [29].

3.3. Chemical Characterization of the Proposed SRF

For the chemical characterization of the proposed SREF, the ash, moisture, chlorine,
zing, copper, and mercury contents were determined. Table 2 presents the results.
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Table 2. Chemical characterization of the proposed SRF from three waste picker cooperatives (WPC).

Waste Picker Cooperative

Parameter
A B C
Ash (%) 3.81 3.79 4.35
Moisture (%) 1.89 4.48 3.25
Chlorine (%) 1.81 244 1.86
Zinc (mg/kg) 67.90 66.63 62.71
Copper (mg/kg) - 17.00 -
Mercury (mg/kg) 0.383 0.069 0.152

The ash content indicates the amount of unburned product. In the case of incineration
plants, this information is essential to properly manage the ashes [14]. From an environ-
mental perspective, high ash contents can contribute to particulate emissions, whereas from
an economic perspective, they can represent additional costs for their disposal. Further-
more, from a social and health perspective, the particulates emitted can cause respiratory
problems [30]. The results obtained for the SRF from the WPC were like other studies; one
of them identified an ash content of 7.7% [19], while another reported 10.9% [31].

The moisture content of any solid waste intended to produce SRF is one of the most
significant properties because of its direct influence on the calorific value. It also indicates
the need for additional treatments for the waste. In a study developed in the southern region
of Italy, the moisture content of the produced SRF reached an average value of 29.2% [32],
while in the study developed in the province of Castellon, Spain, the moisture content was
34.46% [14]. Another work identified an average moisture content of 20% from selective
collection waste using containers in central Portugal [16]. As in Florianépolis, and in Brazil
in general, the recyclable waste recovery system is different from that in other countries, so
no similar studies were identified for a direct comparison of the results obtained.

For clinker production, CI represents the main technical parameter for the use of
SRF since Cl weakens clinker and increases the risk of steel corrosion, in addition to
the formation of acid gases and polychlorinated dibenzodioxins [29]. Commonly, the CI
content in MSW mainly comes from plastics (8.25% in dry matter), composites (2.55% in dry
matter), fuels (1.25% in dry matter), and food waste (1.17% in dry matter) [33]. The Brazilian
reference to limit pollutant emissions from solid waste processing for energy purposes
(Urban waste for energy recovery—Requirements) is norm number 16,849/2020, which
states that the CI value cannot exceed 3.0% [13]. According to Table 2, the average Cl results
were within the acceptable limits by that standard. The study of Shumal et al. identified CI
contents ranging between 0.03% and 0.43% [10]. In another work, Gallardo et al. presented
Cl contents of 0.34% for dry samples of SRF [14]. Bessi et al. reported average Cl levels
of 0.30% for SRF produced from waste from a door-to-door collection system in Italy [34].
Bras et al. showed values of 0.49% for SRF from mechanical biological treatment waste and
0.22% for selective collection samples [16]. Therefore, it was observed that the CI value
obtained herein was superior to those mentioned, which indicates differences in terms of
the solid waste management and composition between countries.

Regarding Zn, it can come from glasses and plastics, with the lowest concentration
found in glasses (55 mg/kg) and the highest concentration in plastics (259 mg/kg) [35]. In
another study, a Zn content of 882 + 126 mg/kg of dry matter was identified [36]. Zhao
et al. showed a Zn content of 18 mg/kg in SRF produced in Singapore [3]. The general
average of Zn contents in the present study was 65.75 & 26.16 mg/kg, which is lower and
higher than the values obtained by [36] and [3], respectively. This difference is due to the
differences between countries.

Cu, along with other heavy metals (e.g., Cr, Hg, and Pb), is considered toxic due to its
non-biodegradability and bioaccumulation in organisms [37]. In WPC B, the Cu content
was not detected in only two samples. In the samples collected at WPC C, the Cu levels were
not detected as well as in 18 of the 24 samples from WPC A. However, in the six samples in
which Cu was detected in WPC A, the maximum and minimum values were 13.50 mg/kg
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and 0.5 mg/kg, respectively, with an average value of 5.33 mg/kg in the samples in which
Cu was identified. At WPC B, the maximum value identified was 31.00 mg/kg and the
minimum value was 1.50 mg/kg, with an average value of 17 mg/kg (Table 2). Shumal
et al. identified an average Cu content of 482.49 £ 640.57 mg/kg [10], while Gallardo
et al. reported 108.92 £ 45.21 mg/kg [14]. In a study with several components of MSW
from Singapore, a Cu content of 23 mg/kg was reported [3]. Another work analyzing the
SRF used in a fluidized bed incinerator from household waste, commercial waste, bulky
waste, and construction site waste reported a Cu content of 892 + 230 mg/kg on a dry
basis [36]. Therefore, comparing the data obtained herein with the literature, the maximum
value identified in the samples (31.00 mg/kg) was lower than that presented in most of the
studies analyzed.

Concerning the Hg content, the Brazilian norm number 16,849/2020 (Urban waste
for energy recovery—Requirements) requires its determination when characterizing waste
intended for energy recovery purposes [13]. The average mercury level in the present
study was 0.20 mg/kg, a lower value than those presented in other studies. For instance,
Gallardo et al. reported mercury levels of 82.66 & 29.97 mg/kg in MSW in the Onda region,
Spain [14], and Nasrullah et al. showed mercury values of 0.20 mg/kg in SRF produced
from MSW [38].

3.4. Environmental Evaluation
3.4.1. Energy Potential of Waste as SRF

The main factor to determine the energy viability of a fuel is its calorific value, which
indicates the amount of energy that can be recovered. Figure 4 shows the average higher
calorific value (HHV) of the WPC analyzed. The values ranged between 7474.41 kcal/kg
and 7636.77 kcal/kg. The highest HHV values were obtained in WPC A, which can be
explained by the greater quantity of plastics in the sample from that particular WPC.
Additionally, according to the correlation between the different categories of waste and
their calorific value, the higher paper content in the sample, the greater the calorific value.

& Cooperative A Cooperative B & Cooperative C

7700.00 7613.59 7636.77
=

7568.50
E= 747715

7500.00 | = | ==

7474.41

7300.00

7100.00

kcal/kg

6900.00

6700.00

e =
Measure 1 (kcal/kg) Measure 2 (kcal/kg)

Figure 4. Average higher calorific value (HHV) of the analyzed samp]es.

The lower calorific value of the samples varied between 5057.20 and 6617.14 kcal /kg.
Gallardo et al. presented a calorific value of 4920.23 kcal/kg from a mechanical biolog-
ical treatment waste plant in Spain [14]. In the study developed in Portugal, a value of
5507.79 kcal/kg was obtained for waste from selective collection [16]. Shumal et al. re-
ported the use of waste from the selective collection as a source of SRF production with a
calorific value of 2904.37 kcal /kg, and the low value was associated with the high ash and
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moisture content of the waste [10]. Therefore, it points to SRF being a promising source of
alternative fuel worldwide.

Regarding the eligibility of MSW to produce SRF, European strategies for solid waste
management are primarily related to (i) reduction of the generation; (ii) separation at the
source of the different fractions that make up MSW; (iii) the recovery and final disposal
of the waste [27]. In Brazil, however, the development of the solid waste sector with the
government still needs to be boosted so that satisfactory levels of solid waste utilization are
reached. This would indeed reduce solid waste disposal in landfills.

3.4.2. Avoided Atmospheric Emissions

The results of the avoided atmospheric emissions are presented in Figure 5, and they
were expressed as CO; equivalent.

Waste Coke

Milliom tons of CO2 equivalent per
year

Scenario 1 Scenario 2 Scenario 3

Figure 5. CO; equivalent emissions of SRF utilized in clinker kilns in different scenarios
(Scenario 1: 15% SRF and 85% petroleum coke; Scenario 2: 35% SRF and 65% petroleum coke;
Scenario 3: 55% SRF and 45% petroleum coke).

Replacing petroleum coke with SRF for direct feeding into the clinker kiln contributed
to a decrease of 4.83%, 14.73%, and 13.37% in atmospheric emissions for Scenario 1,
Scenario 2, and Scenario 3, respectively. This is in line with the provisions from Brazil’s
Cement Technological Roadmap, which suggests a 33% reduction in emissions from the
cement sector as of 2019 [39].

However, emissions may vary depending on the specific characteristics of the SRF
used, the combustion processes, and the emission control technologies employed in the
cement kiln. In general, when replacing fossil fuel with SREF, it is possible to reduce CO,
and other atmospheric emissions such as NOx, SO,, and dust [12].

It is worth mentioning the need for constant observation of the procedures to control
pollutant emissions, in addition to an environmental licensing process that establishes
appropriate conditions to prevent atmospheric emissions when using SRE. MSW can only
be subjected to energy recovery units that have a plan for monitoring the atmospheric
emissions of pollutants. In Brazil, that plan must be presented and approved by a competent
environmental agency to ensure compliance with the legislation [13].

3.5. Economic Evaluation

The costs were estimated considering the value of one ton of petroleum coke in June
2021 (USD 220.00 per ton) and the American dollar exchange rate against the Brazilian
real on 27 June 2021 (USD 4.93). Two scenarios were established to produce SRF: the first
considering 522 tons of waste processed per day (Scenario A), and the second considering
720 tons of waste processed per day (Scenario B). Scenario A concerns 50% of the daily
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waste generation that goes to the landfill for the metropolitan region of Florian6polis, and
Scenario B was established considering the availability of detailed values of the operation
and maintenance of a mechanical treatment unit from a study developed in the metropolitan
region of Curitiba (South of Brazil) [25]. The initial investment value for a mechanical
treatment plant to process 522 tons per day (Scenario A) is USD 6,408,007.88 and the
investment to process 720 tons per day (Scenario B) is USD 8,838,631.58. Table 3 presents
the cost of each unit for Scenario A and Scenario B, where Scenario A corresponds to 72.5%
of the values of Scenario B.

Table 3. The installation costs of Scenarios A and B.

USD USD

Unity Scenario A (522 t/day)  Scenario B (720 t/day)

Mechanical treatment unit (grinding, rotary screen, air separator, metal

. . . . 4,250,737.06 5,863,085.60

separation, optical sensor, and final grinding)

Overhead crane 434,835.88 599,773.63
Overflow station 388,246.32 535,512.17
Road scale (30 tons) 52,426.47 72,312.37
Implementation lot 441,166.40 608,505.38
Infrastructure works (gate, access, water, sewage, and power connections) 79,577.88 109,762.59
Environmental compensation 116,097.84 160,134.95
Construction of the administrative support area 34,684.74 47,841.02
Design and cgnstructlon of the shed that will house the mechanical 513,573.53 708,377.28
treatment unit

Permanent stock of imported spare parts 23,294.12 32,129.82
Construction of a shed to stock the SRF produced 73,367.64 101,196.75

Source: Intermunicipal consortium for the management of urban solid waste [25].

For Scenario A, considering the sum of all AEC and the APSREF for a plant of 522 tons
per day, it was possible to estimate that the cost per ton of SRF produced would be USD
6.77. For Scenario B, considering the sum of all AEC and the APSRF for a plant of 720 tons
per day, each ton of SRF produced would cost USD 6.14. However, these estimations do
not consider the logistical costs associated with sending the waste to the location of the
plant and sending the produced SRF to the nearest cement plant. Nevertheless, the results
suggest the economic feasibility of producing SREF, since the average value of a ton of
petroleum coke, a fossil fuel widely used in the cement sector, was USD 220.00 as per the
June 2021 values.

It is important to mention that a detailed cost analysis of the SRF production will
require other factors to be analyzed, such as the composition of the waste, the market prices
for petroleum coke, infrastructure for production, and distribution of SRFE. For instance, the
SRF market may become more or less attractive depending on the petroleum coke prices.
Another determining factor for the production and use of SRF is its aforementioned benefits
in terms of reducing atmospheric emissions and saving fossil raw materials.

4. Conclusions

SRF has emerged as a viable alternative for utilization in clinker production kilns,
mainly due to the reduced availability of areas for landfill construction, the possibility of
using materials with energy potential, and the sector’s commitment to reduce atmospheric
emissions. According to the results obtained herein, great heterogeneity of the samples
that compose the rejected fraction from the WPC in Florianépolis was observed. It was
estimated that, after removing the categories that can affect the quality of the SRF (clothes
and shoes, organics, and glass and debris), 60.29% of the rejects from the WPC remained,
representing the possibility of almost 118 tons per month to produce SRF.

One of the main factors cited in all legislation for the use of waste-to-energy purposes
is a lower calorific value. In this study, an average net calorific value of 5429.66 kcal/kg was
obtained, pointing out the attractiveness of the waste blend to produce SRF. In all WPC,
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the analyzed samples were composed of about 75.16% of plastics of different types. This
directly affects the calorific value of the proposed SRF and indicates the rejected fraction
from WPC as a good alternative to produce SRE. Furthermore, regarding chemical analyses,
the proposed SRF has favorable characteristics for its production as it presented low levels
of the parameters analyzed in comparison to other studies with a similar type of waste.
When replacing petroleum coke with SRF for direct feeding into the clinker kiln, a decrease
in the atmospheric emissions for all scenarios considered was achieved. Furthermore,
considering two hypothetical SRF industrial plants with capacities of 522 and 720 t/day,
each ton of SRF produced would cost about USD 6.00.

Accordingly, the results reported in this study suggest the energetic, environmental,
and economic feasibility of using the rejected fraction from the WPC as raw material to
produce SRF. However, it is important to emphasize that the production of SRF from MSW
will require detailed studies to address the specificities of each scenario considered.

Author Contributions: Conceptualization: E.P., W.C.N. and A.B.d.C.J.; Methodology: E.P.,, W.C.N.
and A.B.d.CJ.; Formal Analysis: E.P., W.C.N.,, M.SM., M. A.TR,, M.C. and A.B.d.C.].; Investigation:
E.P,; Resources: A.B.d.CJ.; Data Curation: E.P., W.C.N., M.S.M., M. A.T.R.,, M.C. and A.B.d.C.J.;
Writing—Original Draft Preparation: E.P. and M.C.; Writing—Review & Editing: E.P., W.C.N.,, M.S.M.,
M.A.T.R.,, M.C. and A.B.d.C.J.; Visualization: E.P. and M.C.; Supervision: W.C.N. and A.B.d.C].;
Project Administration: A.B.d.C.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was financed in part by the Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior-Brasil (CAPES)-Finance Code 001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors thank the Brazilian foundation Coordenagao de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES) for funding this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rutkowski, J.E. Inclusive packaging recycling systems: Improving sustainable waste management for a circular economy. Detritus
2020, 13, 29-46. [CrossRef]

2. Kaza,S; Yao, L.C.; Bhada-Tata, P.; Van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050; Urban
Development Series; World Bank: Washington, DC, USA, 2018.

3. Zhao, L.; Giannis, A.; Lam, W.-Y,; Lin, S.-X,; Yin, K,; Yuan, G.-A.; Wang, J.-Y. Characterization of Singapore RDF resources and
analysis of their heating value. Sustain. Environ. Res. 2016, 26, 51-54. [CrossRef]

4.  Brazil: Lei No 12.305, de 2 de Agosto de 2010. Available online: https://www.planalto.gov.br/ccivil_03/_ato2007-2010/2010/lei/
112305.htm (accessed on 11 May 2020).

5. Fricke, K,; Pereira, C.; Leite, A.; Bagnati, M. Gestao Sustentavel de Residuos Sélidos Urbanos—Transferéncia de Experiéncia
Entre a Alemanha e o Brasil. 2015, 389p. Available online: https://www.gov.br/mdr/pt-br/assuntos/saneamento/protegeer/
biblioteca/TUBS2015GestosustentveldeRSU_Part2.pdf (accessed on 15 January 2020).

6. Jardim, A.; Yoshida, C.; Machado Filho, J.V. Politica Nacional, Gestao e Gerenciamento de Residuos Solidos. Manole Ltda. 2012,
732p. Available online: https://edisciplinas.usp.br/pluginfile.php /340224 /mod_resource/content/1/Juras- Araujo%2C%20
Responsabilidade%20compartilhada.pdf (accessed on 25 March 2020).

7. Barros, RM.; Filho, G.L.T.; Moura, ].S.; Pieroni, M.E; Vieira, EC.; Lage, L.R.; Mohr, G.S.; Bastos, A.S. Design and implementation
study of a Permanent Selective Collection Program (PSCP) on a University campus in Brazil. Resour. Conserv. Recycl. 2013,
80, 97-106. [CrossRef]

8. Campos, H.K.T. Recycling in Brazil: Challenges and prospects. Resour. Conserv. Recycl. 2014, 85, 130-138. [CrossRef]

9.  Conke, L.S.; Nascimento, E.P.D. A coleta seletiva nas pesquisas brasileiras: Uma avaliagdo metodoldgica. Rev. Bras. Gestio Urbana
2018, 10, 199-212. [CrossRef]

10. Shumal, M.; Jahromi, A.R.T.; Ferdowsi, A.; Dehkordi, SM.M.N.; Moloudian, A.; Dehnavi, A. Comprehensive analysis of

municipal solid waste rejected fractions as a source of Refused Derived Fuel in developing countries (case study of Isfahan-Iran):
Environmental Impact and sustainable development. Renew. Energy 2020, 146, 404—413. [CrossRef]


https://doi.org/10.31025/2611-4135/2020.14037
https://doi.org/10.1016/j.serj.2015.09.003
https://www.planalto.gov.br/ccivil_03/_ato2007-2010/2010/lei/l12305.htm
https://www.planalto.gov.br/ccivil_03/_ato2007-2010/2010/lei/l12305.htm
https://www.gov.br/mdr/pt-br/assuntos/saneamento/protegeer/biblioteca/TUBS2015GestosustentveldeRSU_Part2.pdf
https://www.gov.br/mdr/pt-br/assuntos/saneamento/protegeer/biblioteca/TUBS2015GestosustentveldeRSU_Part2.pdf
https://edisciplinas.usp.br/pluginfile.php/340224/mod_resource/content/1/Juras-Araujo%2C%20Responsabilidade%20compartilhada.pdf
https://edisciplinas.usp.br/pluginfile.php/340224/mod_resource/content/1/Juras-Araujo%2C%20Responsabilidade%20compartilhada.pdf
https://doi.org/10.1016/j.resconrec.2013.09.005
https://doi.org/10.1016/j.resconrec.2013.10.017
https://doi.org/10.1590/2175-3369.010.001.ao14
https://doi.org/10.1016/j.renene.2019.06.173

Biomass 2023, 3 250

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Uson, A.A.; Lopez-Sabirén, A.M.; Ferreira, G.; Sastresa, E.L. Uses of alternative fuels and raw materials in the cement industry as
sustainable waste management options. Renew. Sustain. Energy Rev. 2013, 23, 242-260. [CrossRef]

Rahman, A.; Rasul, M.; Khan, M.; Sharma, S. Impact of Alternative Fuels on the Cement Manufacturing Plant Performance: An
Overview. Procedia Eng. 2013, 56, 393—400. [CrossRef]

Brazilian National Standards Organization: ABNT NBR 16849—Residuos Sélidos Urbanos Para Fins Energéticos—Requisitos
(Urban Waste for Energy Recovery—Requirements). 2020, 30p. Available online: https://www.abntcatalogo.com.br/pnm.aspx?
Q=d3kyZz]DATZUMUVVTKIKZHRpTTd5VjdSOXBKczRET01DaFdISVRqeWtJRT0= (accessed on 11 May 2020).

Gallardo, A.; Carlos, M.; Bovea, M.; Colomer, EJ.; Albarran, F. Analysis of refuse-derived fuel from the municipal solid waste
reject fraction and its compliance with quality standards. J. Clean. Prod. 2014, 83, 118-125. [CrossRef]

Sdo Paulo: Resolugdo Sima No 47, de 06 de Agosto de 2020; Secretaria de Estado de Infraestrutura e Meio Ambiente: Sao Paulo, Brazil,
2020.

Bras, I; Silva, M.E.; Lobo, G.; Cordeiro, A.; Faria, M.; de Lemos, L.T. Refuse Derived Fuel from Municipal Solid Waste rejected
fractions—A Case Study. Energy Procedia 2017, 120, 349-356. [CrossRef]

Reza, B.; Soltani, A.; Ruparathna, R.; Sadiq, R.; Hewage, K. Environmental and economic aspects of production and utilization of
RDF as alternative fuel in cement plants: A case study of Metro Vancouver Waste Management. Resour. Conserv. Recycl. 2013,
81, 105-114. [CrossRef]

Valiullin, T.R.; Egorov, R.I; Strizhak, P.A. Combustion of the waste-derived fuel compositions metallized by aluminium powder.
Combust. Flame 2017, 182, 14-19. [CrossRef]

Kara, M. Environmental and economic advantages associated with the use of RDF in cement kilns. Resour. Conserv. Recycl. 2012,
68, 21-28. [CrossRef]

Al-Moftah, A M.S.H.; Marsh, R;; Steer, ]. Life Cycle Assessment of Solid Recovered Fuel Gasification in the State of Qatar.
Chemengineering 2021, 5, 81. [CrossRef]

Martignon, G. Trends in Use of Solid Recovered Fuels. IEA Bioenergy—Summary Series—Task 36 (Report). 2020, 79p. Available
online: https:/ /www.ieabioenergy.com/wp-content/uploads/2020/05/ Trends-in-use-of-solid-recovered-fuels-Main-Report-
Task36.pdf (accessed on 5 January 2021).

Brazilian National Standards Organization: Residuos Sélidos—Classificacao (Solid waste—Classification). 2004, 77p. Available
online: https:/ /www.abntcatalogo.com.br/pnm.aspx?Q=TO0p]NTgyRndVYVZNQ1ovVIRiQUIQS3Imek5uampPeHY= (accessed
on 11 May 2020).

Brazilian GHG Protocol Program | FGV EAESP. Available online: https://eaesp.fgv.br/en/study-centers/center-sustainability-
studies/projects/brazilian-ghg-protocol-program (accessed on 1 April 2021).

FGV-EAESP: Programa Brasileiro GHG Protocol | FGV EAESP. Available online: https:/ /eaesp.fgv.br/centros/centro-estudos-
sustentabilidade/projetos/programa-brasileiro-ghg-protocol (accessed on 1 April 2021).

Curitiba: Sistema Integrado e Descentralizado de Tratamento de Residuos e Disposicido Final de Rejeitos dos Municipios que Integram
o Consorcio Intermunicipal para Gestio dos Residuos Solidos Urbanos (CONRESOL); Estudo de Viabilidade Técnica e Econémico-
Financeira (EVTE): Curitiba, Brazil, 2020.

de Souza, S.N.M.; Pereira, W.C.; Nogueira, C.E.C.; Pavan, A.A.; Sordi, A. Custo da eletricidade gerada em conjunto motor gerador
utilizando biogds da suinocultura. Acta Sci. Technol. 2004, 26, 127-133. [CrossRef]

Gallardo, A.; Carlos, M.; Colomer, EJ.; Edo-Alcén, N. Analysis of the waste selective collection at drop-off systems: Case study
including the income level and the seasonal variation. Waste Manag. Res. ]. Sustain. Circ. Econ. 2018, 36, 30-38. [CrossRef]
[PubMed]

Strazza, C.; Del Borghi, A.; Gallo, M.; Del Borghi, M. Resource productivity enhancement as means for promoting cleaner
production: Analysis of co-incineration in cement plants through a life cycle approach. J. Clean. Prod. 2011, 19, 1615-1621.
[CrossRef]

Chatziaras, N.; Psomopoulos, C.S.; Themelis, N.J. Use of waste derived fuels in cement industry: A review. Manag. Environ. Qual.
Int. J. 2016, 27, 178-193. [CrossRef]

Tacovidou, E.; Hahladakis, J.; Deans, L; Velis, C.; Purnell, P. Technical properties of biomass and solid recovered fuel (SRF) co-fired
with coal: Impact on multi-dimensional resource recovery value. Waste Manag. 2018, 73, 535-545. [CrossRef]

Rahman, A.; Rasul, M.; Khan, M.; Sharma, S. Recent development on the uses of alternative fuels in cement manufacturing
process. Fuel 2015, 145, 84-99. [CrossRef]

Ranieri, E.; Ionescu, G.; Fedele, A.; Palmieri, E.; Ranieri, A.C.; Campanaro, V. Sampling, characterisation and processing of solid
recovered fuel production from municipal solid waste: An Italian plant case study. Waste Manag. Res. ]. Sustain. Circ. Econ. 2017,
35, 890-898. [CrossRef] [PubMed]

Viczek, S.A.; Aldrian, A.; Pomberger, R.; Sarc, R. Origins and carriers of Sb, As, Cd, Cl, Cr, Co, Pb, Hg, and Ni in mixed solid
waste—A literature-based evaluation. Waste Manag. 2020, 103, 87-112. [CrossRef] [PubMed]

Bessi, C.; Lombardi, L.; Meoni, R.; Canovai, A.; Corti, A. Solid recovered fuel: An experiment on classification and potential
applications. Waste Manag. 2016, 47, 184-194. [CrossRef] [PubMed]

Gotze, R.; Boldrin, A.; Scheutz, C.; Astrup, T.F. Physico-chemical characterisation of material fractions in household waste:
Overview of data in literature. Waste Manag. 2016, 49, 3—-14. [CrossRef] [PubMed]


https://doi.org/10.1016/j.rser.2013.02.024
https://doi.org/10.1016/j.proeng.2013.03.138
https://www.abntcatalogo.com.br/pnm.aspx?Q=d3kyZzJDdTZUMUVVTklKZHRpTTd5VjdSOXBKczRET01DaFdISVRqeWtJRT0=
https://www.abntcatalogo.com.br/pnm.aspx?Q=d3kyZzJDdTZUMUVVTklKZHRpTTd5VjdSOXBKczRET01DaFdISVRqeWtJRT0=
https://doi.org/10.1016/j.jclepro.2014.07.085
https://doi.org/10.1016/j.egypro.2017.07.227
https://doi.org/10.1016/j.resconrec.2013.10.009
https://doi.org/10.1016/j.combustflame.2017.04.009
https://doi.org/10.1016/j.resconrec.2012.06.011
https://doi.org/10.3390/chemengineering5040081
https://www.ieabioenergy.com/wp-content/uploads/2020/05/Trends-in-use-of-solid-recovered-fuels-Main-Report-Task36.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/05/Trends-in-use-of-solid-recovered-fuels-Main-Report-Task36.pdf
https://www.abntcatalogo.com.br/pnm.aspx?Q=T0pJNTgyRndVYVZNQ1ovVlRiQUlQS3lmek5uampPeHY=
https://eaesp.fgv.br/en/study-centers/center-sustainability-studies/projects/brazilian-ghg-protocol-program
https://eaesp.fgv.br/en/study-centers/center-sustainability-studies/projects/brazilian-ghg-protocol-program
https://eaesp.fgv.br/centros/centro-estudos-sustentabilidade/projetos/programa-brasileiro-ghg-protocol
https://eaesp.fgv.br/centros/centro-estudos-sustentabilidade/projetos/programa-brasileiro-ghg-protocol
https://doi.org/10.4025/actascitechnol.v26i2.1510
https://doi.org/10.1177/0734242X17733539
https://www.ncbi.nlm.nih.gov/pubmed/29076776
https://doi.org/10.1016/j.jclepro.2011.05.014
https://doi.org/10.1108/MEQ-01-2015-0012
https://doi.org/10.1016/j.wasman.2017.07.001
https://doi.org/10.1016/j.fuel.2014.12.029
https://doi.org/10.1177/0734242X17716276
https://www.ncbi.nlm.nih.gov/pubmed/28703076
https://doi.org/10.1016/j.wasman.2019.12.009
https://www.ncbi.nlm.nih.gov/pubmed/31881527
https://doi.org/10.1016/j.wasman.2015.08.012
https://www.ncbi.nlm.nih.gov/pubmed/26298482
https://doi.org/10.1016/j.wasman.2016.01.008
https://www.ncbi.nlm.nih.gov/pubmed/26792628

Biomass 2023, 3 251

36. Sarc, R.; Lorber, K.E. Production, quality and quality assurance of Refuse Derived Fuels (RDFs). Waste Manag. 2013, 33, 1825-1834.
[CrossRef] [PubMed]

37. Labidi, A.; Salaberria, A.M.; Fernandes, S.C.; Labidj, J.; Abderrabba, M. Adsorption of copper on chitin-based materials: Kinetic
and thermodynamic studies. J. Taiwan Inst. Chem. Eng. 2016, 65, 140-148. [CrossRef]

38. Nasrullah, M.; Hurme, M.; Oinas, P; Hannula, J.; Vainikka, P. Influence of input waste feedstock on solid recovered fuel
production in a mechanical treatment plant. Fuel Process. Technol. 2017, 163, 35-44. [CrossRef]

39. Visedo, G.; Pecchio, M. ROADMAP Tecnolégico do Cimento: Potencial de Redugao das Emissoes de Carbono da Industria
do Cimento Brasileira Até 2050. 2019, 64p. Available online: https://coprocessamento.org.br/wp-content/uploads/2019/11/
Roadmap_Tecnologico_Cimento_Brasil_Book-1.pdf (accessed on 1 April 2021).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.wasman.2013.05.004
https://www.ncbi.nlm.nih.gov/pubmed/23746983
https://doi.org/10.1016/j.jtice.2016.04.030
https://doi.org/10.1016/j.fuproc.2017.03.034
https://coprocessamento.org.br/wp-content/uploads/2019/11/Roadmap_Tecnologico_Cimento_Brasil_Book-1.pdf
https://coprocessamento.org.br/wp-content/uploads/2019/11/Roadmap_Tecnologico_Cimento_Brasil_Book-1.pdf

	Introduction 
	Materials and Methods 
	Sample Collection 
	Sampling Procedures: Granulometry, Gravimetry, and Physicochemical Analyses 
	Avoided Emissions 
	Economic Evaluation 

	Results 
	Granulometric Composition 
	Gravimetric Composition 
	Chemical Characterization of the Proposed SRF 
	Environmental Evaluation 
	Energy Potential of Waste as SRF 
	Avoided Atmospheric Emissions 

	Economic Evaluation 

	Conclusions 
	References

