<@ sustainability

Article

Analysing the Sustainability of the Production of Solid
Recovered Fuel from Screening Waste

Juan Jestis De la Torre Bayo !, Montserrat Zamorano Toro
and Jaime Martin Pascual 1+*

check for
updates

Citation: De la Torre Bayo, J.].;
Zamorano Toro, M.; Ruiz, L.M.;
Torres Rojo, ].C.; Martin Pascual, J.
Analysing the Sustainability of the
Production of Solid Recovered Fuel
from Screening Waste. Sustainability
2023, 15,13841. https://doi.org/
10.3390/5u151813841

Academic Editors: Wu-Jang Huang

and Luca Di Palma

Received: 16 August 2023
Revised: 29 August 2023
Accepted: 5 September 2023
Published: 18 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

10, Luz Marina Ruiz !, Juan Carlos Torres Rojo 2

Department of Civil Engineering, University of Granada, 18071 Granada, Spain;
juanjebdm@ugr.es (J.J.D.1.T.B.); zamorano@ugr.es (M.Z.T.); luzmruiz@ugr.es (L M.R.)
Emasagra S.A., 18071 Granada, Spain; jctorres@emasagra.es

*  Correspondence: jmpascual@ugr.es; Tel.: +34-958249458

Abstract: The development in wastewater management has caused a shift towards a circular model
that prioritises energy generation and waste reduction. Traditional unitary processes in wastewater
treatment, such as screening, only allow for landfill disposal without energy recovery. However,
producing solid recovered fuel (SRF) from waste screening may be a possibility. The economic and
environmental viability of this alternative, as a fundamental requirement for its implementation at
industrial level, was assessed through a multi-scenario analysis using Monte Carlo simulation. The
cost and benefit streams were determined based on the financial net present value (NPVy) and the
social net present value (NPV;), including monetised CO, emissions generated. The results showed
that waste drying costs were found to be the most significant ones, with thermal drying being more
financially advantageous than solar drying. The densification of SRF raises the costs by 7.88 to
8.48%, but its use as fuel would likely be profitable due to the economic benefits it provides. Current
landfill disposal practices, which have an NPV, of —1052.60 EUR/t, are not a feasible, particularly
when compared to the other SRF production scenarios, with maximum NPV of —53.91 EUR/t. SRF
production without densification using solar drying is the most acceptable scenario with the lowest
NPV (38.39 EUR/t).

Keywords: screening waste; solid recovered fuel; pelletisation; NPV; economic analysis; Monte Carlo
simulation; CO, emission; wastewater

1. Introduction

For decades, wastewater management has been developing toward sustainability
and a circular economy through energy self-sufficiency and zero waste [1]. The different
physical, chemical and biological processes in municipal wastewater treatment plants
(WWTPs) generate waste of different natures [2]. Screening is a waste with a high moisture
content and is described as a solid mixture of organic matter, sanitary textiles, paper and
plastics [3]. It generally has no energy recovery within the circular economy guidelines [4]
and is mainly disposed of in landfills, generating economic and environmental problems [5].
In Europe, landfill is bound to disappear since, with the new restrictions raised in Directive
850/2018 in 2035, the amount by weight of municipal waste deposited in landfill will
have to be reduced to a maximum of 10% of the total [6]. The search for a second life for
screening waste is therefore an absolute priority for achieving zero waste in WWTPs [7].

Based on the above considerations, the scientific publications in the literature analyse
alternatives to landfill disposal of screening waste, focusing mainly on anaerobic digestion
treatments [8]. As an alternative to these studies and to avoid landfill disposal, an analysis
of screening waste from a WWTP in Granada (Spain) concluded that the properties of the
waste were suitable for transformation into solid recovered fuel (SRF) [9]. This statement is
in accordance with the ISO 21640:2021 standard [10], which considers “solid waste from
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urban wastewater treatment” as a possible source for SRF production. This biofuel has
been recognised as a viable alternative to fossil fuels and can be used in different industrial
sectors, such as power plants [11] or cement plants [12]. Although the production of SRF
does not follow a specific preparation technology [13,14], the process generally includes
the stages of shredding, removal of unsuitable fractions (e.g., metals or inerts), drying
and conditioning of the product [15]. Drying is relevant for the screening treatment, as
moisture levels of up to 84.4% [16] would have to be lowered to achieve optimal values
concerning the calorific energy of the fuel obtained. Solar drying is generally carried
out in a greenhouse containing a scarification roller and an air movement system and
can be applied to dry sludge from WWTPs [17]. Another more established alternative is
thermal drying [18]. The shredding of the dry screening is a complicated task due to the
high percentage of sanitary textiles and their resistance to grinding [19]. On a technical
level, SRF densification improves boiler feed for combustion [20], and processes such
as gasification [21] are more suited for densified fuel. From an economic point of view,
and motivated by the decrease in volume, the transport phase is a much more efficient
process [22].

Solutions for screening waste management must be environmentally viable and accept-
able in social and economic terms [23]. At this point, the techno-economic analysis of SRF
production should be a focus of research. Most studies in this area analyse the economic
feasibility of using SRF as a substitute for fossil fuels; however, SRF production chain
has yet to be studied in economic terms. The co-firing of SRF with biomass and coal was
subjected to a cost impact study in cement plants [24]. In Metro Vancouver (Canada), using
a cost/benefit analysis, four scenarios involving the use of a fuel produced from municipal
solid waste (MSW) were compared [25]. As an alternative to the use of SRF, gasification
was analysed in terms of economic viability, considering the initial and operating costs of a
plant with a capacity of 5000 tons/year [26].

Based on the results obtained in the study mentioned above, SRF was produced
without densification and densified from this waste [9]. Thus, this perspective for managing
screening waste is an innovative solution for future wastewater treatment. Economic and
environmental feasibility is a requirement for the potential implementation of this process
at the industrial level, thus defining the objective of this research. In this study, the SRF
production process, which includes the drying, shredding and densification stages, has
been analysed from an economic and environmental point of view. The tool used for the
detailed calculations was the net present value, which was combined with Monte Carlo
(MC) analysis, providing conclusive results on the comparison between SRF production
scenarios and the current landfill disposal of waste.

2. Materials and Methods

The feasibility analysis was carried out based on four SRF production scenarios. This
section presents the economic and environmental evaluation methods. In addition, MC
simulation was proposed as a risk analysis.

2.1. Description of Scenarios

The proposed scenarios are shown in Figure 1 and described below.
Scenario 0. Disposal in landfill: the current elimination of waste in the landfill of will
be considered.

e  Scenario 1. Production of non-densified SRF with solar drying: greenhouse drying will
be considered and a shredded fuel with homogeneous particle size will be obtained.

e  Scenario 2. Production of non-densified SRF with thermal drying: for this scenario,
drying will be conventional by means of thermal heating, obtaining the same fuel after
shredding as in the previous scenario.

e  Scenario 3. Production of densified SRF with solar drying: as a continuation of scenario
1 and as a post-treatment to improve SRF characteristics, in this case, the fuel obtained
will be in the form of pellets.
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Scenario 4. Production of densified SRF with thermal drying: Scenario 2 will be
complemented with the densification stage to obtain pellets as SRF.

Raw Screening
Scenario 0 ———» Landfill disposal

Raw Screening Dry Screening
Scenario 1 ——>»  Solardrying Shredding ~ f————— Non-densifiedSRF

Raw Screening Dry Screening
Scenario 2 ———>» Thermaldrying R Shredding ~ f————— Non-densified SRF

Raw Screening Dry Screening Non-densified SRF
Scenario 3 — > Solardrying Shredding Densification ~ f[—"Densified SRF

Raw Screening Dry Screening Norvclensified SRF w
Scenario 4 ——>» Thermaldrying Shredding Densification  f——— Densified SRF

Figure 1. Proposed scenarios, landfill and production of solid recovered fuel (SRF), for screening
waste treatment.

2.2. Cost/Benefit Assessment

Costs and benefits were identified to facilitate an economic evaluation for the treatment
of screening waste. The main costs studied were assigned to two macro-categories: invest-
ment costs required to start a new business, representing a one-time cost, and operating
and maintenance costs (OMCs), which incur periodically, usually yearly.

The proceeds from the potential sale of the final SRF would constitute a specific
revenue stream for the company. According to the alternative scenarios, there are two
output products, the non-densified and the densified SRF. Although the production of SRF
is on an increasing trend [27], the market selling price is still a variable to be established, as
it depends on a wide range of factors, such as the cost of production, the environmental
impact and the quality of the SRF [28]. Furthermore, depending on the WWTP, the SRF
produced could be valorised energetically through gasification, pyrolysis or gasification
processes within the WWTP itself [29], without the need for sale.

In addition, the costs derived from the CO, emissions generated in the SRF production
process are also analysed. These costs are attributable to all the phases established in the
four alternative scenarios and will also be accounted for in the landfill disposal scenario.
Although CO, emissions do not present specific monetised costs for the company, they
offer a broader view of the social and environmental cost of the processes developed [30].
The amount of CO, was measured economically using SendeCO, (https://www.sendeco2
.com/es/precios-co2, accessed on 20 March 2023), a European CO; trading system. An
average conversion factor of EUR 80.87/t of CO, was established for 2022, which will be
used for this study, assuming it to be stable throughout the defined lifetime project.

2.3. Economical Analysis; Financial Net Present Value (NPVf)

There are several methods to evaluate the economic efficiency of the implementation
of a process [31]. Of these, the NPV study was utilised for this study, which has already
been used in decision making in the field of energy recovery [32]. The economic return and
profitability of the potential investments of the company producing the waste were studied
for a payback period, after which, a neutral NPV should be obtained from the cost-benefit
ratio. The NPV, which is presented in Equation (1), is the result of cash flows that contain
the annual revenues (RE) obtained from selling the SRF, the initial investment costs (I),
the operation and maintenance costs (OMC) and the industrial benefit (BE). In this analysis,
the starting point was an NPV equal to zero over a project lifetime (N) of 10 years, where
each cash flow (n =0, ..., N) is discounted from its time n to the present time (n = 0) by
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the discount rate (r) of 12% [33]. The Industrial Benefit considered was 6%, according to
Spanish Royal Decree 1098 /2001 [34].

NPV, = f10+2 - (RE — BE — OMC) (1)

The volume of SRF obtained, considering the yields of all production phases, is
37.7% with respect to the input residue, the raw screening waste, mainly due to drying.
In addition, a 5% loss of SRF is considered during the production process to obtain the
potential SRF to be sold (95% of dry screening). These two percentages are included in the
term, “SRFrelation”. Based on the assumption of NPV being equal to zero and considering
the cash flow, the final simulated sale price (SP) is obtained from Equation (2).

=~ +O0MC
Z 1+r

SRF relatzon * (1 — BE)

SPp = )

2.4. Environmental Analysis: Social NPV

The social NPV (NPV5) is the financial tool that considers all costs difficult to quantify
in monetary terms because they do not constitute an annual cash flow. The NPV includes
all economic elements that make up the NPV;and assumes the social cost resulting from
the CO, emissions generated during the proposed scenarios. The NPV is calculated using
Equation (3), which presents the value of the NPV, as from Equation (1). From this, the
economic cost of the CO, emissions generated is subtracted and calculated for an r = 12%
and a 10-year project lifetime.

CO,
La+r)"

NPV, = —Ip+ YN ' (RE— BE — OMC — CO,) = NPV — YN 3)

)

2.5. Monte Carlo Simulation

The MC risk analysis technique, applied in quantitative studies in a wide range of
areas, including project management, energy, engineering, research and development [35],
was performed to determine the trend, variability and performance under uncertainty. The
simulation, performed over a period of 10 years and using the costs and benefits found
in the literature, determined a simulated sale price of the SRF for an NPV equal to zero.
The methodology was applied to 5000 iterations among the different variables, guided
by random items of costs and benefits as inputs. The same procedure was also used to
determine the NPV;.

3. Results and Discussion
3.1. Economic Analysis

A literature review was carried out with the aim of obtaining a global view of SRF
production and a broad spectrum of costs for each scenario. The unit of reference for
comparing the different studies analysed was EUR/t. The initial as well as operation and
maintenance costs are presented for each of the phases present in the scenarios. Table 1
shows the minimum and maximum values found in the literature reviewed. The wide
range corresponds to the variability of the studies analysed regarding the process, location,
types of materials or the volume treated.
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Table 1. Value ranges for the initial cost as well as operation and maintenance cost (OMC) of solar
and thermal drying, shredding and pelletising.

Process Initial Cost (EUR/t) OMC (EUR/)
Min Max Min Max
Solar drying 116.26 230.33 0.97 38.23
Thermal drying 2.45 22.93 9.54 61.45
Shredding 0.74 3.56 2.30 5.07
Pelletising 1.58 18.74 3.63 13.00

3.1.1. Initial Costs

Solar drying is becoming an alternative to the established thermal drying methods
for processes applicable to municipal and agricultural waste [36], using renewable energy
and applicable in many parts of the world [37]. In the field of wastewater, greenhouses
for sludge drying are already being established [17,37], with mainly environmental advan-
tages [38]. However, the investment costs are higher than those of other types of drying
and are mainly a factor of the cost of the site, civil works and machinery [39]. For example,
the construction and commissioning of a solar drying system for fruit and vegetables in
Thailand involved an initial cost of 200.90 EUR/t, with a drying capacity of 1000 kg every
2-3 days [40]. Literature reviewed on the applicability for sludge from WWTPs showed
values in a similar order of magnitude. Four greenhouse sheds for drying a daily amount
of 48.84 tons of sludge, with a surface area of more than 6000 m?, involved an initial cost
of 230.33 EUR/t [41]. In another study on several WWTPs of different sizes, a model was
established to optimise the possible costs of the implementation of solar sludge drying. The
results for the construction of greenhouses, combined with the installation of solar panels,
were similar, regardless of the plant size, with initial costs of 116.26 and 134.56 EUR/t, for
sludge production of 226,884.00 and 35.04 tons per year, respectively [42]. The examined
dataset showcases the utilisation of solar drying across various feedstocks, volumes of
feedstock and geographical contexts, resulting in a diverse array of potential scenarios. To
summarize, the introduction of solar drying as the primary phase of SRF production could
incur an initial cost ranging from 116.26 to 230.33 EUR/t of wet screening waste.

Thermal drying is the most established method in waste management for MSW [43],
sludge [44] or biomass transformation processes [45]. However, in most cases, this is
neither very cost-effective nor environmentally friendly [18]. In one study, for a wood
pellet production process, the investment cost of a dryer with a feed of 6 t/hour was
397,543.60 EUR, equivalent to 2.45 EUR/t of wet wood [46]. The initial cost for five dryers
and a capacity of 75,000 tons per year was 22.93 EUR/t [47]. In a study comparing the
framework conditions for the respective pellet production of Austria and Sweden, the wet
waste was dried with different types of dryers, which impacted its initial cost. The tube
bundle dryer had an investment cost of 7.92 EUR/t, for Austria, whereas the drum dryer
doubled the cost to 14.07 EUR/t for Sweden [48]. In the context of thermal drying, for the
purpose of comprehensive analysis, the conducted literature review has examined diverse
thermal drying methods across various raw materials. This variability offers a wide range
of values, with the minimum value for this phase being 2.45 EUR/t, while the maximum
value is 22.93 EUR/t.

Regarding economic data related to shredding, Zakrisson [49], comparing the eco-
nomic costs of pellet production, presented investment costs of 0.94 and 0.74 EUR/t for
plants with a capacity of 10 and 3 t/h, respectively. In the same study, pelletising had
investment costs of 1.58 and 4.67 EUR/t for 10 and 3 t/h, respectively [50]. In the work cited
above, the total cost of shredding and pelletising for the Austrian model was 11.58 EUR/t.
At the same time, for Sweden, it was lower, with a total of 3.5 EUR/t [48].The maximum ini-
tial cost for both processes was derived from the same study, with 3.56 EUR/t for shredding
and 18.74 EUR/t for pelleting [47]. For these two phases, costs have been mainly analysed
based on the difference in the volume of raw material that has been shredded and densified.
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As a result, the possible price range for shredding is between 0.74 and 3.56 EUR/t, while
for pelletising, it is from 1.58 to 18.74 EUR/t.

3.1.2. Operation and Maintenance Costs

The OMC data for solar drying were derived from greenhouse studies. The greenhouse
built in Thailand [40], intended for fruit and vegetable drying, had an OMC of 13.63 EUR/t,
corresponding to repair and maintenance costs as well as gas and electricity demand.
This value is similar to that reported by Lapuerta and Fonseca [41], with an OMC of
14.22 EUR/t. Based on experimental work at the laboratory scale to study sludge drying, it
was concluded that drying using transparent covers is more effective than conventional
drying. Extrapolating the results of Khanlari and Gungor [51] would mean an OMC of
28.51 EUR/t. At the industrial level, data were found on implementing a greenhouse
for solar sludge drying in New Zealand. This installation, which allows 500 tons of
sludge with 18% moisture to be obtained per year, has an OMC of 38.23 EUR/t of wet
sludge [52]. The most economic values found in the literature corresponding to the study of
the implementation of drying greenhouses, which are complemented with the installation
of solar panels, reducing the OMC to 0.97 EUR/t [42]. These data indicate that the range of
OMC for solar drying is between a minimum of 0.97 EUR/t and a maximum of 38.23 EUR/t.
This range of values is wide due to the variability of the studies analysed, with differences
between the cost of electricity or gas. In addition, the literature review contrasts data
extrapolated from laboratory work with industrial data.

In the study on pellet production in Austria and Sweden [48], the OMC of thermal
drying was 25.1 and 13.0 EUR/t, respectively, contrary to the initial installation costs, for
which the most significant investment was found for Sweden. Similar values were found
in a study on pellet production in Canada [25], with an OMC of 20.73 EUR/t. In the United
States, a value of 61.45/t for the thermal drying of a pellet production plant was obtained,
which can be explained by the high energy consumption of drying, accounting for 70%
of the energy consumption of the entire process. Thus, the minimum OMC obtained was
9.54 EUR/t, with a maximum of 61.45 EUR/t.

In the comparison proposed by Zakrisson [49] for pellet plants with different pro-
duction capacities, the OMC values for crushing and pelletising are 3.5 and 5.5 EUR/t,
respectively. These results did not vary with the production volume of the plants and were
similar for both 10 and 3 tons of pellets. In a comparative study between countries [48], the
OMC values and the initial costs were also higher for Austria, both for shredding (2.70 vs.
2.30 EUR/t) and pelletising (7.60 vs. 4.10 EUR/t). In conclusion, and based on all results
found, the OMC values for a shredding range between 2.30 and 5.07 EUR/t, whereas those
for pelletising range from 3.63-13.00 EUR /1.

3.1.3. Scenario Costs

From the combination of the minimum and maximum costs for each process, both the
initial costs and OMC values were defined for each scenario. The values are also shown
in EUR/t of the treated material. For the first drying stage, for both solar and thermal
drying, the input stream is the raw screening waste, with 77.3% moisture, and the costs are
therefore relative to the weight of this input. The crushing process has the dry screening
waste, containing 15% moisture, as input material. Thus, the costs for this phase were
defined according to the material to be shredded, which, after drying, corresponds to 37.7%
of the gross input waste. The values for the last stage, concerning pelletising, were specified
for non-densified SRF obtained after shredding, considering that there are no losses. The
results for the defined alternative scenarios can be found in Table 2.
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Table 2. Value ranges for initial cost as well as operation and maintenance cost (OMC) of the proposed

scenarios.
Items Scenario 1 Scenario 2 Scenario 3 Scenario 4
Min Max Min Max Min Max Min Max
C Initial Cost 116.54 231.67 2.73 24.27 117.13 238.74 3.32 31.34
ost oMC 1.84 40.14 10.41 63.36 3.21 45.11 11.78 68.33

Regarding the investment costs, there is an evident difference between the scenar-
ios that use solar drying, Scenarios 1 and 3, with ranges of 116.54-231.67 EUR/t and
117.13-238.74 EUR/t, respectively, and those that processed the waste via thermal drying,
Scenarios 2 and 4, with values between 2.73-24.27 EUR/t and 3.32-31.34 EUR/t. Solar
drying is the phase with the highest investment cost, representing, in average values,
99.53% and 97.39% of the total cost in Scenarios 1 and 3, respectively. Thermal drying, with
lower investment costs, represents a substantial reduction in the total costs, with 94.00%
for Scenario 2 and 73.35% for Scenario 4. These results highlight the significant importance
of drying in SRF production processes [53]. In financial terms of the initial cost, thermal
drying should be selected as the best option. The next phase of the SRF production, related
to shredding, is common to all four alternative scenarios and therefore does not present
any change in the total investment costs. The last process, leading to the conditioning of
the final product as pellets, is common to Scenarios 3 and 4, with increased initial costs.
The return on this added cost should be evaluated according to a possible price of the
SRF produced, which, once densified, would be higher [54]. Considering the above, the
scenarios with the highest investment costs would be Scenarios 1 and 3, mainly due to solar
drying. Scenario 0, which is currently being performed, does not involve any initial cost
since the waste is being disposed of in an external landfill.

The OMC of Scenario 0 is composed of the transport and treatment and includes
the fees for landfill disposal, depending on the country and the location [55]. For this
research, the OMC of Scenario 0 (disposal in landfill) corresponds to the actual values
of waste management in the municipality where the primary research for this work was
carried out [56]. The cost was set at 115 EUR/t, double the maximum values defined for
the most expensive scenarios, 2 and 4. Regarding the proposed alternatives, the presence
of the drying process in the OMC, as for the initial costs, continues to be the reference
process, with percentages of 93.38%, 96.23%, 81.12% and 88.61% for the four scenarios. This
relevance of drying is also present in the production of wood pellets [47], where it accounts
for 70% of the costs of the entire process. In this case, the trend changes with respect to
the type of drying, with thermal drying contributing more OMC to the total than solar
drying. Therefore, the optimal option for this phase would be thermal drying. Shredding,
accounting between 9.14% and 17.55%, is common to all scenarios, and therefore, its OMC
has no impact on the decision-making process. Pelletisation represents an increase of
approximately 5 EUR/t for Scenarios 3 and 4, which, as with the initial costs, would
theoretically be made profitable by the better quality of the SRF [57]. In final terms, the
OMC values are higher for Scenarios 2 and 4, largely because of the expense related to
thermal drying, as noted by Thirugnanasambandam [58].

It can be concluded that the drying process, regarding both initial costs and OMC,
governs the remaining processes. However, by comparing each drying type’s economic
advantages and disadvantages, it should be possible to determine the choice that would
optimise the SRF production process in monetary terms.

Under the financial conditions of this study, the NPV for landfill disposal (Scenario 0)
is —649.78 EUR/t. To compare the remaining alternatives and considering the hypothesis of
NPV;=0, an SP of SRF was determined to find the most effective scenario in financial terms.
Table 3 displays an overview of the results obtained, with minimum (Min), maximum
(Max) and average (Av) values for each scenario, applying MC analysis. Scenarios 1 and 3,
with solar drying, cause the SP of SRF to be the highest, with average values of 159.96 and
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172.57 EUR/t, respectively. Therefore, it is considered that the scenarios with thermal
drying (Scenarios 2 and 4), with average costs of 123.25 and 133.71 EUR/t, are the most
economically efficient, since they do not require the large initial investment required for
solar drying. For densification, Scenarios 3 and 4 would mean an increase in the SP of
7.88% and 8.48% compared to Scenarios 1 and 2. These percentages are very close, which
shows that the decision to carry out pelletising or not does not vary in relation to the type
of drying used. At this point, the potential market for both non-densified and densified
SRF should be evaluated to determine the inclusion of pelletising in fuel production.

Table 3. Value ranges for initial cost as well as operation and maintenance cost (OMC) of the proposed

scenarios.
Items Value Scenario 1 Scenario 2 Scenario 3 Scenario 4
Min 74.30 39.49 79.63 44.06
SP (EUR/t SRF) Max 245.42 207.01 264.10 224.77
Av 159.96 123.25 172.57 133.71

Optimising transport as a subsequent step in the production of SRF is crucial in
environmental and economic aspects [59]. The pelletisation of the product substan-
tially increases its density [60] and according to the results obtained in a study devel-
oped in Granada [9], bulk density increased from 58.16 kg/m? for non-densified SRF to
461.78 kg/m? for densified SRF. This decreases the transportation cost of the final product,
which is another variable in the choice of a suitable scenario.

To include all results from the MC analysis simulation, graphs of the density function
and the price distribution for each scenario are presented in Figure 2. The range class was
defined between 0 and 300 EUR/t to cover the whole set of values obtained via the MC
simulation rates in all scenarios.

(a) (b)
20% - 1005 20% 100%
18% - 90% 18% - 90%
16% - 80% 16% 80%
14% - 70% E- 14% 0% B
T o12% - 0% g & 12% | 0% B
§ 10% 4 50% ¢ g 0% 50% ¢
e -
£ 8% ooe 2 oaw 0% g
6% 0% © % - 30% S
4% 20% &% 20%
% - 10% 2% 10%
0% +— 0% 0% + | -‘,‘,ﬁ— 0%
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
SP €/t SRF) SP €/t SRF)
(c) (d)
1 r 20% 100%
18% - 90%
16% 80%
19 14% 0% B
= =
2 g 2 10% 0% @
-
£ E 2 e% 0% g
S % - 0% S
&% 20%
2% 10%
0% T e e 0%
0 20 4 80 100 120 140 160 180 200 220 240 260 280 300
SP €/t SRF) SP (€/t SRF)

Figure 2. Simulated price (SP) per ton of solid recovered fuel (SRF) distribution and density function.
(a) Scenario 1. Non-densified SRF production with solar drying. (b) Scenario 2. Non-densified
SRF production with thermal drying. (c) Scenario 3. Densified SRF production with solar drying.
(d) Scenario 4. Densified SRF production with thermal drying.
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Following the comparison of the scenarios according to the type of drying used, solar
drying (Scenarios 1 and 3) reaches the highest percentages for several classes, obtaining
17.82% and 17.30%, respectively, both for the 180-200-EUR/t class (Figure 2a,c). The two
scenarios with thermal drying (Scenarios 2 and 4) did not reach a 14% frequency for any of
the classes considered (Figure 2b,d). Based on these data, the possibilities for each of the
established classes would be more distributed in the scenarios with thermal drying, with
their distribution being more homogeneous and covering more range classes.

As a reference, the SP of 100 and 200 EUR/t, present in all scenarios, a probability
(P) of the SRF price being below 100 EUR/t or above 200 EUR/t can be observed. For
Scenario 1 (Figure 2a), P (SP < 100 EUR/t) was 4.90%, with a further decrease when the
pelletisation phase is included, resulting in a P (5P < 100 EUR/t) of 2.64% for Scenario
3 (Figure 2c). Regarding thermal drying, the probability increases substantially with a
P (SP <100 EUR/t) of 37.10% and 28.64% for Scenarios 2 (Figure 2b) and 4 (Figure 2d),
respectively. The results for P (SP > 200 EUR/t) agree with the financial advantages of the
scenarios with thermal drying. For Scenario 2, the probability was 1.34%, whereas Scenario
4, due to the inclusion of pelletisation, presented a result of 11.70%. Solar drying, as the
primary source of variation in the scenarios, would generate a P (SP > 200 EUR/t) of 16.10%
for Scenario 1 and of 26.40% for Scenario 3.

Thus, considering the financial analysis performed, Scenario 2 (non-densified SRF
with thermal drying) is the most viable one, with the lowest simulated price. In contrast,
Scenario 3 (densified SRF with solar drying) is the least feasible one.

3.2. Environmental Analysis

This analysis relates the results obtained based on the initial costs and the OMCs with
the CO, emissions generated, obtaining results that evaluate the environmental impact of
the scenarios linked to their purely economic cost.

3.2.1. CO, Emission

The literature provides data for the CO, emissions associated with each process in the
different scenarios of this study, including Scenario 0. Table 4 shows the amounts of CO,
(minimum and maximum) generated in each of the processes in the different scenarios.

Table 4. Value ranges for CO, emissions of landfill, solar and thermal drying, shredding and pelletising.

Process CO; Emissions (kg CO»/t)
Min Max
Landfilling 145.00 1610.00
Solar drying 12.16 141.73
Thermal drying 62.58 137.56
Shredding 0.75 39.30
Pelletising 1.22 56.90

Emissions generated through landfill disposal have been a relevant issue for years [61].
Concerning Scenario 0, according to a study on waste disposal in South Africa, Friedrich
and Trois [62] concluded that greenhouse gas emissions could range from 145.00 to
1016.00 kg CO, /t of wet waste, depending on the type of landfill. However, based on a
report by IEA Bioenergy [63], that value could reach up to 1610.00 kg CO, /1 for the landfill
disposal of municipal solid waste. A life cycle assessment conducted for a landfill site in
northern Germany recorded an intermediate emission value of 398.51 kg CO,/t [64]. The
overall range is between 145.00 and 1610.00 kg CO, /t.

Regarding solar drying, a 384-m? pilot plant for drying food waste generated
132.01 kg CO, /t of wet waste [65]. Almost identical values resulted from the solar drying
of tomatoes, with emissions of 132.15 kg CO, /t produced from substrate with a water
content of 94.6% to 10% [66]. A study of photovoltaic panels in solar-drying greenhouses
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reported the lowest values for the CIGS PV system (40.96 kg CO, /t), whereas c-Si modules
generated the maximum value (141.73 kg CO; /t) [67]. The lowest values for CO, emissions
were found by extrapolating the results obtained for the solar drying of pumpkins. The
amount was 12.16 kg CO, /t for a natural convection greenhouse and 16.44 kg CO, /t for
forced convection [68]. Based on these findings, the CO, emissions for solar drying range
from 12.16 to 141.173 kg CO, /t.

The thermal drying of wood sawdust resulted in 72.75 kg CO, /t in a plant where 20 t
of pellets were produced per hour [46]. In a study conducted in Sweden, similar values
were found, with 62.58 kg CO, /1 for the production of 80 tons per year of pellets [49]. The
emissions generated in a simulation of a small-scale plant in Italy were 137.56 kg CO, /t for
37% water content drying [48]. Overall, the emissions from thermal drying fall within a
range of 62.58 to 137.56 kg CO, per ton.

In the literature, the CO, emission levels of shredding and pelletising differ greatly. The
minimum value for shredding is 0.75 kg CO, /t [46], similar to that found by Zakrisson [49],
which is 0.82 kg CO,/t. However, some authors report values of up to 39.3 kg CO, /t [48].
The data for pelletisation follow the same dynamics, with a minimum value of 1.22 kg CO, /t
in [46] and a maximum of 56.9 kg CO, /t [48]. The remaining values for pelletising, reported
by Thek and Obernberger [48], Urbanowski [50] and Zakrisson [49], are within this range.

According to the processes in each scenario and based on the emission price defined
above (80.87 EUR/t of COy), the costs for each scenario are shown in Table 5. Any of
the proposed alternatives (Scenarios 1, 2, 3 and 4) has a substantially lower cost derived
from the generation of emissions than landfill disposal (Scenario 0). The results are hardly
comparable, with Scenario 0 having a maximum value of 130.20 EUR/t, while the maximum
value of the remaining scenarios is 14.39 EUR/t. Although the alternative scenarios showed
similar maximum values, considering the mean value as a reference, there were slightly
higher average results, 8.70 and 9.59 EUR/t, for the scenarios that include thermal drying
(Scenarios 2 and 4) compared to those that include solar drying, with 6.83 and 7.71 EUR/t
(Scenarios 1 and 3). The minimum and maximum values show a high variability, since
these depend on, among other factors, the size of the installation or its location.

Table 5. Value ranges for initial cost as well as operation and maintenance cost (OMC) of the proposed

scenarios.
Items Value Scenario0 Scenariol Scenario2 Scenario3 Scenario 4
CO, emissions Min 145.00 12.44 62.86 12.90 63.32
(kg CO,/t) Max 1610.00 156.55 152.38 178.00 173.83
CO; cost Min 11.73 1.01 5.08 1.04 5.12
(EUR/t) Max 130.20 12.66 12.32 14.39 14.06

3.2.2. Social NPV

Considering the NPV as a relevant factor in a decision-making process, both finan-
cially and socially, it was calculated using Equation (3), based on the monetised cost of CO,
emissions described in Section 3.2.1. and the NPVy. The NPV, values for each scenario,
whose minimum, maximum and average values are shown in Table 6, were obtained
via MC analysis. The values obtained are negative, since Equation (3) has the NPV as a
variable, which is neutral for the alternative scenarios and whose value is —649.78 EUR/t
for Scenario 0.

Table 6. Value range and average values for the social net present value (NPV;) of the proposed

scenarios.

Items Value Scenario0 Scenariol Scenario2 Scenario3  Scenario 4

Min —1384.93 —71.53 —69.62 —81.33 —79.43
Max —716.29 —5.69 —28.73 —-5.90 —28.94
Av —1052.60 —38.39 —49.25 —43.90 —-53.91

NPV, (EUR/t)
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The results further highlight the different order of magnitude for costs between Sce-
nario 0 and the proposed alternatives, indicating the non-comparability of the NPV;.
Concerning the scenarios leading to SRF production, thermal drying (Scenarios 2 and 4)
is more costly than the options using solar drying (Scenarios 1 and 3). According to the
average values, Scenario 2 is the most viable one, with an NPV of —38.39 EUR/t for CSR
production without densification. The inclusion of densification together with thermal
drying resulted in the maximum NPV, of —53.91 EUR/t for Scenario 4, making this one
the least viable one.

Figure 3 shows the results of the MC simulation for the NPV;. The values ranged from
—85 to 0 EUR/t. The distribution of values was more comprehensive for the scenarios
with solar drying (Figure 3a,c), covering the entire proposed range with a frequency of
approximately 7% for most range classes. The scenarios with thermal drying reached
values above 13% for the class between —65 and —60 EUR/t, Scenario 2 (Figure 3b), and
10% for five different classes, Scenario 4 (Figure 3d).
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Figure 3. Simulated price (SP) per ton of solid recovered fuel (SRF) distribution and density function.
(a) Scenario 1. Non-densified SRF production with solar drying. (b) Scenario 2. Non-densified
SRF production with thermal drying. (c) Scenario 3. Densified SRF production with solar drying.
(d) Scenario 4. Densified SRF production with thermal drying.

For the study of the probability (P) of the different ranges, and to compare mainly the
drying type, the classes in which Scenario 2 (Figure 3b) had its maximum and minimum limits
were considered the reference values. These values for NPV would be —65 and —25 EUR/t
with a P (NPVs < —65 EUR/t) of 0% and a P (NPV; > —25 EUR/t) equal to 100%, respectively,
for Scenario 2. Scenario 4 (Figure 3d) coincides with the P (NPV; > —25 EUR/t), equal to
100%. However, when including the densification process, the P (NPV; < —65 EUR/t) was
higher, reaching 18.82%. The scenarios with solar drying outperformed Scenario 4 in terms
of the most expensive values, with a maximum P (NPV; < —65 EUR/t) of 15.12%. However,
the P (NPV, > —25 EUR/t) was 27.94% for Scenario 1 (Figure 3a) and 25.86% for Scenario 3
(Figure 3c).

Taking into consideration the values obtained for the NPV, Scenario 1 (production of
SRF without densification using solar drying) is most acceptable in social terms, with the
lowest NPV;. In contrast, Scenario 4 (production of densified SRF with thermal drying),
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with the highest NPV, is the least acceptable alternative. So, solar drying is more acceptable
than thermal drying and non-densified SRF. However, this difference must be evaluated
concerning the logistical benefits attributed to the densified SRF to evaluate the effectiveness
of densification.

4. Conclusions

The production of solid recovered fuel (SRF), densified and non-densified, was pro-
posed through four scenarios as an alternative to the landfill disposal of screening waste.
Based on the results obtained via the economic and environmental evaluation of the pro-
posed scenarios, the following conclusions regarding sustainability can be drawn:

e In the decision making, both the initial costs and the operation and maintenance costs
(OMCs) should be considered, as well as the costs derived from CO, emissions, which
can be combined with the net present value. MC simulation is a valuable tool for
quantitative risk analysis.

e  Current landfill disposal does not require any investment costs. However, the costs de-
rived from its management and the high CO, emissions produce NPV of —1052.60 EUR/t.
This value, compared to that determined for the other scenarios (—53.91 to —38.39 EUR/t),
means that landfill disposal is not considered a viable option. The values of the SRF
production scenarios vary: firstly, according to the type of drying, solar drying being
the least harmful in terms of CO, emissions; and secondly, according to the inclusion
of densification in the process.

e Drying costs are the most relevant in SRF production, regardless of whether it is
densified or not. Although the OMC values for thermal drying are slightly higher than
those for solar drying, the initial investment is substantially lower, making thermal
drying the most economically viable option.

e  The densification of the SRF implies an increase in the simulated selling price of 7.88%
(solar drying) and 8.48% (thermal drying). However, this economic difference must be
evaluated concerning the logistical benefits attributed to densified SRF to evaluate the
effectiveness of densification.
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