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ARTICLE INFO ABSTRACT

Keywords: Mechanical Biological Treatment (MBT; called “dirty” Materials Recovery Facilities in the U.S.) is a waste
MBT management method, developed mostly in Europe, which combines sorting of recyclable materials (metals,
RECYC““E? paper, plastics, glass) with composting/digestion of green/ food wastes and, in some cases production of a fuel
ComP?Stmg . material. In 2018-19, the authors visited six MBT facilities in Europe that use different approaches for the re-
Material flow analysis . ) . .
Energy recovery covery of materials and energy from mixed MSW. These plants were studied with respect to feedstock compo-
Integrated waste management sition, operating conditions, capital expenditure, financial viability and environmental impacts. The compost
Circular economy product of most facilities examined did not comply with agricultural standards and, therefore, it was classified as
compost-like output (CLO) and used as daily cover in landfills. The best composting practice used source
separated organic materials (yard and other green wastes) and yielded a marketable compost. MBT plants that
did not include the recovery of fuel materials had lower landfill diversion rates and, also, lower capital and
operating costs. It was concluded that an MBT plant must include a very efficient sorting and recyclables re-
covery line and charge a sufficient gate fee. Also, in addition to the recycled products, there should be a stream to
recover fuel materials sent to a power plant or cement plant, thus increasing revenue, and landfill diversion, and

maximizing greenhouse gas (GHG) savings.

1. Introduction

Mechanical Biological Treatment (MBT, called “dirty” Materials
Recovery Facilities in the U.S.) is a process widely used in the EU for
processing mixed municipal solid wastes (MSW). It combines sorting of
recyclable materials (metals, paper, plastics, glass) with biochemical
treatment of green and food wastes by composting or anaerobic diges-
tion (Vrancken et al., 2017; Cook et al., 2015). In some cases, MBT plants
recover fuel materials used in cement manufacturing or in energy re-
covery (Gerassimidou et al., 2021; Nasrullah et al., 2017). Thus, MBT is
addressed to the upper tiers of the hierarchy of sustainable waste
management, i.e., the recovery of resources either as recyclables/com-
postables, or as fuels in the energy/cement sectors, thus diverting wastes
from landfills (EU Directive, 2018).

The configuration of MBT facilities depends on the input streams to
the facility and the desirable products. The input composition of the
feedstock depends on the collection systems, i.e., mixed wastes, single-
stream, dual stream, while the MBT products depend on the priorities
of the market. Several studies have been conducted on the efficiencies,
and the environmental and economic impacts of MBT plants. Pressley
et al. (2015) developed a comprehensive hypothetical framework for
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different recycling facilities but did not include utilization of the organic
fraction. Ardolino et al. (2017) conducted a holistic assessment of
different configurations of a material recovery facility, by considering
several possibilities for the outputs, but the study used data from one
facility. Similarly, Beylot et al. (2015), evaluated the performance of one
facility in France, and considered the environmental impacts. Other
studies have focused on single or dual stream recycling systems (Fitz-
gerald et al., 2012), or on pre-sorted materials, e.g., packaging materials
(Karine et al., 2018; Mastellone et al., 2017; Cimpan et al., 2016). Also,
researchers emphasized on the energy implications of recycling facilities
(Cimpan et al., 2013), and on policy implications with regard to costs
and environmental impacts of waste management systems (Jaunich
et al., 2019). Other studies have focused on the quality of the fuel pro-
duced from MBT plants (Di Lonardo et al., 2016; Edo-Alcon et al., 2016;
Samolada and Zabaniotou, 2014; Velis et al. 2012). Merrild et al. (2012)
assessed the environmental impacts of recycling specific materials, as
compared to energy recovery, and concluded that it is unclear whether
materials with high energy content should be used to produce energy or
recycled. Furthermore, Life Cycle studies have been conducted to
identify the best available waste management systems of cities (Hadzic
et al., 2018; Jia et al., 2018; Madav and Samadder, 2018; Ripa et al.,
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2017; Fernandez-Nava et al., 2014; Laurent et al., 2014; Kaplan et al.,
2009; Chester et al. 2008 ). However, most studies focused on the
environmental and economic aspects, not on the technical performance
of processes.

This study used primary industrial data to compare the environ-
mental and economic aspects of advanced MBT facilities in Europe,
some of which included the use of residual fuel materials in the energy/
cement sectors.

2. Materials and methods
2.1. Scenarios examined

Material balances of the MBT systems examined were developed
using the STAN software, which performs material flow analysis (MFA)
(https://www.stan2web.net/). Input/output values were obtained from
reports provided by the operators of the plants, communication of the
authors with senior engineers of the facilities, and visits of the plants.
These MBT plants use state-of-the-art technology and are located in
Spain, Greece and Cyprus.

The MBT facilities assessed use a combination of both biological and
physical processes. Initial waste preparation takes place with removal of
oversized items, such as mattresses, or other bulky wastes, which could
cause problems with processing equipment downstream. Refuse bags are
then transferred with the aid of cranes, and conveyor belts to bag
openers, which liberate the materials inside the bags. Hand sorting of
paper, plastics, and glass materials takes place, which is followed by
trommels for the separation of the organic fraction from ‘dry’ re-
cyclables. Ferrous and non-ferrous metals are separated with magnetic
and eddy current separators. Ballistic, disc screens, and near infrared
spectra optical separators are used to recover other ‘dry’ recyclables,
such as paper, plastics, and glass. The organic materials are processed
aerobically for several weeks, except for Plant S1. The stabilized organic
material is refined with the use of screens and shaking tables for the
removal of fine ‘dry’ recyclables such as glass and plastics. Plant S5 uses
Anaerobic Digestion for part of the organic fraction and sends the resi-
dues of the recycling and composting processes to a moving grate waste
to energy (WTE) power plant. In all, six systems were studied:

S1. The total capacity of the plant is 16,500 metric tons of mixed
MSW per year. The facility produces recyclables, and a refuse derived
Fuel (RDF), consisting of non-recycled paper and plastics (NRPP), used
in cement production. The residues are landfilled.

S2. The plant receives 76,000 metric tons of mixed MSW per year and
11,375 metric tons of source separated green wastes per year. The fa-
cility produces recyclables and composts aerobically in-vessel green
wastes for 6-7 weeks, followed by 2-3 weeks of maturation, and further
refinement. The process residues are landfilled.

S3. The facility processes 150,000 metric tons of mixed MSW per
year. The plant produces recyclables, compost like output (CLO) used as
daily cover in landfills, and refuse-derived fuel (RDF), derived from non-
recyclable paper and plastics (NRPP) and used in cement production.
The aerobic composting is in-vessel for 12 days followed by further
processing in open windrow for one week. The process residues are
landfilled.

S4. The plant processes 185,000 metric tons of mixed wastes per
year. The facility produces recyclables, CLO used as daily cover in a
landfill, and RDF used in cement production. The aerobic composting is
in-vessel for 6-7 weeks. The process residues are landfilled.

S5. This facility processes 250,000 metric tons of mixed MSW per
annum and consists of an MBT plant, an anaerobic digestion facility, and
a moving grate waste-to-energy (WTE) plant. It produces recyclables,
CLO used as daily cover in landfills, and electrical energy from the
combustion of RDF in the WTE plant (60,000 MWh/year) and the
anaerobic decomposition of of 30,400 tons of organics (4,800 MWh/
year). The system also processes aerobically 75,500 metric tons of or-
ganics per year; the organic fractions are produced from the mechanical
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separation of organics from mixed MSW. The aerobic composting occurs
in aerated static piles for 3-4 weeks, along with an aerobic stabilization
turning system. The anaerobic digestion is a “wet” process and involves
hydromechanical pre-treatment that includes waste pulping and grit
removal. The anaerobic digestion of the cleaned organic suspension is
carried out under mesophilic conditions (35-38 °C). The process resi-
dues are combusted in the WTE plant.

S6. The MBT plant receives 350,000 metric tons of mixed MSW, and
35,000 metric tons of source separated yard wastes. The facility pro-
duces recyclables, and a fertilizer that is used for edible plants and is
mainly produced from the source separated yard wastes. Aerobic com-
posting takes place in aerated static piles of 25 composting tunnels for
3-4 weeks, followed by maturation of the produced materials with
turning system and further refinement. The residues of the process are
landfilled.

2.2. Assessment of contribution of materials to GHG and revenues of
systems

The material-specific factors of greenhouse gas (GHG) emissions
(Fig. 1) were obtained from the Waste Reduction Model (WARM) of US
EPA (EPA Waste Reduction Model, 2016). Raw data are provided in
supplementary materials Al. WARM was used to provide the GHG
savings of recycling specific materials. Thus, the emissions due to use of
electricity were assumed to be the same as the U.S. national average. The
revenues from the sale of products recovered from the mixed MSW
stream were estimated using commodity prices obtained from Eurostat
and WRAP of UK (WRAP, 2018; Eurostat, 2021). The market price of
recyclables depends on the quality of the products; the average values of
low- and high-quality recyclables were used as confirmed by the oper-
ators of the plants. The price of electricity from anaerobic digestion was
set at $150/MWh, and from WTE at $60/MWh. The landfilling fee of
MBT residues, shown as ‘other non-recyclable materials to LF’ in the
MFA graphs, was assumed to be $50/metric ton. The landfilling fee of
the stabilized residue of the aerobic process of the systems examined and
the anaerobic process of S5, shown as ‘residues to LF’ in the MFA graphs,
is only $3/metric ton, according to the operators of the MBT plants.
However, the operators of the MBT plants receive $5/metric ton for the
use of CLO as daily cover in landfills. The market prices of fertilizer used
in the production of non-edible and edible plants were set at $70 and
$320/metric ton, respectively, according to the operators of the plants
and also as reported by Eurostat and WRAP of UK (Eurostat, 2021;
WRAP, 2018). Both the S2 and S6 plants recover good quality fertilizers
by using mainly source separated green/yard wastes.

In order to understand the effect of utilizing the organic fraction of
mixed MSW on the environmental and economic efficacy of the plants, a
sensitivity analysis was conducted, where the produced compost of S2
and S6 was not used as fertilizer, but as daily cover in landfills where the
plants receive only $5/metric ton of CLO. Also, an extreme case was
considered, where the operators pay a gate fee of $3/metric ton to
dispose of all the organics in landfills. The WARM factors for the use of
mixed organics as fertilizer is (0.09) metric tons COx.eq/metric ton of
material, and for the use of mixed organics in landfills is 0.18 metric tons
CO2.¢q/metric ton of material. It should be noted that processing of
mixed organics in WTE plants results in a WARM factor of (0.15) metric
tons COy.eq/metric ton of material, while processing anaerobically is
associated with (0.06) metric tons COy.cq/metric ton of material.

Furthermore, it was assumed that cement operators pay $20/metric
ton of non-recycled fuel materials (Bourtsalas et al., 2018). Revenues
from the gate fees received by the MBT plants in this study range from
$30 to $80 per ton of mixed wastes, as reported by the operators. Rev-
enues from the recovery of metals and minerals from WTE bottom ash
and costs of disposing the ash were not included in the financial calcu-
lations. A detailed economic and environmental comparison of the use
of alternative fuels in cement manufacturing or as fuel in a Waste to
Energy (WTE) plant was conducted by Bourtsalas et al. (2018), thus the


https://www.stan2web.net/

A.C. (Thanos) Bourtsalas and N.J. Themelis
900
© Non-Ferrous
800
700

600

500

Price of recovered materials (S/ton)

Waste Management 141 (2022) 79-91

HDPE (natural)

o

400 HDPE (mixed)
Mixed film ° Mixed organics composted-edible plants
o
300 °
PET (clear)
200 o PP (natural)
occ . 2o " N

o Ferrous g o . Ntixed organics composted-no edible plants

100 PET (mixed) o PP (mixed) Non-recycled plastics (fuel)
Glass © | Organicsto AD
\\ ©non-0CC fiber ° Non-recycled paper (fuel) ° 0’ J Organics to CLO o
0 Q g
-10 9 A 5 -4 -3 2 -1 Organicsto LF 1 2
non-recycled materialsto WTE [X

-100

GHG factor of recovered materials (ton CO2 eq per ton of material)

non-recycled materials to LF

Organicsto WTE Non-recyeled paper (landfilled)

Non-recycled plastics (landfilled)

© prices EU market

Fig. 1. GHG factors (metric tons CO2-eq/metric ton of material) and prices ($/metric ton of material) of recovered materials produced at MBT plants.

options for utilizing alternative fuels were not included in the analysis.

The capital and operating estimates (CAPEX and OPEX) were based
on information provided by the MBT plant operators and the literature.
Two scenarios were developed by selecting low and high values for
capital and operational charges to capture differences in the permit
processes, and other factors that contribute to possible changes in the
CAPEX and OPEX of the facilities, such as inflation, living expenses. The
CAPEX, OPEX assumptions are provided in the supplementary materials,
A2. The mechanical treatment part was assumed to be in the range of
$220 and $300/metric ton of feed (Jaunich et al., 2019; Pressley et al.,
2015). The CAPEX of the aerobic composting unit ranged between $60
and $120/metric ton of the anaerobic digestion unit between $400 and
$600/metric ton, and of the WTE unit between $550 and $700/metric
ton (Jaunich et al., 2019; Pressley et al., 2015). The landfill CAPEX was
assumed to be $30 — 50 per metric ton (Jaunich et al., 2019; Levis et al.,
2014; Levis et al., 2013). The OPEX required for the systems was in the
range of $25 and $45/metric ton (Jaunich et al., 2019; Levis et al., 2014;
Levis et al., 2013). The ratio of bank loan to equity was assumed to be
70:30, the repayment period of the investment was assumed to be 20
years, and the interest rate was set at 4%. Total $ and $/ton values were
calculated. The annual revenues minus expenditures were calculated
and the results were compared with landfill diversion rate (%), gate fee
($/metric ton of feed), and GHG savings (10 kg CO,.cq/metric ton of
feed) of the systems.

3. Results and discussion
3.1. Material flow analysis (MFA) of MBT plants

The MFAs of the six MBT systems examined in this study are pre-
sented in Fig. 2.

Table 1 is a summary of the recovery of materials and fuel from the
mixed waste feedstock to the six MBT plants in this study.

Table 1 shows that for the four MBT plants that recover mostly
materials the average landfill diversion was only 52%. Plants S4 and S5
which recover materials and fuel, have a much higher landfill diversion;
however, these plants recovered significantly lower amounts of paper
fiber and plastics. In terms of efficiencies, metal recovery was very high
in all cases examined, with ferrous metals ranging from 83.3% (S3) to
89.9% (S2), and non-ferrous from 78.1% (S3) to 82.8% (S5). For glass, in
all cases, the recovery efficiency was below 20%. PET and HDPE ma-
terials indicate fairly high recovery efficiencies, over 80% for four sys-
tems and 40-50% for S4 and S5; for mixed film (mainly LDPE) and PP

81

the efficiencies are 50-65% for four systems and 20-30%, for systems S4
and S5. The efficiency of recovery of corrugated cardboard (OCC) was at
the 70% level. However, the rest of paper fiber had efficiencies in the
range of 50 and 70% for S1-S3 and S6, and only 25% for systems S4 and
S5. Recovery of fuel materials was between 15 and 20%, except for S4,
which reported 38.5% recovery. This is mainly associated with the
required quality of the cement manufacturers in the region of the plant,
but also with the amount of plastics received at S4. A higher amount of
plastics may result in higher amount of recyclables, but a higher con-
centration of chlorinated plastics, such as PVC, will result in higher Cl
content. The utilization of waste fuels in cement manufacturing depends
on the willingness to pay for this fuel by the cement producers; this price
depends on the quality of the fuel, e.g., chlorine content, and the market
price of fossil fuels (Gerassimidou et al., 2021; Waltisberg and Weber,
2020; Bourtsalas et al., 2018; IFC, 2017).

The system S5 includes a WTE plant so all the non-recycled materials
are combusted for the production of electricity; it had 53.4% total fuel
recovery and the highest landfill diversion of 86.4%. However, the
selected boundaries of the S5 system do not include the waste to energy
(WTE) power plant; the inclusion of WTE residues would decrease
landfill diversion to 73.1%, assuming 25% WTE ash, without metal re-
covery and beneficial use of the WTE bottom ash in the civil engineering
sector. S4 indicated the second highest landfill diversion (69.6%), fol-
lowed by S2 (57.8%), S1 (51.3%), S3 (49.8%), and S6 (48.9%).

Systems S2 and S6 mix the organic fraction with source separated
organics and recover compostable products in the range of 9 and 16%,
which are used as soil conditioner for the production of non-edible and
edible plants, respectively. As shown in Table 2, in the case of system S2,
organics are mixed with 35% of branches and leaves whereas, in system
S6, organics are mixed with about 20% yard wastes. In system S2, where
a lower quality of compost is acceptable, the total compostables pro-
duced are 36.9% of the organic feedstock and the residue of the aerobic
composting process is 25.9%. In contrast, for system S6, the total com-
postables produced are 18.8%, and the residue to landfill is 48.8%.
Systems S2, and S6 have process losses of between 32 and 37%.

System S1 sends the organic fraction directly to landfill, and systems
S$3-S5 produce a CLO which is used as daily cover in landfills and
therefore is not included in the landfill diversion rate. System S4 in-
volves a more sophisticated aerobic composting system, which includes
refinement of the produced organic fraction, and thus the process losses
are higher than for S3. For the same reason, the total compostables
produced in S3 are higher compared to S4, however, the residue to
landfill is nearly the same, 19.1% and 16.2%. System S5 includes both
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Fig. 2. Material Flow Analysis of six systems examined.

an aerobic composting unit and an anaerobic digestion facility; 28.8% of
the organic fraction is processed anaerobically to produce 0.16 MWh of
energy/ton of organics. The process loss is 38.8%, 40.8% of the residues
are landfilled and 20.4% are combusted in the WTE plant. The aerobic
process produces 28.5% CLO, has 47% process loss, and the 24.5%
residue is combusted at the WTE plant.

At the time of the study, the quality standards for the use of compost
products obtained from organic wastes were established at the national
level. However, in 2019, the European Commission published guidelines
and directives on the subject (EU, 2019a) that place a lot of emphasis on
impurities contained in plastic materials (EU, 2019b). National regula-
tions typically depend on the specific conditions of the country/region
(soil composition, agricultural practices, market needs) that can vary
significantly (EEA, 2020). The quality of compost derived from organic
wastes mainly depends on the levels of heavy metals and impurities
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present, such as plastics, glass, and metals, and the maturity, and sta-
bility of the end product (EEA, 2020; Cerda et al., 2018). Systems S2 and
S6, which recover good quality compost to be used as fertilizer for non-
edible and edible plants, accordingly, use state-of-the-art aerobic pro-
cessing of the organic fraction, with several refinement and maturation
stages. Also, both systems mix the organic fraction produced with source
separated organics to improve the properties of the final product, such as
by reducing the high salt concentrations often found in the organic
fraction of mixed household wastes (Cerda et al., 2018). Such practices
reduce the levels of impurities and enhance the quality of the produced
compost (EEA, 2020; Cerda et al., 2018; Puyuelo et al., 2019; Slorach
et al., 2019).

The latest EU guidelines exclude the use of ‘the organic fraction of
mixed municipal household waste separated through mechanical,
physicochemical, biological and/or manual treatment’, for use as
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Fig. 2. (continued).

fertilizer, and several countries impose bans on its utilization as soil
improver/fertilizer (EU, 2019a). As noted earlier, the data used in this
study were collected during the 2018-19 period, prior the imple-
mentation of the new EU Directives; this may change the national/
regional practice for utilization of organic wastes as compost for the
production of edible/non-edible plants. Ideally, municipal collection
systems should include source separation of organic wastes to avoid
contamination with other waste streams and improve the quality of both
recyclables and compostables. All MBT plants exhibited significantly
lower recovery efficiencies, as compared to Material Recovery Facilities
which use single or dual stream recycling and have reported recoveries
of over 90% for most recyclables (Pressley et al., 2015; Fitzgerald et al.,
2012). However, it is very challenging to ensure stakeholder engage-
ment and citizens participation, both of which are essential for effective
collection and recycling/composting systems (Rodrigues et al., 2020;
Schanes et al., 2018; Scherhaufer et al., 2018).
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Table 2 is a summary of the processes used for managing the organic
fraction of the feed to the MBT plants and the results obtained.

3.2. Contribution of materials to GHG savings and to revenues of MBT
systems

Fig. 3 shows the contribution of various materials recovered in the
MBT process to the GHG emissions and the revenues of each of the six
MBT configurations. A breakdown of each category, i.e., recyclables,
organic fraction, non-recycled materials and NRPP, is provided in the
supplementary materials A3. In all cases examined, the main GHG sav-
ings are associated with the recycling of paper fiber, ferrous and non-
ferrous metals. Plastics recycling contribute between 10 and 20% to
the total GHG savings, with PET (clear and mixed), and mixed film
having the highest contribution. A breakdown of the contribution of
plastics is provided in supplementary materials (A4). In terms of plastics
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Fig. 2. (continued).

recycling, the main contribution is due to PET (clear and mixed) recy-
cling, with both categories contributing between 40 and 60% to the total
GHG savings of plastic materials. Mixed film contributes between 20 and
30% to the GHG savings of plastics, except for S5, where a significant
fraction of mixed film is combusted with energy recovery. HDPE (nat-
ural and mixed), and PP (clear and mixed) contribute between 10 and
20% of the GHG savings, respectively. System S5 that sends the post-
recycling residue to a WTE plant, has the lowest GHG emissions of all
systems for non-recycled residues.

In terms of total GHG emissions, S2 indicates the lowest (-0.59 metric
tons COy.eq/metric ton of feed), which can be attributed to the high
recovery efficiency of recyclables, as compared to the other scenarios,
and the use of part of the organics for the production of non-edible
plants. All systems indicate GHG savings in the range of —0.38 (S4) to
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—0.59 metric tons GHG/metric ton of feed (S2), except for S1 (—0.21
metric tons CO2.¢q/metric ton of material), which is mainly a result of
landfill emissions. The sensitivity analysis showed that the GHG savings
of S2, and S6 drop to —0.50 metric tons COx..q/metric ton of material,
and —0.44 metric tons/ton (from —0.51 metric tons/ton), when the
organic fraction is used as daily cover in landfills or is landfilled, instead
of using as fertilizer.

The main GHG benefits of S1 are associated with the recycling of
non-OCC fiber, followed by ferrous metals, OCC fiber, PET (clear), and
non-ferrous metals. The main GHG contribution of S2 comes from the
recycling of non-OCC, and OCC fibers, followed by non-ferrous and
ferrous metals, mixed film and PET (clear and mixed). S2 and S5 indicate
the lowest GHG contribution from the management of the organic
fraction, because a fraction of organics is used for the production of non-
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Fig. 2. (continued).

edible plants in S2, or is combusted in the WTE plant of S5. However,
when the organic fraction is used as CLO or disposed of in landfills, S2
has higher GHG contribution as a result of the organic fraction man-
agement. S3 and S4 non-OCC and OCC fibers, ferrous and non-ferrous
metals, mixed film, and PET (clear and mixed), are the materials with
the major contribution. For S5 and S6, GHG savings are mainly associ-
ated with the recycling of non-OCC fiber, and OCC fiber, followed by
ferrous and non-ferrous metals, and PET (clear).

The main revenues of the plants are contributed by mixed film, HDPE
(clear), PET (clear), non-ferrous and ferrous metals, polypropylene, and
OCC fibers. MBT plants that provide RDF to cement plants have an
additional source of revenue. Similarly, the utilization of non-recycled
materials in a WTE plant (S5) provides a positive revenue, in contrast
to the other systems which landfill their residues.

In terms of total revenues, S6 and S5 have the highest, which
partially relates to the higher gate fee these plants receive. S5 receives a
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gate fee of $80/metric ton, S6 $60/ton, S4 $50/ton, S2 $45/ton, S3 $40/
ton, and S1 $30/ton, as shown in Fig. 3. Also, for the case of S6, a major
revenue is due to the high price of high-quality compost in the EU
market, whereas for S5 additional revenues are obtained from the re-
covery of electricity in the WTE plant; as is the cases of S1, S3, and S4,
where the NRPP fraction is sold to the cement manufacturers. S6 ($53.1/
metric ton) and S2 ($47.2/metric ton) indicate the highest revenue from
products utilization, i.e., excluding gate fee, on a per metric ton basis,
which can be attributed to the high recovery efficiency of the plants,
along with the advanced utilization of the organic fraction. However,
there are also negative revenues, due to the landfilling of the MBT
residues.

The sensitivity analysis showed that the utilization of organic wastes
contributes significantly to the economic efficacy of the plants. In the
case of the S2 and S6 plants where organic wastes are used ass daily
cover in landfills, the revenues from products utilization, drop to $36.8/
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Fig. 2. (continued).

metric ton for S2, and to $23.4/metric ton for S6. Furthermore, in the
case where all the plants dispose of the organic wastes in landfills, S6
indicates the lowest revenues from products utilization, $22.5/metric
ton), followed by S4 ($23.4/metric ton). S1 indicated the highest reve-
nues from products utilization ($46.8/metric ton); systems S2 ($34.9/
metric ton), S3 ($34.1/metric ton), and S5 ($30.4/metric ton) indicated
similar values.

3.3. Evaluation of systems

The estimated CAPEX and OPEX values used for the financial
assessment, are presented in Table 3. Details on the economic calcula-
tions are presented in Supplementary materials, A5.
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The system S5, which includes anaerobic digestion of the organic
fraction and combustion of residues in a WTE plant, had the highest
CAPEX ($588-733/metric ton), and OPEX ($49-58/metric ton) ranges,
in both cases of low and high costs, but indicated the highest landfill
diversion rate (86.4%). S6, which includes a more sophisticated system
for the utilization of the organic fraction, indicated the second highest
CAPEX, between $299 and $360/metric ton, and the lowest landfill
diversion rate (48.9%) of all systems examined. S1 ($263-$322/metric
ton), S2 ($287-342/metric ton), and S3 ($264-317/metric ton) had
CAPEX close to S6, and indicated landfill diversion rates of 51.3%,
57.8%, and 49.8%, accordingly. S4 indicated the lowest CAPEX on a per
ton basis ($248-294/metric ton), and the second highest landfill
diversion rate (69.6%). The OPEX of S1-S4 and S6, ranged between $26
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Fig. 2. (continued).

(S1) and $38/ton (S6), whereas the OPEX of S5 was higher and between
$49 and $58/ton of feed. The CAPEX and OPEX ratios of scenario A/B
had a range of (1.19, 1.25), and (1.11, 1.23). S2, and S4 indicated the
lowest CAPEX ratios, and S5 the highest, whereas S4 indicated the
lowest OPEX ratio, with S1 indicating the highest.

In comparing revenues minus expenditures, S6 was the highest, both
when high (rev-exp: $56.8/metric ton) and low (rev-exp: $65.6/metric
ton of feed) CAPEX and OPEX values were used; also, when the produced
compost is used as fertilizer for edible plants. However, this fertilizer is
mainly produced from source separated organic materials, and not from
the organic fraction of mixed MSW, which, as mentioned earlier and
with regard to the recent EU regulations, cannot be used as soil condi-
tioner. Therefore, and as attenuated, for S6, the sensitivity analysis,
where the organic fraction is landfilled, resulted in a significant decrease
in the revenues-expenditures of the system, which indicated $35.4/
metric ton of feed when low CAPEX, OPEX values were used, and $26.7/
metric ton when high CAPEX, OPEX values were used.

When the organic fraction is used as daily cover in landfills, the
revenues minus expenditures of S6 is the highest ($51.2/metric ton for
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low CAPEX, OPEX values, and $38.7/metric ton of feed for high CAPEX,
OPEX values). This is mainly associated with the composition of MSW
processed in S6, the high recoveries of materials with high market pri-
ces, such as HDPE, PP, and metals, and partially with the economies of
scale. When the organic fraction is landfilled, S4 was the most profitable
system ($29.3/metric ton for high CAPEX, OPEX values were used),
which is mainly related to the use of a significant fraction of NRPP as
alternative fuel in cement production, the low CAPEX, OPEX values the
system indicates, and the relatively high gate fee ($50/metric ton) the
plant receives. However, when low CAPEX, OPEX values were used, S1
was the most profitable ($36.8/metric ton vs. $31.7/metric ton for S5),
which can be explained by the high recovery efficiencies of the plant,
and the simplicity of the system. S5 showed the lowest revenues minus
expenditures values of all systems examined, which is due to the
significantly higher CAPEX and OPEX values of S5, which uses both AD
and WTE.

When the organic fraction was used as daily cover in landfills, rev-
enues - expenditures ranged from $15.2/metric ton to $32.1/metric ton,
for high and low CAPEX, OPEX values. When the organic fraction was
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% Recovery of materials and fuel by MBT plants from mixed MSW (output/input).
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Mostly on materials recovery

On materials and fuel recovery

Flows S1 S2 S3 S6 Average of four plants S4 S5
0ocCC 76.1% 74.9% 71.4% 70.6% 73.3% 72.9% 66.8%
Non-OCC fiber 50.9% 66.7% 62.9% 54.0% 58.6% 24.3% 25.4%
Total paper recycled” 58.2% 69.5% 64.2% 61.6% 63.4% 29.6% 31.1%
PET (clear) 52.3% 48.3% 46.3% 42.3% 47.3% 28.1% 35.3%
PET (colored) 30.2% 37.5% 33.4% 38.8% 35.0% 17.4% 9.4%
Total PET" 82.5% 85.8% 79.7% 81.1% 82.3% 45.5% 48.6%
HDPE (natural) 51.9% 54.5% 47.6% 59.7% 53.4% 22.3% 23.3%
HDPE (mixed) 28.8% 29.0% 33.3% 23.3% 28.6% 16.7% 10.7%
Total HDPE® 80.7% 83.5% 80.9% 83.0% 82.0% 39.0% 38.5%
Mixed film, mainly LDPE 61.9% 66.3% 61.3% 62.0% 62.9% 25.3% 20.9%
PP (natural) 31.5% 23.9% 18.5% 36.1% 27.5% 10.6% 12.9%
PP (mixed) 21.7% 28.8% 29.6% 17.5% 24.4% 14.4% 15.9%
Total PP* 53.2% 52.7% 48.1% 53.6% 51.9% 25.0% 29.3%
Total plastics recycled 52.7% 48.6% 44.3% 46.3% 48.0% 23.1% 20.6%
Ferrous metals 88.0% 89.9% 83.3% 89.7% 87.7% 88.5% 89.5%
Non-ferrous metals 81.8% 82.5% 78.1% 80.5% 80.7% 79.7% 82.8%
Glass 18.9% 0.0% 11.5% 14.7% 11.3% 0.0% 12.7%
Total materials recovery 25.9% 26.1% 24.2% 23.2% 24.9% 16.5% 14.1%
Total compostables recovered” 0.0% 15.8% 0.0% 9.4% 12.6% 0.0% 0.0%
Total fuel recovery 18.1% 0.0% 15.2% 0.0% 8.3% 38.5% 53.4%
Process loss (H,0, CO5) 7.3% 15.9% 10.4% 16.3% 12.5% 14.6% 18.9%
Total diversion from LF° 51.3% 57.8% 49.8% 48.9% 52.0% 69.6% 86.4%
Total residues landfilled 48.7% 42.2% 50.2% 51.1% 48.0% 30.4% 13.6%

* Zero values were not included in the average calculations.
? Input: total paper, PET, HDPE, and PP received at plants.

b $2 and S6 mix food wastes with other organics to produce soil conditioner, which cannot be used for edible plants. S3, S4, and S5 produce a CLO that is used as daily

cover in landfills.

¢ The material flow analysis of S5 does not include the WTE ash. Assuming 25.% WTE ash and zero beneficial use, would decrease the landfill diversion of S5 to

73.1%.

Table 2
Management of organic fraction in six MBT plants.

S1 S2 S3 S4 S6 S5 (incl. AD)
Destination of Directly Soil conditioning Daily cover in LF Daily cover in Soil conditioning Feedstock to WTE
composting product to LF LF
N/A In-vessel (6-7 weeks); In-vessel (12 days); In-vessel (6-7 Aerated Static Pile (ASP) in 25 Aerated Static Pile (ASP)

Description of
composting process

maturation (2-3
weeks); refinement

then in open windrow,
mixed, and wetted (1
week)

Material flows in and out:

Organics, mainly food 100.00% 65.00% 100.00%
wastes, contaminated
with fine particles®

Other organics added 0.00% Branches, and leaves 0.00%

35.00%

Total compostables 0.00% 36.90% 57.80%
produced

Compost process losses 0.00% 37.20% 23.10%
(H20, CO2)

Residue to WTE 0.00% 0.00% 0.00%

Residue to LF 100.00% 25.90% 19.10%

Organics to AD"

MWh produced per ton organics processed anaerobically
AD process losses, incl. biomethanisation

AD residues to LF

AD residues to WTE

weeks); composting tunnels (3-4 weeks); (3-4 weeks); aerobic
refinement maturation with turning system; stabilization turning
refinement system
100.00% 80.10% 71.20%
0.00% Yard wastes 0.00%
19.90%
38.40% 18.80% 28.50%
45.40% 32.40% 47.00%
0.00% 0.00% 24.50%
16.20% 48.80% 0.00%
28.80%
0.16 MWh/ton
38.80%
40.80%
20.40%

2 the fines include paper, plastics, metals, glass and other non-recyclable materials. The fines were not included in the analysis for lack of data.
> Wet process. hydromechanical pre-treatment, including waste pulper and grit removal system. The subsequent anaerobic digestion of the cleaned organic sus-

pension is carried out under mesophilic conditions (35-38 °C).

landfilled, both values decreased slightly to $14.8/metric ton, and
$31.7/metric ton, respectively.

The study showed that currently most of the organic fraction is
disposed in landfills, at best as daily cover in landfills, due to contami-
nation from ‘dry’ recyclable materials e.g., plastics, glass, and metals.
Also, the anaerobic digestion operations reported low recoveries, due to
the inconsistent nature of the organic fraction. Similar observations
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have been reported by other scientists (Al-Wahaibi et al., 2020; Montejo
et al., 2013; Salati et al., 2013; Fantozzi and Buratti, 2011; Donovan
et al., 2010). Recent developments also use the organic fraction as a
feedstock for bioethanol and biodiesel production, but the problematic
nature of the organic fraction of mixed MSW hinders commercialization
(Barampouti et al., 2019). Within the waste sector, the primary focus
should be on the diversion of biodegradable organics from landfills
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Fig. 3. Contribution of materials to GHG (metric tons CO3..q) and revenues of systems ($). Items in bold were used in the graph. A breakdown of each category, i.e.,
recyclables, organics, non-recycled materials and NRPP, is provided in the supplementary materials A2.

Table 3

CAPEX and OPEX values used for financial assessment.
CAPEX ($/ton) S1 S2 S3 S4 S5 S6
Scenario A 322 342 317 294 737 360
Scenario B 263 287 264 248 588 299
OPEX ($/ton)
Scenario A 32 36 30 30 58 38
Scenario B 26 31 26 27 49 32
CAPEX Ratio, A/B 1.22 1.19 1.20 1.19 1.25 1.20
OPEX Ratio, A/B 1.23 1.16 1.15 1.11 1.18 1.19

(UNEP, 2021) because it will reduce landfill methane emissions (US
EPA, 2021; Duren et al., 2019; Jeong et al., 2017). Technologies to
divert biodegradable wastes from landfills are commercially available
and in widespread use today. The extent of their existing use is, in large
part, directly a result of public policy. While the relative merits of each
of these technologies are beyond the scope of this paper, the severity and
magnitude of the climate challenge will require a suite of solutions, each
of which is capable of being developed and applied in an environmen-
tally protective manner.

4. Conclusions

It can be concluded that the optimal solution for the municipalities
should be built upon a thorough sorting and recyclables recovery line, to
obtain both the GHG emission savings and the positive revenues that
such systems have achieved, from recyclables. The main revenues of the
plants when recycling takes place, are contributed by the OCC, the
HDPE, and ferrous and non-ferrous metals. For the high calorific value
materials that cannot be recovered or do not have a value in the market,
there should be a product stream of alternative fuel for the cement/
energy sectors, which also reduces GHG emissions, by reducing residues
to landfilling and also adds to the revenue stream. Systems that produce
a fuel material for cement or energy production, indicated the highest
landfill diversion rates. However, the operators of the MBT plants should
secure long-term contracts with the cement operators, in order to
minimize the risk of the investment. This is mainly associated with the
willingness to pay of the cement manufacturers for alternative fuels,
which greatly depends on the quality of the fuel, such as chlorine
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content, as well as the market price of fossil fuels (Gerassimidou et al.,
2021; Waltisberg and Weber, 2020; Bourtsalas et al., 2018; IFC, 2017).
In order to decide between alternative fuel production and recyclables
recovery, the GHG emission savings and the prevailing gate fees are the
important factors.

In the case of S5, the mixed alternative fuel and the residues of the
MBT process are combusted to produce energy. This was found to be an
efficient way that results in the minimum use of land for disposition of
materials, without considering the indirect impact of producing energy
from the residues of the MBT process in WTE plants, and the use of WTE
bottom ash in the civil engineering sector, as practiced in the UK, France,
Denmark, and elsewhere (Allegrini et al., 2015). The low quality of
compost that is produced in most cases does not allow its use in agri-
culture and can only be used as daily cover in landfills. However, plants
that utilize source separated organic materials, such as leaves and
branches, achieve better quality compost that can be used as soil
conditioner. It is now recognized that biodegradable organics should be
diverted from landfills, in order to reduce methane emissions. However,
considering the low capital and operational costs when all the residues
are landfilled (S1-S3, and S6), cities that cannot support financially
advanced integrated systems, such as anaerobic digesters and WTE
plants should mandate the implementation of sanitary landfills equip-
ped with landfill gas capture systems (Noya et al., 2018; Wilson et al.,
2013).
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