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ARTICLE INFO ABSTRACT
Keywords: Increasing the recycling rates for post-consumer flexible plastics (PCFP) waste is imperative as PCFP is consid-
Flexible plastics ered a difficult-to-recycle waste with only 17 % of PCFP effectively recycled in Europe. To tackle this pressing
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issue, improved mechanical recycling processes are being explored to increase the recycling rates of PCFP. One
interesting option is the so-called quality recycling process (QRP) proposed by CEFLEX, which supplements more
conventional mechanical recycling of PCFP with additional sorting, hot washing, improved extrusion, and
deodorization. Material flow analysis (MFA) model is applied to assess the performance of QRP. Four perfor-
mance indicators related to quantity (process yield and net recovery) and quality (polymer grade and transparency
grade) are applied to measure the performance of three PCFP mechanical recycling scenarios. The results are
compared against the conventional recycling of PCFP, showing that QRP has a similar process yield (64 % — 66 %)
as conventional recycling (66 %). The net recovery indicator shows that in QRP higher recovery rates are achieved
for transparent-monolayer PCFP (>90 %) compared to colored-multilayer PCFP (51 % — 91 %). The quality
indicators (polymer and transparency grades) demonstrate that the regranulates from QRP have better quality
compared to the conventional recycling. To validate the modeling approach, the modeled compositional data is
compared with experimental compositional analyses of flakes and regranulates produced by pilot recycling lines.
Main conclusions are: (i) although yields do not increase significantly, extra sorting and recycling produces better
regranulates’ quality (ii) performing a modular MFA gives insights into future recycling scenarios and helps in
decision making.

1. Introduction to the losses of macroplastics to the environment (Ryberg et al. 2019;
Peano et al., 2020; OECD, 2022). This is caused by improper treatment
1.1. Overview of the flexible packaging waste management and disposal of plastic waste, which is due to the fact that PCFP can be

expensive to collect and they have a low market value (SYSTEMIQ,
Management of post-consumer flexible packaging (PCFP) waste is a 2022; Peano et al., 2020). On top of the effort to reduce the use of
pressing issue globally as it is considered as one of the major contributor plastics, design for recycling efforts should further be introduced such as
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changing the design from multi- to mono-material, and changing the
business model such as building reuse or refill stations (SYSTEMIQ,
2022; OECD 2022; Feber et al., 2020). Next to this, also the waste
management infrastructure of PCFP can be further improved such as
establishing separate collection, sorting and recycling systems (PRI,
2019; Ellen MacArthur Foundation, 2016; Horodytska et al. 2019).

The current status of PCFP waste treatment is that it is exported,
recycled into products like park benches, garden furniture, or bin bags.
In this context, there is an urgent need to deploy more recycling capacity
that is capable of reprocessing PCFP. To improve this, several options
exist, including improved mechanical recycling, chemical recycling
(incl. solvent-based recycling such as dissolution-precipitation or
delamination), and energy recovery (Horodytska et al. 2019; Ragaert
et al. 2017; Simon and Martin, 2019; Vollmer et al. 2020; Ugdiiler et al.,
2021; Kol et al., 2021). While some promising chemical recycling ap-
proaches are still under development such as solvent-based recycling
(Simon and Martin, 2019; Schwarz et al., 2021; Vollmer et al., 2020;
Hann and Connock, 2020), other technologies can be readily imple-
mented at higher technological readiness level (TRL) and at commercial
scale such as improved washing and extrusion (Horodytska et al. 2019;
Horodytska et al. 2020). In any case, the requirement for increased
recycling rates is urgent, and thus it is crucial to assess how far currently
available technologies can be ‘pushed’ to increase the process yield and
regranulates’ quality from PCFP recycling. Therefore, this study focuses
on assessing the potential improvement in terms of process yield and
regranulates’ quality of mechanical recycling of PCFP based on potential
flowsheets that are proposed by industry with technologies that are
commercially used.

PCFP can be sorted into plastic film bales for mechanical recycling in
North America (Pressley et al., 2015; Tanguay-Rioux et al., 2022; Kessler
Consulting, 2009), Europe (Picuno et al., 2021, Kleinhans et al., 2021;
Antonopoulos et al., 2021), and Asia (Wang et al., 2020; Nakatani et al.,
2017; Kawai et al., 2022). In the United States and Canada, flexible
packaging waste is sorted into a mixed plastic film bales using drum
screens, ballistic separators, and optical sorters for recycling (Tanguay-
Rioux et al., 2022; Kessler Consulting, 2009; Pressley et al., 2015). Some
improvements are also being explored by sorting flexible packaging
further by optical sorters (RRS, 2020). Similarly, PCFP is sorted into
mixed plastic film bales using a series of mechanical sorting equipment
for recycling in Japan and China (Kawai et al., 2022; Nakatani et al.,
2017; Wang et al., 2020). In Europe, similar processes are employed to
sort and recycle PCFP, which is elaborated in the next section.

1.2. Flexible packaging waste management in Europe

In Europe, plastic packaging accounted for 40 % of the total plastics
demand in 2019, which is equivalent to ~20 million tonnes of rigid and
flexible packaging. It is estimated that out of 20 million tonnes plastics
packaging, nearly 9 million tonnes are flexible plastics (consumer and
industrial plastics), in which ~3.7 million tonnes become PCFP (KIDV,
2020; PlasticsEurope, 2021; Eunomia, 2020).

Flexible plastics, also referred as films, includes bags, pouches, en-
velopes, sachets, and wraps which are widely used as consumer pack-
aging with main the function to ensure proper product delivery to the
customers. This type of packaging can provide excellent barriers against
aspects such as microorganisms, light, oxygen, carbon dioxide, and
water vapor, which increases the shelf life of the product and reduce
(food) waste (KIDV, 2020; Hou et al., 2018; Wagner & Marks, 2010).
The market for flexible plastics is also continuously growing due to its
low cost, versatility, light weight, resistance, and printability (Ugdiiler
et al., 2021; Grant et al., 2020a; Horodytska et al., 2018).

The main polymers for PCFP are the polyolefins (PO) low-density
polyethylene (LDPE), linear low-density polyethylene (LLDPE), and
polypropylene (PP) (CEFLEX, 2020; Horodytska et al., 2018; Faraca &
Astrup, 2019). Flexible plastics can be produced from a single compo-
nent or can be multi-layered, consisting of different material types such
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as polymers (e.g., PO, Polyethylene Terephthalate (PET), Polyamide
(PA), Ethylene Vinyl Alcohol (EVOH), ...), paper, aluminum, or any
combination of these. These films may be transparent, printed, coated
and/or laminated. It is estimated that around 20 % (750 kilo tonne) of
the total PCFP are multi-material and between 70 and 80 % (~3 million
tonne) are reported as mono-material PO packaging (CEFLEX, 2020;
KIDV, 2020; Faraca & Astrup, 2019).

To enable a circular economy for plastics, including PCFP waste, the
European Union (EU) has set a target to recycle 55 % of plastics pack-
aging waste by 2030 (European Commission, 2018). To realize this
ambition, the Commission has recently launched the Circular Plastics
Alliance (CPA) to support and boost the EU market for recycled plastics
to 10 million tonnes by 2025 (European Commission, 2021). The EU has
also recently passed a tax on plastics waste that charges €800 per tonne
of non-recycled plastic packaging waste (European Commission, 2020).
However, up to now most of the waste management infrastructure is
developed to process rigid plastics (e.g., HDPE and PET bottles). In many
countries, PCFP is still not correctly source separated and is usually sent
to landfill or incineration, or is exported (Lopez-Aguilar et al., 2022). In
Europe, only in a limited number of countries, for example in The
Netherlands, Germany, and recently Belgium, PCFP is source separated
typically together with rigid plastics packaging, metals, and beverage
carton. When source separated, PCFP are sent for sorting and recycling
(Kleinhans et al., 2021; Picuno et al., 2021; Horodytska et al., 2018;
Brouwer et al., 2018).

A typical PCFP waste treatment can be seen in Fig. 1. Correctly
source separated PCFP waste are sent to material recovery facilities
(MRFs) for sorting. At MRFs, PCFP are sorted into different bales for
recycling. Typical bales for PCFP waste are: (i) bale rich in PE film and (ii)
bale rich in PO film, in which > 70 % of PCFP is forwarded to these two
bales at MRF level (Antonopoulos et al., 2021; Kleinhans et al., 2021;
Picuno et al., 2021; Mastellone et al., 2017; Cimpan et al., 2016). One of
the standards used for bales specification is ‘Duales System Deutschland
(DSD) GmbH’, which is commonly used and accepted specifications to
benchmark quality of the sorted bales in Europe (Der Griine Punkt —
Duales System Deutschland GmbH, 2018). Using this standard, hereafter
the bale rich in PE film and PO film is referred as DSD 310-1 and DSD
323-2 bales, respectively.

Thereafter, the two sorted bales are sent to recycling facilities to be
reprocessed into regranulates, in which the ‘r’ is added to the nomen-
clature referring to different regranulate types (Fig. 1). Mechanical
recycling is to date the most commonly used technique to process PCFP
waste. A typical conventional mechanical recycling (will be called
‘conventional recycling’ from hereafter) of DSD 310-1 bale consists of
shredding, additional (yet limited) optical sorting based on near-
infrared (NIR) technology, washing, density separation, mechanical
and thermal drying, and extrusion (Ragaert et al., 2017; Faraca &
Astrup, 2019; Brouwer et al., 2018; Faraca et al., 2019; Civancik-Uslu
et al. 2021). In the conventional recycling, PCFP waste is shredded
into flakes and washed to remove the contaminants such as organic
remnants, wood, rocks, sand, and metals. In the water-based medium,
PO will mostly float and the other materials will mostly sink. After being
dried using mechanical and thermal drying, PCFP waste undergoes a
final regranulation step by extrusion (Ragaert et al., 2017; Larrain et al.,
2021). Regranulation of PCFP flakes is usually processed at 180-220 °C,
which would remove the remaining paper, woods, metals, and polymers
with higher melting temperature (e.g., PET) by a melt filter (Stenvall
et al., 2013). The process yield of a typical conventional recycling for PE
and PO films ranges from 60 to 80 % depending on the input quality
(sorted bales) and efficiency of the recycling equipment (Picuno et al.,
2021; Brouwer et al., 2018; Faraca & Astrup, 2019; Larrain et al., 2021).

However, there are still many challenges in the conventional recy-
cling of PCFP waste. Despite recent technological innovation, regranu-
lates from PCFP are often considered inferior to virgin plastics, partly
due to inefficient sorting at MRFs, complex polymer compositions, and
inadequate contamination removal. For example miscibility can become
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Fig. 1. A conceptual figure depicting PCFP waste treatment in Europe (adapted from Picuno et al., 2021; Antonopoulos et al., 2021; Kleinhans et al., 2021; CEFLEX,

2020; Horodytska et al., 2018; Brouwer et al., 2018).

a problem upon extrusion despite the structural similarities of PO
(Ragaert et al., 2017; Van Belle et al., 2020). Next to that, a noticeable
amount of odours remains even after washing and separation processes
leading to recycling issues, which must be removed from the stream to
allow more closed-loop recycling (Roosen et al., 2021; Demets et al.,
2020; Chacon et al., 2020; Mumbach et al., 2019). These challenges
result in the fact that the part of PCFP which is recycled often finds its
way to applications such as park benches or garden furniture, and not to
flexible plastics again. Alternatively it is mixed together with virgin or
commercial and industrial (C&I) recycled plastics to produce products
such as garbage bags (Faraca & Astrup, 2019; Brouwer et al., 2018;
Ragaert et al., 2017). The above-mentioned challenges highlight the
importance of improving current mechanical recycling process to
enhance the quality and to allow more market applications of PCFP
regranulates.

As a step to mitigate this status quo of PCFP waste recycling, an
improved mechanical recycling process (Fig. 1) for PCFP waste is pro-
posed by CEFLEX, called the quality recycling process (QRP), that consists
of additional sorting and either Tier 1 or Tier 2 recycling processes
(Mosora, 2020). QRP can be perceived as a more elaborated route to the
current conventional recycling process. As shown in Fig. 1, QRP could
start from DSD 310-1 and DSD 323-2 bales created at MRFs, in which
QRP adds additional sorting (called QRP additional sorting in this
research) to these bales prior to the actual recycling process (either Tier
1 or Tier 2 recycling). The QRP additional sorting creates intermediate
bales: PE Film Natural, PE Flex, PP Film, and PO New bales, which can
be processed later either through Tier 1 or Tier 2 recycling of QRP,
depending on the targeted market applications. More information on
QRP can be found in Section 2.3.2.2.

To assess the performance of different recycling processes, material
flow analysis (MFA) and performance indicators are often used. The
outputs of MFA are compositional data and mass balances, which are
often linked to define the performance of the studied systems based on
quantity or quality indicators (Kleinhans et al., 2021). Quantity in-
dicators refer to the amount of valuable products created from sorting or
recycling facilities and the amount of recovered material (Roosen et al.,
2022; Kleinhans et al., 2021). Quality indicators refer to the composi-
tions and potentially technical processability (Demets et al., 2021),
technical properties (Demets et al., 2021; Chacon et al., 2020; Grant

et al.,, 2020b; Eriksen & Astrup, 2019), or functionality or circularity
potential of the regranulates (Eriksen & Astrup, 2019; Eriksen et al.,
2018; Vadenbo et al., 2016). These past studies also link the contami-
nation level (i.e., non-polymer and undesired polymer content) to reflect
regranulates quality. However, past studies are mainly done for rigid
plastics waste recycling and their associated quantity and quality
(Chacon et al., 2020; Eriksen & Astrup, 2019; Grant et al., 2020b), whilst
research into PCFP waste recycling performance is scarce (Horodytska
et al., 2018).

This research investigates the recycling performance of conventional
and improved mechanical recycling (by using QRP as a case study) of
PCFP waste. A mathematical model is developed and applied that is
based on a modular material flow analysis (MFA) approach, which is
expanded from the MFA sorting model developed and validated by
Kleinhans et al. (2021). The first part of this paper focuses on describing
the development of the MFA model. The inputs for the model are:
experimental data (i.e., pilot trials and bales sampling at a sorting test
facility), expert judgment, and literature. In the second part of this
paper, the developed model is applied to trace the flow of wastes from
the selected bales throughout QRP and compared to the conventional
recycling. The third part of the paper assesses QRP and conventional
recycling performance by applying selected performance indicators to
the model outputs. Four performance indicators related to quantity
(process yield and net recovery) and quality (polymer grade and trans-
parency grade) are used to compare the results. Moreover, the compo-
sitional data produced by the MFA model (called ‘modeled
compositional data’ hereafter) at the flakes and regranulates levels is
compared with experimentally obtained compositional analyses (i.e.,
compositional analysis of flake and regranulate of the actual samples)
for model validation. Lastly, evaluation of the technical properties of
regranulates is out of scope of this study and is investigated by Bashir-
gonbadi et al. (2022).

2. Materials and methods
2.1. General modeling procedure

An overview of the modeling procedure of QRP and conventional
recycling is presented in Fig. 2. The needed inputs for the MFA modeling
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Fig. 2. A diagram that summarizes the MFA model and assessment procedure in this research, including the required model inputs and generated outputs.

are the waste composition of the bales (Section 2.3.1), a defined plant
configuration of QRP and conventional recycling process at equipment
level (Section 2.3.2), and the associated separation efficiency of these
equipment (Section 2.3.3). To quantify these parameters, we have used
three data source: experimental data, expert judgment, and literature
sources.

The model outputs are mass balances and compositional data, which
is converted to a selection of performance indicators adapted from
previous studies (Roosen et al., 2022; Kleinhans et al., 2021), which are
described in Section 2.4.1. To validate the model outputs, experimental
compositional analyses of flakes and regranulate samples are compared
with the modeled compositional data (Section 2.4.2).

2.2. Description of study area and scenarios

2.2.1. Study area

This research is conducted with an assumption that QRP would be
installed (but not limited to) in Europe, thus assumptions and modeling
parameters are linked to the European data. The starting point of the
research is DSD 310-1 and DSD 323-2 bales created at MRFs, while the
end point is regranulates (an ‘7’ is added to the nomenclature, e.g., rPP
Film refers to PP Film regranulate). In this research, the bales are
products from a German MRF which is transported to a sorting test fa-
cility in The Netherlands for compositional analysis and pilot sorting
trials (more in Section 2.3.1). Based on expert judgment, all created DSD
310-1 bale and approximately 30 % of DSD 323-2 bales are currently
processed in Europe through the conventional recycling process. The
remaining 70 % of DSD 323-2 bale is exported outside Europe. However,
for the purpose of a fair comparison by the MFA, in this research it is
assumed that all DSD 323-2 bale would be processed in Europe.

2.2.2. Scenarios

This research focuses on three mechanical recycling scenarios. First,
baseline scenario: conventional recycling. In the baseline scenario, DSD
310-1 and DSD 323-2 bales are processed through conventional recy-
cling process to produce regranulates. Second, scenario 1: QRP with Tier
1 recycling. In scenario 1, DSD 310-1 and DSD 323-2 bales are processed
through QRP additional sorting. Thereafter, all created QRP bales are
processed through Tier 1 recycling to produce regranulates. Third, sce-
nario 2: QRP with Tier 1 and Tier 2 recycling. Based on expert judgment,
and as demonstrated by Bashirgonbadi et al. (2022), Tier 1 and Tier 2
recycling produces regranulates for different market applications
because of the differences in regranulates quality. Therefore, in scenario
2, the products of the QRP additional sorting of DSD 310-1 and DSD 323-
2 bales, namely PE Film Natural and PP Film bales are processed through
Tier 1 recycling, while PE Flex and PO New bales are processed through
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Tier 2 recycling. Detailed information on the plant configuration of QRP
and conventional recycling can be found in Section 2.3.2.

2.3. MFA model

The following sub-sections explain: (i) waste composition, (ii) plant
configuration, (iii) the separation efficiency.

2.3.1. Waste composition: DSD 310-1 and DSD 323-2 bales

The compositional analysis of DSD 310-1 and DSD 323-2 bales is
conducted at the Nationaal Testcentrum Circulaire Plastics (NTCP)
sorting test facility in Heerenveen — The Netherlands. Seven DSD 310-1
(approx. 3.6 tonnes) and six DSD 323-2 bales (approx. 3.5 tonnes) are
transported from a German MRF in Autumn 2020. There are three
different level of waste classification used in this research: Main group,
sub-group, and sub-category levels, as shown in Table SI1 in the sup-
porting information (SI).More detailed information on the sampling
procedures can be found in SI 2.

2.3.2. Plant configurations

Experts from the industry are involved in the development of the
conventional recycling and QRP configuration (Fig. 3), i.e., HTP GmbH
& Co. KG develop the process flow diagram with subsequent consulta-
tion with waste management operators and equipment manufacturers
such as Attero B.V., EREMA Group GmbH, and Herbold Meckesheim
GmbH. Based on expert judgment and previous study by Larrain et al.
(2021), plastics recycling plants can operate at 20,000 tonnes/year and
7,000 hour/year, equivalent to 3 tonnes/hour processing capacity. This
capacity is used in our model: 20,000 tonnes/year of DSD 310-1 and 20,
000 tonnes/year DSD 323-2 mass input for both QRP and conventional
recycling.

2.3.2.1. Conventional recycling. The flow diagram of conventional
recycling line of DSD 310-1 and DSD 323-2 bales can be found in Fig. 3a.
The recycling process starts by shredding the materials into roughly 10
cm in size. For DSD 310-1, metals and non-PE are typically removed
before washing using overbelt magnet and NIR sorters. For DSD 323-2,
metals and non-PO materials are removed only during washing, density
separation, and extrusion.

The cold washing consists of washing by water at 25-40 °C, wet
granulation, and friction washer. In the cold washing, the materials will
be further size-reduced into flakes sized roughly 1 cm. Contaminations,
such as organic residues, paper and labels, are further removed by a
friction washer, in which a high-speed screw is used to remove con-
taminants by centrifugal forces. Thereafter, the remaining heavy poly-
mers and metals are removed in a density separation bath. Before
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Fig. 3. Flow diagram of (a) conventional recycling, (b) QRP additional sorting, (c) QRP Tier 1 and (d) QRP Tier 2 recycling (adapted from CEFLEX, 2021).

extrusion, the materials are dried using mechanical and thermal drying sorting and Tier 1 or Tier 2 recycling depending on the targeted regra-

to remove moisture. Lastly, a single melt filter extruder is used to remove nulate quality.

some of the remaining contaminants (Larrain et al., 2021; Faraca &

Astrup, 2019; Faraca et al., 2019; Horodytska et al., 2018; Brouwer 2.3.2.3. QRP additional sorting. It is assumed that QRP additional

et al., 2018; Ragaert et al., 2017). In this research, the regranulates sorting sorts 20,000 tonnes/year DSD 310-1 and 20,000 tonnes/year

produced from the conventional recycling DSD 310-1 and DSD 323-1 DSD 323-2 bales. Both bales are processed separately in two different

bales are referred as “Baseline DSD 310-1” and “Baseline DSD 323-2”, additional sorting lines (per bale) working in parallel after debaling (see

respectively. Fig. 3b). The QRP additional sorting starts by overbelt magnets and fine
screens separation, removing magnetic material and fine residue,

2.3.2.2. Quality recycling process (QRP). QRP consists of QRP additional respectively. Thereafter, NIR-based optical sorters are used: i) NIR-VIS
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LDPE Natural, positively sorts PE film transparent clear, ii) NIR PE
Cleaner, negatively sorts non PE materials, iii) NIR PP Film, positively
sorts PP films, iv) NIR PP Cleaner, negatively sorts non PP materials, and
v) NIR PO Cleaner, negatively sorts non PO materials.

From DSD 310-1, the QRP additional sorting aims to sort PE film
transparent clear, as indicated in Table SI1. Next to this, a second bale is
created consisting of the colored/printed PE films that are present in the
DSD 310-1 bale. For these purpose, the QRP additional sorting uses
optical NIR-VIS LDPE Natural sorters to ‘positively’ targeting PE film
transparent clear and next cleaning the stream by ‘negatively’ removing
all non-PE items using NIR LDPE Cleaner. The bale rich in PE film
transparent clear is called “PE Film Natural” and bales rich in all colors
PE films is called “PE Flex”.

From DSD 323-2 bale, the QRP additional sorting ‘positively’ sorts PP
films (transparent and coloured) by NIR PP Film sorters. Thereafter, the
stream is cleaned by ‘negatively’ removing non-PP items using NIR PP
Cleaner sorter, creating a bale rich in PP called “PP Film”. The non-PP
fraction of the DSD 323-2 bale is cleaned from the non-PO materials
using NIR PO Cleaner sorters, creating a bale called “PO New”.

2.3.2.4. QRP Tier 1 and Tier 2 recycling. The four bales of the QRP
additional sorting are sent to the QRP recycling, in which the bales will
be shredded, washed, and extruded. Two recycling lines can be used in
QRP: Tier 1 (Fig. 3c) and Tier 2 recycling lines (Fig. 3d). The Tier 1 and
Tier 2 recycling both start with shredding, followed by cold washing (i.e.
identical to cold washing process in the conventional recycling, Section
2.3.2.1). In the case of Tier 1 recycling, an additional hot washing step is
applied to remove more odours, papers, and adhesives from the waste
stream. The recycling process ends with an extrusion process including a
two steps filter with degassing and deodorization (hot air-based treat-
ments) for Tier 1 and a single step filter with degassing (without
deodorization) for Tier 2 recycling. In this research, the regranulates
produced from QRP Tier 1 is referred as “rPE Film Natural’, “T1-rPE
Flex”, “rPP Film”, and “T1-rPO New”, while the regranulates produced
from QRP Tier 2 is referred as “T2-rPE Flex” and “T2-rPO New”.

2.3.3. Separation efficiency

The modular MFA approach is based on separation efficiencies to
predict material flows throughout the described plant configurations.
The separation efficiency (expressed in %) represents the separation of
the waste items (categories) at each sorting or recycling unit, which is
called transfer coefficient or split factors in other studies (Kleinhans
et al., 2021; Brouwer et al., 2018; Cimpan et al., 2016, Mastellone et al.,
2017). This includes positive and negative separations as well as po-
tential missorting.

Data on separation efficiencies is collected from relevant literature
from plastic waste treatment in Europe (Kleinhans et al., 2021; Brouwer
et al. 2018; Cimpan et al. 2016) combined with pilot trials performed in
the frame of the CEFLEX activities. Experts from industry are inter-
viewed to further validate the separation efficiencies used in the MFA
model. The separation efficiency for every waste category (Table SI1) at
every optical NIR sorter is determined by performing a mass balance
analysis before and after sorting. During the trials, a few sampling points
are defined in which the outputs of optical sorting are collected into
three bags. Two out of three bags are chosen and the materials are mixed
on the floor. Later, approximately 7.5 kg of sample is randomly collected
for material composition characterization and used as the basis for the
separation efficiency determination. Detailed procedures of material
sampling protocol can be found in SI 2.

The separation efficiencies of sorting equipment used in MFA
modeling can be found in SI 3, Table SI3.1. Further information
regarding the quantification of separation efficiency based on mass
balances and detailed values per waste category at different NIRs can be
found in the SI 2. Additionally, the separation efficiency of the overbelt
magnet is obtained from the study of Kleinhans et al., 2021, while the
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fines fraction (<40 mm in size) can be removed effectively (60 %) in the
fine screen.

The aggregated separation efficiency for recycling equipment used in
the conventional recycling, QRP Tier 1 and Tier recycling can also be
found in Table SI 3.2 in the SI 3. It is assumed that up to 95 % of the
organic residue, papers, and fine fraction remnants can be removed after
the cold and hot washing. Under elevated temperature of > 80 °C and by
adding washing agents such as caustic soda and detergents, the hot
washing step can effectively remove adhesive and organic waste resi-
dues as well as partially remove some of the inks. More than 95 % of low-
density monolayer PO floats and most of the heavier materials (70 %)
such as non-PO based (other) laminated films, metallic materials, fibers,
and other rigid polymers are assumed to sink in the density separation.
As for the metalized PE / PP and other films listed in Table SI1, it is
assumed that 70 % floats and 30 % sinks. After water-based washing
process, the materials are dried using thermal and mechanical drying,
removing more than 97 % of the moisture content. Later, in the extru-
sion process, materials and polymers with higher melting points (higher
than 200 °C) are assumed to be retained at the extrusion filter with the
sieve size of 90-110 pm (plus an additional 125 um for two steps
filtration technology). The efficiency of the melt filter extrusion process
is relatively high (95 %) towards non-PO flexible materials. Lastly, the
level of odors are reduced by 55 % — 90 % in the deodorization process
(Roosen et al., 2021; Larrain et al., 2021; Picuno et al., 2021; Demets
et al., 2020; Strangl et al., 2020; Faraca & Astrup, 2019; Strangl et al.,
2021; Brouwer et al., 2018).

2.4. Assessment of the recycling performance

To facilitate interpretation and allow proper comparison of different
scenarios, two indicators related to quantity: (i) process yield (ii) net re-
covery and two indicators related to quality: (iii) polymer grade (iv)
transparency grade are used, adapted from previous studies (Roosen
et al., 2022; Kleinhans et al., 2021). Afterwards, the modeled compo-
sition at flakes and regranulate levels produced by the MFA model is
compared with the experimental compositional analyses from the flake
and regranulate samples.

2.4.1. Performance indicators
The summary of the selected quantity and quality indicators can be
found in Table 1 and is illustrated in Fig. 4. The process yield (Y) mea-
sures the share of total waste entering a recycling facility (u') that is
finally converted into regranulates (u"). The net recovery (R) indicates the
fraction of waste T entering a recycling facility (pf) that is found in the
correct regranulates. In the Table SI4, the targeted regranulates
(fl—'l;granulate
The polymer grade at bales (Gy,), flakes (G¢), and regranulates (G,)
level is a simple proxy to measure the quality of the products as it reflects
the concentration of the PE and/or PP (films and/or rigid) at QRP bales,
flakes and regranulates level over the total mass of all materials in the
respective product, i.e., total mass of all materials in bale (f7,,.), flakes

(fflukes) and regranulates (12, ,u1.) l€Vel. The targeted materials at bales

(1), flakes (f],..), and regranulates (f?;gmnulale) level for PE Film Nat-

) for all listed waste categories (in Table SI1) can be found.

ural, PE Flex and Baseline DSD 310-1 (from conventional recycling) are
all PE from the DSD 310-1 bale. The PP Film targets all PP, while PO New
and Baseline DSD 323-2 (from conventional recycling) target all PO
materials from DSD 323-2. Moreover, an indicator as a proxy to measure
the quality of the color of the regranulates is added, called transparency
grade indicator (t,), which indicates the concentration of transparent film

in the regranulates (f}i~ 9, i.e., concentration of PE film transparent

clear or PP film transparent (trm). The value of these indicators ranges
between 0 and 100 %.

2.4.2. Compositional analysis at the flakes and regranulates level
The modeled compositional data is compared against experimental
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Table 1

The summary of the selected indicators, their corresponding definitions and
formulas applied to evaluate the performance of the recycling process, adapted
from Roosen et al. (2022) and Kleinhans et al. (2021).

Performance Definition Equation
indicator
Quantity indicator
Process yield The share of mass waste input I (in tonne/ Yo M
year) that is being converted into Tl
regranulates r (in tonne/year)
. . . T
Net Recovery Fraction of waste T entering recycling B fi egranulate
plant that is found in the desired g
regranulate r
Quality indicator
Polymer Grade
QRP Bale grade  The concentration of the targeted waste Gy = Sivtes
ies T in th P bal T yM
categories T in the QRP bales Zm:u?a s
Flakes grade The concentration of the targeted waste G — f;{akes
categories T in the flakes f =M
& n=1Sakes
Regranulate The concentration of the targeted waste
grade categories T in the regranulates Gr =
f:;granulute
M
Zm—lﬂggmnulate
Transparency The concentration of transparent films (i.
Grade e., PE film natural and PP film tr =

transparent) tg, in the regranulates
Lilm
regranulate

M
me lﬂggmnulare

compositional analyses of the flakes and regranulates samples to vali-
date the model. The samples were shredded, washed, and extruded ac-
cording to QRP chains in the test centers, as such creating flakes and
regranulates of PE Film Natural, PE Flex, PP Film, and PO New.

The composition of hot-washed flakes of PE Film Natural, PE Flex, PP
Film, and PO New, is determined by Fourier-Transform Infrared Spec-
troscopy (FTIR). A representative sample of flakes was isolated from
each fraction following a standardized mass reduction and sampling
procedure CEN/TS 16010. Each sample contained 120-130 flakes.
Thereafter, the polymeric composition at both sides of flakes was
characterized. After weighting the flakes of a similar polymer, the
overall composition could be obtained. Bruker Tensor 27 device, with
OPUS 6.5 software, equipped with Attenuated Total Reflection on ZnSe-
crystal, is used for the FTIR study at a resolution of 4 cm ™' in 16 sample
scans and frequency range from 4000 to 600 cm ™.

The composition of the materials at regranulate level is determined
by Differential Scanning Calorimetry (DSC). In this research, six
different regranulates are characterized:

rPE Film Natural

rPP Film

T1-rPE Flex and T2-rPE Flex
T1-rPO New and T2-rPO New
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To estimate the compositions of the regranulates, the melting en-
thalpies of PE and PP of the second heating cycle in these materials are
compared with master curves as described by Kisiel et al. (2019). For
DSC measurements 10 mg per sample is prepared and Polyma 214 de-
vice is used in two runs of 25 °C to 290 °C to 25 °C (10 K/min) in a
nitrogen atmosphere. The average crystallinity of the PE and PP phases
is considered to be 38 % and 50 %, respectively (Kisiel et al., 2019).

2.5. Sensitivity analysis

A sensitivity analysis is carried out to assess the impact of potential
variations of the selected modeling parameters towards the performance
indicators of QRP (i.e., process yield, net recovery, polymer grade, and
transparency grade). Nine modeling parameters are varied in the
sensitivity analysis such as the bale compositions, five separation effi-
ciencies of the optical sorters, and four separation efficiencies of the
recycling equipment. This approach is applied to gain insights into the
most sensitive parameters. In this study, the sensitivity analysis is done
by changing each individual modeling parameter by + 25 % one by one
while maintaining the other parameters at a constant value. More in-
formation on the new bale compositions and separation efficiencies
(25 %) can be found in the SI 7.

3. Results and discussion
3.1. Material flow and process yield

Fig. 5 shows the material flows of the baseline scenario (Fig. 5a),
scenario 1 (Fig. 5b), and scenario 2 (Fig. 5¢). From Fig. 5, it can observed
that of the total 20,000 tonnes/year of DSD 310-1 bales, 14,643 tonnes/
year is converted into Baseline DSD 310-1 regranulate, while 11,708
tonnes/year Baseline DSD 323-2 regranulate is produced from 20,000
tonnes/year DSD 323-2 bales through the conventional recycling. Less
regranulates are thus produced from recycling DSD 323-2 bale because
of a higher degree of contamination in the input bales that accounts for
more than 35 % of the total mass (i.e., residue and non-PO materials).
The process yield of PCFP waste recycling through conventional recy-
cling of DSD 310-1 and DSD 323-2 bales is 66 %, equal to 26,351 tonnes/
year regranulate production. Previous studies suggest that Baseline DSD
310-1 regranulate would typically end-up in open-loop recycling such as
garbage bags or agriculture pipes. On the other hand, the Baseline DSD
323-2 regranulate is mainly used in robust applications such as garden
furniture or benches (Faraca & Astrup, 2019; Horodytska et al., 2018;
Bashirgonbadi et al., 2022).

In scenario 1 and 2 of QRP, first the QRP additional sorting creates
5,219 tonnes/year PE Film Natural bales, 12,783 tonnes/year PE Flex
bales, 3,781 tonnes/year PP Film bales, and 13,780 tonnes/year PO New
bales. Relative to the 20,000 tonnes input of DSD 310-1, the QRP
additional sorting sorts 26 % of the input into PE Film Natural bales, 64
% into the PE Flex bale, and 5 % into the PO New bale. Furthermore,
from the 20,000 tonnes of DSD 323-2, 19 % is sorted into the PP Film

. *Recycling
Bale Input (I) .. *Recycling —_—— —— . -
+ DSD 310-1: 20,000 ton/year — | QRP Additional |_, QRP —| (from shredding (Extrusion and Regranulate ()
Sorting Bales —_— | deodorization |———s
* DSD 323-2: 20,000 ton/year to drying) tr
m T m . T Jor Tier-1 ORP) r. fm _fr i f fitm
T foates; foates fftakes friakes W' fregranutate 5 fregranutate ; fregranutate ’
WKy | \ ) Y— N +
er [ T T ! tritm |
G = foates G = ffiakes G. = fregranutate fregrunulate
b=SM em =M m L N tr
Ym=1fBates m=1Jregranulate

——=+ Conventional recycling flow
QRP flow

*Detailed information on the recycling process of QRP and conventional recycling can be found in section 2.3.2

M m T yM
Zm:1fflakes Ym=1 frzlgranulale

Fig. 4. A diagram with indicated symbols used to define the selected performance indicators applied in this research.

255



LS. Lase et al.

Baseline scenario: Conventional Recycling

20.000 ton per year
Bales rich in PE Film (e.g., DSD 310 -1)

Conventional
Recycling for
Bales rich in PE
Film (e.g., DSD
310-1)

Sorted Bales
from MRFs

20.000 ton per year

Bales rich in PO Film (e.g., DSD 323-2)

Conventional
Recycling for
Bales rich in

PO Film (e.g.,
DSD 323-2)

bt

Sorted Bales 8,293
from MRFs ton/year
3 Other Plastics 3 PE Film Transparent Clear
Paper, Fines, and & PE-Film Others
Residue &3 PP-Film Transparent
= PO Black | PP-Film Others
&= PE-Rigids = Baseline DSD 310-1 regranulate
=1 PP-Rigids

[ Baseline DSD 323-2 regranulate

rPO New are produced from Tier 2 recycling.

bale whilst 64 % is sorted into the PO New bale. The QRP additional
sorting removes a fraction of the residue (incl. papers and fine fractions)
and non-PO materials, which accounts for 11 % (equal to 4,438 tonnes/
year) of the total mass input.

After the QRP additional sorting, these bales go to the recycling
process. Four regranulates are created in scenario 1: rPE Film Natural
(4,676 tonnes/year), T1-rPE Flex (9,558 tonnes/year), rPP Film (2,874
tonnes/year), and T1-rPO New (8,646 tonnes/year). Thus, from DSD
310-1 and DSD 323-2 bales up to four regranulate types through sen-
cario 1, the process yield is 64 % (in total 25,754 tonnes/year regra-
nulates). In scenario 2, PE Flex and PO New bales are processed through
Tier 2 recycling and a slight difference can be observed. The amount of
rPE Film Natural and rPP Film remain, while the production of T2-rPE
Flex and T2-rPO New increases to 9,878 tonnes/year and 8,953
tonnes/year respectively. The 3 % increase of regranulates production in
scenario 2 can be explained by the fact that Tier 2 recycling employs less
recycling equipment and consequently generates less residue. The pro-
cess yield of recycling PCFP waste through scenario 2 slightly increases
to 66 % (in total 26,381 tonnes/year regranulate). Concluding, the
process yields of recycling PCFP waste via conventional recycling and
QRP are relatively similar, which is in line with the typical reported
process yield in previous studies of 60 %-80 % (Picuno et al., 2021;
Brouwer et al., 2018; Faraca & Astrup, 2019). Potential differences in
composition of the regranulates will be investigated in Section 3.3.

3.2. Net recovery

The estimated net recovery of PE film transparent clear, PE film

5357
ton/year
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14,643 ton/year

Process
yield: 66%

Baseline DSD 323-2

11,708 ton/year

Residual
treatment

13,649
ton/year

(a)

Fig. 5. The material flow of aggregated waste category from bales rich in PE film (e.g., DSD 310-1) and PO film (e.g., DSD 323-2) through (a) conventional recycling
(b) QRP where all four regranulates are produced from Tier 1 recycling (c) QRP where rPE Film Natural and rPP Film are produced from Tier 1 whilst rPE Flex and
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others (i.e., colored/printed PE films), PP film transparent, PP film
others (i.e., colored/printed PP films), PE rigid and PP rigid waste
(aggregated in the sub-group level, see Table SI1) from DSD 310-1 and
DSD 323-2 through conventional recycling and two QRP scenarios can
be found in the SI 5, Fig. SI5.

It can be observed that the net recovery of all presented waste cat-
egories (shown in aggregated sub-group level, see Table SI1) is always
higher in scenario 2 compared to scenario 1 of QRP, because the sce-
nario 2 processes PE Flex and PO New bales through Tier 2. This finding
is expected because it is unavoidable that hot washing and extrusion
with extra filtration also remove a small fraction of PE and PP.

However, when we compare QRP with the conventional recycling,
the differences in net recovery range between 1 and 10 %. Little dif-
ference can be observed on the recovery rate of PE film transparent clear
in QRP (91 % — 93 %) compared to the conventional recycling (94 %). As
for the PE film others, we can observe a drop of net recovery from the
conventional recycling (92 %) to QRP (79 % - 81 %). For, PP film
transparent the net recovery increases from 79 % in the conventional
recycling to 82 % - 85 % in QRP. While, the net recovery of PP film
others slightly drops from 57 % in the conventional recycling to 51 % —
52 % in QRP. However, PP film transparent and PP film others end up in
a separate PP regranulate type, whereas in the conventional recycling
these materials end up in Baseline DSD 323-2, which is a mixed PO
regranulate type. As for the two other fractions, we can note little dif-
ferences (by a margin of 1 % — 4%) between the conventional recycling
and QRP.

Amongst PCFP waste, a relatively higher net recovery rates can be
observed for PE film transparent clear (>90 %) and PP film transparent
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Scenario 1: QRP with Tier-1 Recycling

20.000 ton per year
Bales rich in PE Film
(e.g., DSD 310-1)

/ 5.219 ton/year

Sorted Bales
from MRFs

20.000 ton per year
Bales rich in PO Film
(e.g., DSD 323-2)

12.783 ton/year

.t

Sorted Bales QRP Additional
from MRFs Sorting
4,438 ton/year
3 Other Plastics e
Paper, Fines, and PE Film Natural

= e ™ == PE Film Natural Regranulates

. PO Black £33 PE-Film Others £ PE Flex Regranulates
= PE-Rigids &3 PP-Film Transparent  gm PP Film Regranulales
&3 PP-Rigids . PP-Film Others =2 PO New Regranulates

(>80 %). One of the reasons for a relatively higher values for the two
PCFP waste items is the fact that these waste items fall under these waste
categories are usually found as monolayer films. One of the additional
advantages of such mono PE or PP flexible packaging types in recycling,
next to the potential compatibility issues later in the regranulate, is that
they also float more effectively in the density separation tank compared
to multilayer films (Mumbach et al., 2019; Eriksen et al., 2020).
Furthermore a monolayer structure is often regarded as one of the rea-
sons for a more efficient sorting, as monolayer waste items are more
correctly detected by optical NIR sorter (Kleinhans et al., 2021). And
finally, during extrusion, parts of multilayer films can be retained on the
extrusion filter and thus removed into the residual stream (Chacon et al.,
2020).

On the contrary, PE film others and PP film others have a relatively
lower net recovery, e.g., roughly 80 % and 50 % in QRP respectively.
The presence of multilayer films and black plastic items in these waste
categories can be regarded as one of the reason for a relatively lower net
recovery. A considerable amount of PE film others is missorted during
the QRP additional sorting, in which up to 13 % of PE film others is
forwarded into PE Film Natural bale that only targets PE film trans-
parent clear waste. Detailed information can be found in the SI 5.

3.3. Polymer grade and transparency grade

The modeled compositional data of the Baseline DSD 310-1 and
Baseline DSD 323-2 flakes and regranulates from the conventional

Tier -1 recycling
for PE Film
Natural bales

Tier - 1 recycling
for PE Flex bales

Tier -1 recycling
for PP Film bales

Tier - 1 recycling
for PO new bales
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Fig. 5. (continued).
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recycling can be found in Fig. 6, which also demonstrates the evolution
of waste composition from the original bales (i.e., DSD 310-1 and DSD
323-2 bales) to the respective flakes and regranulates. The summary of
the evolution of polymer grade (and process yield) of the conventional
recycling and QRP can also be found in the SI 5, which indicates that the
polymer grade is improved, while the process yields of conventional
recycling and QRP are similar.

In Fig. 6, the S1 and S2 refers to the scenario 1 and scenario 2,
respectively, while other plastics are all non-PO plastics and other residues
are non-polymer materials. From Fig. 6 it can be observed that other
residues (including paper and fine fractions) as well as other plastics (i.
e., all non-PO plastics) from the original bales to Baseline DSD 310-1 and
Baseline DSD 323-2 flakes and regranulates are removed after washing,
density separation, and extrusion by > 90 %. The polymer grade of
Baseline DSD 310-1 flake and regranulate is 93 % and 97 % respectively,
because PP can still be present after washing and extrusion process.
Similarly, 7 % of non PO can still be expected at Baseline DSD 323-2
flakes, making the grade of this flake to be 93 %. However, the poly-
mer grade of Baseline DSD 323-2 can reach up to 100 % as it consists of a
mixed PO materials, i.e., 57 % PE and 43 % PP, after extrusion process
(Fig. 6).

In the case of QRP scenarios, the modeled compositional data of QRP
bales, flakes, and regranulates is also presented Fig. 6. The polymer
grade of PE Film Natural bale, PE Flex bale, PE Film bale, and PO New
bale is 97 %, 78 %, 81 %, 72 % respectively. In fact, the QRP PE Flex bale
is bale rich in PE films (75 % transparent and colored PE films) and PO
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Scenario 2: QRP with Tier-1 and Tier-2 Recycling

20.000 ton per year
Bales rich in PE Film
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Fig. 5.

New bale are bales rich in a mixed PO films (63 % transparent and
colored PE/PP films). After washing, density separation, and drying, the
polymer grade of PE Film Natural and PP Film flakes is 99 % and 95 %
respectively. Further extrusion does improve the grade of rPP Film as the
polymer grade increases to 96 %, while the grade of rPE Film Natural
remain at 99 %, because most of the residue and non-PO have already
been removed during washing and density separation. Within the PP
Film flakes and regranulates, a small percentage of PE (3 %) can still be
found, because the density and melting point of PE and PP are close, thus
cannot be removed in the density separation and extrusion with melt
filter. For Tier 1 and Tier 2 PE Flex flakes and regranulates, the polymer
grades are 90 % and 95 % respectively, while the polymer grade of Tier 1
and Tier 2 PO New flake and regranulate is 93 % and 100 % respectively.
The T1- and T2-rPO New is expected to be composed of mixed PE (73 %)
and PP (27 %).

The transparency grade indicator is added at the regranulates level.
From Fig. 6, it can be observed that the Baseline DSD 310-1 and Baseline
DSD 323-2 regranulates have transparency grades of 62 % and 57 %
respectively. For the QRP regranulates, the transparency grade of rPE
Film Natural and rPP Film is 83 % and 39 % respectively. The trans-
parency grade of T1- and T2-rPE Flex is 54 %, while the transparency
grade of T1- and T2-rPO New is 61 %. The transparency grade shows
that highest value is achieved by rPE Film Natural (83 %) as a result of
NIR-VIS sorting in QRP. The value for rPE Flex (54 %) is slightly lower
than Baseline DSD 310-1 (62 %) whilst the value for rPO New (61 %) is
slightly higher than Baseline DSD 323-2 (57 %), however this is in the

(©)

(continued).
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same range when concerning the potential market applications. As for
the rPP Film, the transparency grade is considerably lower than the
other regranulates (39 %), yet the polymer grade is high, thus many
applications can still be made from rPP Film (Bashirgonbadi et al. 2022).

When comparing the modeled compositional data of conventional
recycling and QRP in Fig. 6, it can be observed that the rPE Film Natural
and rPP Film produced in the QRP scenarios have high modeled PE and
PP contents. These are regranulates produced from higher quality bales
(i.e., PE Film Natural and PP Film) that are not produced from the
conventional recycling. Moreover, the polymer grade of T1- and T2-rPE
Flex (95 %), which is basically the PE fraction from DSD 310-1 bale with
the natural films ‘picked out’, is just slightly below the polymer grade of
Baseline DSD 310-1 regranulate (97 %). This finding indicates that rPE
Flex would still allow to make similar applications to the conventional
recycling with this bale, whereas the new bales with transparent film (i.
e., PE Film Natural bale) can be used in higher-valued applications, as
also shown in Bashirgonbadi et al. (2022). Similarly, the modeled
compositional data of the T1- and T2-rPO New and Baseline DSD 323-2
regranulate is similar. Moreover, there is very little difference (<1%)
between the rPE Flex and rPO New composition in QRP Tier 1 and Tier 2
recycling. However, previous studies have suggested that high odour
and ink contamination levels limit the potential use of regranulates
(Bashirgonbadi et al. 2022; Horodytska et al., 2018; Hou et al., 2018).
Moreover, a study by Grant et al. (2020b) shows that high transparency
level correlates to high quality regranulates and leads to higher market
value as color may cause aesthetic issues and might not be suitable for
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Fig. 6. Modeled compositional data of flakes and regranulates from the conventional recycling and QRP, including the four QRP bales. S1 and S2 in the figure refers

to the scenario 1 and scenario 2 respectively (see Section 2.2.2).

certain applications (e.g., food packaging) (Schyns and Shaver, 2021;
Radusin et al. 2020).

Furthermore, investigation of the technical properties of QRP
regranulates by Bashirgonbadi et al. (2022) demonstrates that Tier 1
recycling enables rPE Film Natural and rPP Film to be reprocessed into
more demanding applications such as shrink film, sealable pouches, and
standing pouches. From the mechanical properties analysis of rPE Flex
and rPO New, it is found that rPE Flex can be considered for film blowing
but still requires measures (like blending with virgin or C&I) to increase
dart drop resistance in a final product, while rPO New is unfit for film
blowing. Other potential market for rPE Flex and rPO New is injection
molding applications. Bashirgonbadi et al. (2022) also shows that pro-
cessing PE Flex and PO New bales through Tier 2 recycling might be
economically more attractive.
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3.4. Comparison of the modeled compositional data and experimental
compositional analyses

The modeled compositional data of QRP flakes and regranulates is
compared with the experimental composition analyses. Main results can
be found in the SI 6, including detailed information on the compositional
analysis of the samples. It should be noted that certain disparities be-
tween the modeled compositional and experimental data occur. The
model overestimates the experimentally found composition of PE con-
tent in the QRP PE Film Natural flakes and regranulates by a margin of
7-9 %. Similarly, the modeled compositional data overestimate the PE
Flex flakes and regranulates composition by 1-9 %. The model over-
estimates the composition of PE and PP by 4-18 % in PP Film and PO
New flakes and regranulates, in which the biggest difference can be
observed in the composition of rPP Film (i.e., overestimation of PP by
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18 %). The deviation is expected because the PE Film Natural flakes and
regranulates contain up to 16 % of PE film others waste category, which
is potentially multilayer PE films. Similarly, it can be observed that PE
Flex contain up to 40 % PE film others (Fig. 6), which can be multilayer
films. The detailed composition of potentially multilayer films is not
characterized in the MFA model but it might be detected in the experi-
mental analysis, which can be composed of, amongst other, PET, EVOH,
Aluminum, or paper (Roosen et al., 2022; Roosen et al., 2020).

The FTIR and DSC also have limitations in determining the compo-
sition of multilayer samples. FTIR can only detect the surface of flakes as
the infrared beam does not penetrate more than 5 pm (Roosen et al.,
2021; Chen et al., 2021). Flakes of one side PE and the other side PP are
also assumed to be 50 % PP and 50 % PE, which is not necessarily the
case. The DSC method for composition analysis of blends (Kisiel et al.,
2019) is derivative method which significantly decreases the error
margin of DSC-based compositional analysis, but remain an estimate at
best due to the assumptions it requires (like the averaged out crystal-
linity of the constituting polymers). Additionally, the heats of fusion for
each constituent relative to their content deviate from the linear
regression. Deviations are caused by phase morphology transition from
sea-island structure to co-continuous structure and a non-linear
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correction curve. Furthermore, crystallization interactions between the
phases in a blend can contribute to faulty characterization (Jose et al.,
2004; Madi, 2013; Kisiel et al., 2019; Larsen et al., 2021). This may
explain some discrepancies (in Table SI6.1) where a decrease of PO
content can be seen between the PE Flex and PP Film flakes to the point
of their respective regranulates (e.g., from 83 % to 79 % in PP Film).
After regranulation we should normally expect an increase of PO con-
centration because more residue and non-PO materials should be further
removed by the melt filter.

These abovementioned findings highlight the current limitation of
the MFA model on one hand, but also show the way forward to improve
MFA model to assess the performance of plastic recycling. This includes
the need for more detailed compositional characterization of the waste
categories as well as more experimental work to get reliable quantifi-
cation of the respective separation efficiencies. For example, a study
from Brouwer et al. (2018) suggests that multi-material objects are
usually being categorized based on their main material, whereas for the
purpose of detailed compositional modeling, the full polymetric
composition of the input waste would be more appropriate. Following
the more detailed compositional analysis, the quantification of the
separation efficiency based on the input-output experimental work
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Fig. 7. Key results of the sensitivity analysis towards the performance indicators. More results can be found in the SI 7. The x-axis shows the effect on each per-
formance indicator while the y-axis shows the respective modeling parameters that are varied by + 25 %.

260



LS. Lase et al.

should be carried out to get more reliable results.
3.5. Sensitivity analysis discussion

Fig. 7 shows the key outputs of the sensitivity analysis towards the
performance indicators. More detailed results of the sensitivity analysis
can be found in the SI 7 (Fig. SI7 - SI11). Fig. 7 also indicates the relative
importance of different modeling parameters by examining the relative
changes of the performance indicators.

Fig. 7A shows that bale composition can greatly influence the process
yield of QRP, which indicates the importance of maintaining (or even
improving) the input bales quality. This result also suggests that if the
bales quality is improved by 25 %, the process yield can increase from
64 % up to 76 %. Bale composition is also an important factor towards
the polymer grade (Fig. 7C and 7D). Moreover, it can be observed that
bale composition influences the transparency grade indicator (in the SI
7). The influence of bale composition is relatively smaller on the net
recovery indicator (Fig. 7E and 7F).

The sensitivity analysis shows that separation efficiencies of the
optical sorters are important towards the polymer grade of the respec-
tive bales, flakes, and regranulates (Fig. 7C and 7D). For example, the
separation efficiencies of NIR PP Film and PP Film Cleaner are most
important towards the polymer grade of PP Film bales, flakes, and
regranulates (Fig. 7C). The same findings can also be found for the NIR-
VIS LDPE Natural, NIR LDPE Cleaner and NIR PO Cleaner towards the
polymer grade of PE Film Natural, PE Flex, and PO New bales, flakes and
regranulates (in the SI 7). As for the PE Film Natural, the optical sorters’
efficiencies affect the polymer grade of the bales but have relative small
influence towards the flakes and regranulates (Fig. 7B, and the SI 7).
This can be explained by the fact that NIR-VIS LDPE Natural has already
high efficiency to sort transparent PE Film, creating a relatively high
polymer grade at bale level. These findings suggest that the efficiency of
the optical sorters determine not only the quality of the bales created,
but also the subsequent products after washing and regranulation, i.e.,
flakes and regranulates.

In Fig. 7, the relative importance of achieving high efficiencies in the
recycling equipment, i.e., cold and hot washing, density separation, and
extruder, can be observed. The process yield of QRP (Fig. 7A) and net
recovery of the waste can drop considerably if the separation efficiency
of the recycling equipment decrease by 25 % (Fig. 7E and 7F). As the
recycling equipment typically already shows a relatively high separation
efficiency, it does not create much improvement on the process yield or
net recovery indicators.

4. Conclusion

In this research, an MFA model is developed and applied to evaluate
the performance of an improved mechanical recycling process, called
the quality recycling process (QRP), which goes beyond conventional
mechanical recycling process by employing additional sorting, hot
washing with detergent, improved extrusion (with two-step filtration
and degassing), and deodorization. The MFA shows that the process
yield of QRP (i.e., 64 % — 66 %) is similar to the conventional recycling
(i.e., 66 %). However, higher polymer grades can be obtained for certain
regranulates, e.g., 99 % for the rPE Film Natural and 96 % for rPP Film.
Moreover, rPE Film Natural has the highest transparency grade (i.e., 83
%), which correlates to high quality regranulates and potentially leads
to higher market value. QRP also produces (T1- and T2-) rPE Flex and
rPO New with polymer grades around 95 %, which is comparable to the
current regranulates produced by conventional mechanical recycling.
These findings suggest that rPE Flex and rPO New have similar qualities
compared to the regranulates from conventional recycling, allowing the
same applications. Moreover, through granular MFA modelling based on
process knowledge it can be observed that monolayer transparent films
(both PE- and PP-based) have better net recovery compared to multi-
layer (incl. black and heavily printed) films. Missorting is more likely to
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happen for multilayer films and a considerable amount of these mate-
rials is more likely to sink at the density separation or be retained at the
extrusion filter.

Concluding, the QRP has the potential to produce regranulates that
have a better quality compared to conventional mechanical recycling,
which is key to fulfill a larger market segment of recycled plastic. Hence,
the implementation of QRP by recyclers can be an important step to
improve flexible packaging recycling rates and, finally, towards a more
circular economy for flexible packaging.

CRediT authorship contribution statement

Irdanto Saputra Lase: Writing — original draft, Writing — review &
editing, Conceptualization, Methodology, Software, Data curation,
Formal analysis, Visualization. Amir Bashirgonbadi: Writing — review
& editing, Conceptualization, Methodology, Software, Data curation,
Formal analysis, Visualization. Freek van Rhijn: Writing — review &
editing, Validation, Resources, Conceptualization, Methodology. Jo
Dewulf: Writing - review & editing, Validation, Resources, Supervision.
Kim Ragaert: Conceptualization, Writing — review & editing, Valida-
tion, Resources, Supervision. Laurens Delva: Writing — review & edit-
ing, Validation, Supervision. Martijn Roosen: Writing — review &
editing, Methodology, Validation. Martine Brandsma: Writing — review
& editing, Methodology, Validation. Michael Langen: Writing — review
& editing, Conceptualization, Methodology, Validation, Resources.
Steven De Meester: Conceptualization, Methodology, Writing — orig-
inal draft, Resources, Supervision, Project administration.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.

Acknowledgement

The research was funded by Interreg 2 Seas program PlastiCity that is
co-funded by the European Regional Development Fund under subsidy
contract No. 2S05-021 and the province of East-Flanders. For the
contribution of author, Amir Bashirgonbadi received funding from the
European Union’s Horizon 2020 research and innovation program
under the Marie Sktodowska-Curie Grant Agreement No. 859885 (C-
PlaNeT). We also thank Michael Minch-Dixon and Circular Economy for
Flexible Packaging (CEFLEX) consortium stakeholders for their support
in developing the case study.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.wasman.2022.09.002.

References

Antonopoulos, 1., Faraca, G., Tonini, D., 2021. Recycling of Post-Consumer Plastic
Packaging Waste in EU: Process Efficiencies, Material Flows, and Barriers. Waste
Manag. 126, 694-705. https://doi.org/10.1016/j.wasman.2021.04.002.

Bashirgonbadi, A., Lase, L.S., Delva, L., Van Geem, K., De Meester, S., Ragaert, K., 2022.
Quality Evaluation and Economic Assessment of an Improved Mechanical Recycling
for Post-Consumer Flexible Plastics. Waste Manag. 153, 41-51. https://doi.org/
10.1016/j.wasman.2022.08.018.

Brouwer, M.T., Thoden van Velzen, E.U., Augustinus, A., Soethoudt, H., De Meester, S.,
Ragaert, K., 2018. Predictive Model for the Dutch Post-Consumer Plastic Packaging
Recycling System and Implications for the Circular Economy. Waste Manag. 71,
62-85. https://doi.org/10.1016/j.wasman.2017.10.034.


https://doi.org/10.1016/j.wasman.2022.09.002
https://doi.org/10.1016/j.wasman.2022.09.002
https://doi.org/10.1016/j.wasman.2021.04.002
https://doi.org/10.1016/j.wasman.2022.08.018
https://doi.org/10.1016/j.wasman.2022.08.018
https://doi.org/10.1016/j.wasman.2017.10.034

LS. Lase et al.

CEFLEX, 2020. Designing for a Circular Economy — Recylability of Polyolefin-based
Flexible Packaging. https://guidelines.ceflex.eu/resources/ (accessed 21 August
2021).

CEFLEX, 2021. Closing the loop on difficult to recycle plastics: Introducing a Quality
Recycling Process. https://ceflex.eu/closing-the-loop-on-difficult-to-recycle-plastic
s-introducing-a-quality-recycling-process/ (accessed 25 November 2021).

Chacon, F.A., Brouwer, M.T., Thoden van Velzen, E.U., Smeding, I.W., 2020. A first
assessment of the impact of impurities in PP and PE recycled plastics. Wageningen
Food Biobased Res. https://doi.org/10.18174/518299 (accessed 25 July 2021).

Chen, X., Kroell, N., Wickel, J., Feil, A., 2021. Determining the Composition of Post-
Consumer Flexible Multilayer Plastic Packaging with near-Infrared Spectroscopy.
Waste Manag. 123, 33-41. https://doi.org/10.1016/j.wasman.2021.01.015.

Cimpan, C., Maul, A., Wenzel, H., Pretz, T., 2016. Techno-Economic Assessment of
Central Sorting at Material Recovery Facilities — The Case of Lightweight Packaging
Waste. J. Clean. Prod. 112, 4387-4397. https://doi.org/10.1016/j.
jclepro.2015.09.011.

Civancik-Uslu, D., Nhu, T.T., Van Gorp, B., Kresovic, U., Larrain, M., Billen, P.,
Ragaert, K., De Meester, S., Dewulf, J., Huysveld, S., 2021. Moving from Linear to
Circular Household Plastic Packaging in Belgium: Prospective Life Cycle Assessment
of Mechanical and Thermochemical Recycling. Resour. Conserv. Recycl. 171,
105633 https://doi.org/10.1016/j.resconrec.2021.105633.

European Commission, 2021. Circular Plastics Alliance. Retrieved from European
Commission: https://ec.europa.eu/growth/industry/policy/circular-plastics-all
iance_en. (accessed 20 April 2021).

European Commission, 2018. A European Strategy For Plastics in a Circular Economy.
Brussels. https://www.europarc.org/wp-content/uploads/2018/01/Eu-plastics-strat
egy-brochure.pdf (accessed 25 April 2022).

European Commission, 2020. Council Decision (EU, Euratom) 2020/2053 of 14 Decmber
2020 on the system of own resources of the European Union and repealing Decision
2014/335/EU, Euratom: Official Journal of the European Union. https://eur-lex.eu
ropa.eu/legal-content/EN/TXT/?uri=CELEX%3A32020D2053 (accessed 29 April
2022).

Kessler Consulting, 2009. Materials Recovery Facility Technology Review. https://www.
nswai.org/docs/MATERIALS%20RECOVERY%20FACILITY%20TECHONOLOGY%
20REVIEW.pdf (accessed 24 July 2022).

Demets, R., Roosen, M., Vandermeersch, L., Ragaert, K., Walgraeve, C., De Meester, S.,
2020. Development and Application of an Analytical Method to Quantify Odour
Removal in Plastic Waste Recycling Processes. Resour. Conserv. Recycl. 161, 104907
https://doi.org/10.1016/j.resconrec.2020.104907.

Demets, R., Van Kets, K., Huysveld, S., Dewulf, J., De Meester, S., Ragaert, K., et al.,
2021. Addressing the complex challenge of understanding and quantifying
substitutability for recycled plastics. Resour. Conserv. Recycl. 174, 105826. https://
doi.org/10.1016/J.RESCONREC.2021.105826.

Ellen MacArthur Foundation, 2016. The New Plastics Economy - Rethinking The Future
of Plastics. https://ellenmacarthurfoundation.org/the-new-plastics-economy-rethin
king-the-future-of-plastics (accessed 10 February 2022).

Eriksen, M.K., Astrup, T.F., 2019. Characterisation of source-separated, rigid plastic
waste and evaluation of recycling initiatives: Effects of product design and source-
separation system. Waste Manag. 87, 161-172. https://doi.org/10.1016/j.
wasman.2019.02.006.

Eriksen, M.K., Pivnenko, K., Olsson, M.E., Astrup, T.F., 2018. Contamination in plastic
recycling: Influence of metals on the quality of reprocessed plastic. Waste Manag. 79,
595-606. https://doi.org/10.1016/j.wasman.2018.08.007.

Eriksen, M.K., Pivnenko, K., Faraca, G., Boldrin, A., Astrup, T.F., 2020. Dynamic Material
Flow Analysis of PET, PE, and PP Flows in Europe: Evaluation of the Potential for
Circular Economy. Environ. Sci. and Technol. 54, 16166-16175. https://doi.org/
10.1021/acs.est.0c03435.

Eunomia, 2020. Flexible Films Market in Europe: State of Play - Eunomia. https://www.
eunomia.co.uk/reports-tools/flexible-films-market-in-europe/ (accessed 10
February 2022).

Plastics Europe, 2021. Plastics - the Facts 2021. https://plasticseurope.org/knowledge
-hub/plastics-the-facts-2021/ (accessed 20 February 2022).

Faraca, G., Astrup, T., 2019. Plastic waste from recycling centres: Characterisation and
evaluation of plastic recyclability’. Waste Manag. 95, 388-398. https://doi.org/
10.1016/j.wasman.2019.06.038.

Faraca, G., Martinez-Sanchez, V., Astrup, T.F., 2019. Environmental life cycle cost
assessment: Recycling of hard plastic waste collected at Danish recycling centres.
Resour. Conserv. Recycl. 143, 299-309. https://doi.org/10.1016/j.
resconrec.2019.01.014.

Feber, D., Granskog, A., Nordigarden, D., Ponkshe, S., Berg, P., 2020. The Drive toward
Sustainability in Packaging - beyond the Quick Wins. McKinsey & Company.
February. https://www.mckinsey.com/industries/paper-forest-products-and-packa
ging/our-insights/the-drive-toward-sustainability-in-packaging-beyond-the-quick-
wins (accessed 19 July 2022).

Grant, A., Cordle, M., Bridgwater, E., 2020b. Quality of Recycling - Towards an
operational definition. Canfora, P., Dri, M., Antonopoulos, 1., Gaudillat, P. editor(s),
Publications Office of the European Union, Luxembourg. doi: 10.2760/225236
(accessed 27 July 2021).

Grant, A., Lugal, L., Cordle, M., 2020a. Flexible Films Market in Europe: State of Play,
Brussels: Plastics Recyclers Europe. https://www.eunomia.co.uk/reports-tools/flexi
ble-films-market-in-europe/ (accessed 11 March 2021).

Hann, S., Connock, T., 2020. Chemical Recycling: State of Play Report for CHEM Trust.
https://chemtrust.org/wp-content/uploads/Chemical-Recycling-Eunomia.pdf
(accessed 18 July 2022).

262

Waste Management 153 (2022) 249-263

Horodytska, O., Valdés, F.J., Fullana, A., 2018. Plastic flexible films waste management —
A state of art review. Waste Manag. 77, 413-425. https://doi.org/10.1016/j.
wasman.2018.04.023.

Horodytska, O., Cabanes, A., Fullana, A., 2019. Plastic Waste Management: Current
Status and Weaknesses. In: Damia, B., Andrey, G.K. (Eds.), The Handbook of
Environmental Chemistry. Springer, Cham, 289-306. https://www.springer.com/
series/698.

Horodytska, O., Kiritsis, D., Fullana, A., 2020. Upcycling of Printed Plastic Films: LCA
Analysis and Effects on the Circular Economy. J. Clean. Prod. 268, 1-12. https://doi.
org/10.1016/j.jclepro.2020.122138.

Hou, P., Xu, Y., Taiebat, M., Lastoskie, C., Miller, S.A., Xu, M., 2018. Life Cycle
Assessment of End-of-Life Treatments for Plastic Film Waste. J. Clean. Prod. 201,
1052-1060. https://doi.org/10.1016/j.jclepro.2018.07.278.

Jose, S., Aprem, A.S., Francis, B., Chandy, M.C., Werner, P., Alstaedt, V., Thomas, S.,
2004. Phase Morphology, Crystallisation Behaviour and Mechanical Properties of
Isotactic Polypropylene/High Density Polyethylene Blends. European Polymer
Journal. 40 (9), 2105-2115. https://doi.org/10.1016/j.eurpolym].2004.02.026.

Kawai, M., Nakatani, J., Kurisu, K., Moriguchi, Y., 2022. Quantity- and quality-oriented
scenario optimizations for the material recycling of plastic packaging in Japan.
Resour. Conserv. Recycl. 180, 106162 https://doi.org/10.1016/j.
resconrec.2022.106162.

KIDV, 2020. Roadmap Multilayer Flexible Plastic Packaging in a Circular Economy. htt
ps://kidv.nl/roadmap-multilayer-flexible-packaging-in-a-circular-economy-1
(accessed 28 June 2021).

Kisiel, M., Mossety-Leszczak, B., Fraiczak, A., Szczech, D., 2019. Quantitative Analysis of
the Polymeric Blends. Prog. Rubber Plast. Recycl. Technol. 35, 75-89. https://doi.
org/10.1177/1477760618797541.

Kleinhans, K., Hallemans, M., Huysveld, S., Thomassen, G., Ragaert, K., Van Geem, K.M.,
Roosen, M., Mys, N., Dewulf, J., De Meester, S., 2021. Development and Application
of a Predictive Modeling Approach for Household Packaging Waste Flows in Sorting
Facilities. Waste Manag. 120, 290-302. https://doi.org/10.1016/j.
wasman.2020.11.056.

Kol, R., Roosen, M., Ugdiiler, S., Van Geem, K.M., Ragaert, K., Achilias, D.S., De Meester,
S., 2021. Recent Advances in Pre-Treatment of Plastic Packaging Waste. In: Achilias,
D. (Ed.), Current Topics in Recycling. IntechOpen. Doi: 10.5772/intechopen.99385.

Larrain, M., Van Passel, S., Thomassen, G., Van Gorp, B., Nhu, T.T., Huysveld, S., Van
Geem, K.M., De Meester, S., Billen, P., et al., 2021. Techno-economic assessment of
mechanical recycling of challenging post-consumer plastic packaging waste. Resour.
Conserv. Recycl. 170, 105607. https://doi.org/10.1016/j.resconrec.2021.105607.

Larsen, A.G., Olafsen, K., Alcock, B., 2021. Determining the PE Fraction in Recycled pp.
Polym. Test. 96, 107058 https://doi.org/10.1016/j.polymertesting.2021.107058.

Lopez-Aguilar, J.F., Sevigné-Itoiz, E., Maspoch, M.L., Pefia, J., 2022. A Realistic Material
Flow Analysis for End-of-Life Plastic Packaging Management in Spain: Data Gaps and
Suggestions for Improvements towards Effective Recyclability. Sustain. Prod.
Consum. 31, 209-219. https://doi.org/10.1016/j.spc.2022.02.011.

Madi, N.K., 2013. Thermal and mechanical properties of injection molded recycled high
density polyethylene blends with virgin isotactic polypropylene. Mater. Des. 46,
435-441. https://doi.org/10.1016/j.matdes.2012.10.004.

Mastellone, M.L., Cremiato, R., Zaccariello, L., Lotito, R., 2017. Evaluation of
Performance Indicators Applied to a Material Recovery Facility Fed by Mixed
Packaging Waste. Waste Manag. 64, 3-11. https://doi.org/10.1016/j.
wasman.2017.02.030.

Mosora, D., 2020. Perspectives in boosting value and keeping materials in the economy.
A circular economy for flexible packaging. https://ceflex.eu/public_downloads/C
EFLEX QRP Nov20 PUBLISHED.pdf (accessed 21 June 2021).

Mumbach, G.D., de Sousa Cunha, R., Machado, R.A.F., Bolzan, A., 2019. Dissolution of
Adhesive Resins Present in Plastic Waste to Recover Polyolefin by Sink-Float
Separation Processes. J. Environ. Manage. 243, 453-462. https://doi.org/10.1016/j.
jenvman.2019.05.021.

Nakatani, J., Konno, K., Moriguchi, Y., 2017. Variability-based optimal design for robust
plastic recycling systems. Resour. Conserv. Recycl. 116, 53-60. https://doi.org/
10.1016/j.resconrec.2016.09.020.

OECD. 2022. Global Plastics Outlook: Economic Drivers, Environmental Impacts and
Policy Options. OECD Publishing, Paris. Doi: 10.1787/de747aef-en.

Peano, L., Kounina, A,, Magaud, V., Chalumeau, S., Zgola, M., Boucher, J., 2020. Plastic
Leak Project: Methodological Guidelines. https://quantis.com/report/the-plastic-lea
k-project-guidelines/ (accessed 20 July 2022).

Picuno, C., Alassali, A., Chong, Z.K., Kuchta, K., 2021. Flows of Post-Consumer Plastic
Packaging in Germany: An MFA-Aided Case Study. Resour. Conserv. Recycl. 169,
105515 https://doi.org/10.1016/j.resconrec.2021.105515.

Pressley, P.N., Levis, J.W., Damgaard, A., Barlaz, M.A., DeCarolis, J.F., 2015. Analysis of
Material Recovery Facilities for Use in Life-Cycle Assessment. Waste Manag. 35,
307-317. https://doi.org/10.1016/j.wasman.2014.09.012.

PRI, 2019. A guide to investor engagement on plastic packaging: Waste Management.
Principles for Responsible Investment. https://www.unpri.org/download?ac=14041
(accessed 20 July 2022).

Der Griine Punkt — Duales System Deutschland GmbH, 2018. Specifications for the
recyclable fractions, Cologne: Der Griine Punkt. https://www.gruener-punkt.de/en/
downloads (accessed 21 April 2021).

Radusin, T., Nilsen, J., Larsen, S., Annfinsen, S., Waag, C., Eikeland, M.S., Pettersen, M.
K., Fredriksen, S.B., 2020. Use of Recycled Materials as Mid Layer in Three Layered
Structures-New Possibility in Design for Recycling. J. Clean. Prod. 259 https://doi.
0rg/10.1016/j.jclepro.2020.120876.

Ragaert, K., Delva, L., Van Geem, K.M., 2017. Mechanical and Chemical Recycling of
Solid Plastic Waste. Waste Manag. 69, 24-58. https://doi.org/10.1016/j.
wasman.2017.07.044.



https://guidelines.ceflex.eu/resources/
https://ceflex.eu/closing-the-loop-on-difficult-to-recycle-plastics-introducing-a-quality-recycling-process/
https://ceflex.eu/closing-the-loop-on-difficult-to-recycle-plastics-introducing-a-quality-recycling-process/
https://doi.org/10.18174/518299 (accessed 25 July 2021)
https://doi.org/10.1016/j.wasman.2021.01.015
https://doi.org/10.1016/j.jclepro.2015.09.011
https://doi.org/10.1016/j.jclepro.2015.09.011
https://doi.org/10.1016/j.resconrec.2021.105633
https://ec.europa.eu/growth/industry/policy/circular-plastics-alliance_en
https://ec.europa.eu/growth/industry/policy/circular-plastics-alliance_en
https://www.europarc.org/wp-content/uploads/2018/01/Eu-plastics-strategy-brochure.pdf
https://www.europarc.org/wp-content/uploads/2018/01/Eu-plastics-strategy-brochure.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%253A32020D2053
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%253A32020D2053
https://www.nswai.org/docs/MATERIALS%2520RECOVERY%2520FACILITY%2520TECHONOLOGY%2520REVIEW.pdf
https://www.nswai.org/docs/MATERIALS%2520RECOVERY%2520FACILITY%2520TECHONOLOGY%2520REVIEW.pdf
https://www.nswai.org/docs/MATERIALS%2520RECOVERY%2520FACILITY%2520TECHONOLOGY%2520REVIEW.pdf
https://doi.org/10.1016/j.resconrec.2020.104907
https://doi.org/10.1016/J.RESCONREC.2021.105826
https://doi.org/10.1016/J.RESCONREC.2021.105826
https://ellenmacarthurfoundation.org/the-new-plastics-economy-rethinking-the-future-of-plastics
https://ellenmacarthurfoundation.org/the-new-plastics-economy-rethinking-the-future-of-plastics
https://doi.org/10.1016/j.wasman.2019.02.006
https://doi.org/10.1016/j.wasman.2019.02.006
https://doi.org/10.1016/j.wasman.2018.08.007
https://doi.org/10.1021/acs.est.0c03435
https://doi.org/10.1021/acs.est.0c03435
https://www.eunomia.co.uk/reports-tools/flexible-films-market-in-europe/
https://www.eunomia.co.uk/reports-tools/flexible-films-market-in-europe/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/
https://doi.org/10.1016/j.wasman.2019.06.038
https://doi.org/10.1016/j.wasman.2019.06.038
https://doi.org/10.1016/j.resconrec.2019.01.014
https://doi.org/10.1016/j.resconrec.2019.01.014
https://www.mckinsey.com/industries/paper-forest-products-and-packaging/our-insights/the-drive-toward-sustainability-in-packaging-beyond-the-quick-wins
https://www.mckinsey.com/industries/paper-forest-products-and-packaging/our-insights/the-drive-toward-sustainability-in-packaging-beyond-the-quick-wins
https://www.mckinsey.com/industries/paper-forest-products-and-packaging/our-insights/the-drive-toward-sustainability-in-packaging-beyond-the-quick-wins
https://www.eunomia.co.uk/reports-tools/flexible-films-market-in-europe/
https://www.eunomia.co.uk/reports-tools/flexible-films-market-in-europe/
https://chemtrust.org/wp-content/uploads/Chemical-Recycling-Eunomia.pdf
https://doi.org/10.1016/j.wasman.2018.04.023
https://doi.org/10.1016/j.wasman.2018.04.023
https://doi.org/10.1016/j.jclepro.2020.122138
https://doi.org/10.1016/j.jclepro.2020.122138
https://doi.org/10.1016/j.jclepro.2018.07.278
https://doi.org/10.1016/j.eurpolymj.2004.02.026
https://doi.org/10.1016/j.resconrec.2022.106162
https://doi.org/10.1016/j.resconrec.2022.106162
https://kidv.nl/roadmap-multilayer-flexible-packaging-in-a-circular-economy-1
https://kidv.nl/roadmap-multilayer-flexible-packaging-in-a-circular-economy-1
https://doi.org/10.1177/1477760618797541
https://doi.org/10.1177/1477760618797541
https://doi.org/10.1016/j.wasman.2020.11.056
https://doi.org/10.1016/j.wasman.2020.11.056
https://doi.org/10.1016/j.resconrec.2021.105607
https://doi.org/10.1016/j.polymertesting.2021.107058
https://doi.org/10.1016/j.spc.2022.02.011
https://doi.org/10.1016/j.matdes.2012.10.004
https://doi.org/10.1016/j.wasman.2017.02.030
https://doi.org/10.1016/j.wasman.2017.02.030
https://ceflex.eu/public_downloads/CEFLEX_QRP_Nov20_PUBLISHED.pdf
https://ceflex.eu/public_downloads/CEFLEX_QRP_Nov20_PUBLISHED.pdf
https://doi.org/10.1016/j.jenvman.2019.05.021
https://doi.org/10.1016/j.jenvman.2019.05.021
https://doi.org/10.1016/j.resconrec.2016.09.020
https://doi.org/10.1016/j.resconrec.2016.09.020
https://quantis.com/report/the-plastic-leak-project-guidelines/
https://quantis.com/report/the-plastic-leak-project-guidelines/
https://doi.org/10.1016/j.resconrec.2021.105515
https://doi.org/10.1016/j.wasman.2014.09.012
https://www.unpri.org/download?ac=14041
https://www.gruener-punkt.de/en/downloads
https://www.gruener-punkt.de/en/downloads
https://doi.org/10.1016/j.jclepro.2020.120876
https://doi.org/10.1016/j.jclepro.2020.120876
https://doi.org/10.1016/j.wasman.2017.07.044
https://doi.org/10.1016/j.wasman.2017.07.044

LS. Lase et al.

Roosen, M., De Somer, T., Demets, R., fJgdiiler, S., Meesseman, V., Van Gorp, B.,
Ragaert, K., Van Geem, K., Walgraeve, C., Dumoulin, A., De Meester, S., 2021.
Towards a Better Understanding of Odor Removal from Post-Consumer Plastic Film
Waste: A Kinetic Study on Deodorization Efficiencies with Different Washing Media.
Waste Manag. 120, 564-575. https://doi.org/10.1016/j.wasman.2020.10.021.

Roosen, M., Mys, N., Kusenberg, M., Billen, P., Dumoulin, A., Dewulf, J., Geem, Kevin M.
Van, Ragaert, K., De Meester, S., Van Geem, Kevin Marcel, Ragaert, K., De Meester,
S., 2020. A detailed analysis of the composition of plastic packaging waste in
Belgium and its implications for mechanical and thermochemical recycling. Environ.
Sci. Technol. 54, 13282-13293. Doi: 10.1021/acs.est.0c03371.

Roosen, M., Mys, N., Kleinhans, K., Lase, L.S., Huysveld, S., Brouwer, M., Thoden van
Velzen, E.U., Van Geem, K., Dewulf, J., Ragaert, K., Dumoulin, A., De Meester, S.,
2022. Expanding the Collection Portfolio of Plastic Packaging: Impact on Quantity
and Quality of Sorted Plastic Waste Fractions. Resour. Conserv. Recycl. 178, 106025
https://doi.org/10.1016/j.resconrec.2021.106025.

RRS, 2020. Flexible Packaging Recycling in Material Recovery Facilities Pilot Research
Report 1-46. https://www.materialsrecoveryforthefuture.com/wp-content/up
loads/MRFF-Pilot-Report-2020-Final.pdf (accessed 22 July 2022).

Ryberg, M.W., Hauschild, M.Z., Wang, F., Averous-Monnery, S., Laurent, A., 2019.
Global Environmental Losses of Plastics across Their Value Chains. Resour. Conserv.
Recycl. 151, 104459. Doi: 10.1016/j.resconrec.2019.104459.

Schwarz, A.E., Ligthart, T.N., Bizarro, D.G., De Wild, P., Vreugdenhil, B., van
Harmelen, T., 2021. Plastic Recycling in a Circular Economy; Determining
Environmental Performance through an LCA Matrix Model Approach. Waste Manag.
121, 331-342. https://doi.org/10.1016/j.wasman.2020.12.020.

Schyns, Z.0.G., Shaver, M.P., 2021. Mechanical Recycling of Packaging Plastics: A
Review. Macromol. Rapid Commun. 42, 2000415. https://doi.org/10.1002/
marc.202000415.

Simon, J. M., Martin, S. 2019. El Dorado of Chemical Recycling - State of play and policy
challenges. https://zerowasteeurope.eu/library/el-dorado-of-chemical-recycling-sta
te-of-play-and-policy-challenges/ (accessed 20 July 2022).

Stenvall, E., Tostar, S., Boldizar, A., Foreman, M.R., Méller, K., 2013. An Analysis of the
Composition and Metal Contamination of Plastics from Waste Electrical and
Electronic Equipment (WEEE). Waste Manag. 33, 915-922. https://doi.org/
10.1016/j.wasman.2012.12.022.

263

Waste Management 153 (2022) 249-263

Strangl, M., Ortner, E., Fell, T., Ginzinger, T., Buettner, A., 2020. Odor Characterization
along the Recycling Process of Post-Consumer Plastic Film Fractions. J. Clean. Prod.
260, 121104 https://doi.org/10.1016/j.jclepro.2020.121104.

Strangl, M., Lok, B., Breunig, P., Ortner, E., Buettner, A., 2021. The Challenge of
Deodorizing Post-Consumer Polypropylene Packaging: Screening of the Effect of
Washing, Color-Sorting and Heat Exposure. Resour. Conserv. Recycl. 164, 105143
https://doi.org/10.1016/j.resconrec.2020.105143.

SYSTEMIQ. 2022. ReShaping Plastic: Pathways to a Circular, Climate Neutral Plastics
System in Europe. SYSTEMIQ. https://www.systemiq.earth/reshaping-plastics/#:~:
text=ReShaping%20Plastics%20%E2%80%93%20Pathways%20t0%20a,policies%
20and%20significant%20capital%20investment (accessed 27 July 2022).

Tanguay-Rioux, F., Spreutels, L., Heroux, M., Legros, R., 2022. Mixed modeling approach
for mechanical sorting processes based on physical properties of municipal solid
waste. Waste Manag. 144, 533-542. https://doi.org/10.1016/j.
wasman.2022.04.025.

Ugdiiler, S., De Somer, T., Van Geem, K. M., and Roosen, M. M., Kulawig, A., Leineweber,
R., De Meester, S., 2021. Towards a Better Understanding of Delamination of
Multilayer Flexible Packaging Films by Carboxylic Acids. ChemSusChem
¢ss¢.202002877. Doi: 10.1002/cssc.202002877.

Vadenbo, C., Hellweg, S., Astrup, T.F., 2016. Let’s Be Clear(er) about Substitution: A
Reporting Framework to Account for Product Displacement in Life Cycle Assessment.
J. of Ind. Ecol. 21, 1078-1089. https://doi.org/10.1111/jiec.12519,

Van Belle, A., Demets, R., Mys, N., Van Kets, K., Dewulf, J., Van Geem, K., De Meester, S.,
Ragaert, K., 2020. Microstructural Contributions of Different Polyolefins to the
Deformation Mechanisms of Their Binary Blends. Polymers 12 (5), 1171. https://doi.
org/10.3390/POLYM12051171.

Vollmer, 1., Jenks, M.J.F., Roelands, M.C.P., White, R.J., van Harmelen, T., de Wild, P.,
van der Laan, G.P., Meirer, F., Keurentjes, J.T.F., Weckhuysen, B.M., 2020. Beyond
Mechanical Recycling: Giving New Life to Plastic Waste. Angew. Chemie Int. Ed. 59,
15402-15423. https://doi.org/10.1002/anie.201915651.

Wagner, J.R., Marks, S.B., 2010. Chapter 1 - Introduction. In Multilayer Flexible
Packaging. In: Wagner, J.R.B.T.-M.F.P. (Ed.), Plastics Design Library. William
Andrew Publishing, Boston, pp. 3-11. Doi: 10.1016/B978-0-8155-2021-4.10001-2.

Wang, Z., Lv, J., Gu, F., Yang, J., Guo, J., 2020. Environmental and economic
performance of an integrated municipal solid waste treatment: A Chinese case study.
Sci. Total Environ. 709, 136096 https://doi.org/10.1016/j.scitotenv.2019.136096.


https://doi.org/10.1016/j.wasman.2020.10.021
https://doi.org/10.1016/j.resconrec.2021.106025
https://www.materialsrecoveryforthefuture.com/wp-content/uploads/MRFF-Pilot-Report-2020-Final.pdf
https://www.materialsrecoveryforthefuture.com/wp-content/uploads/MRFF-Pilot-Report-2020-Final.pdf
https://doi.org/10.1016/j.wasman.2020.12.020
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1002/marc.202000415
https://zerowasteeurope.eu/library/el-dorado-of-chemical-recycling-state-of-play-and-policy-challenges/
https://zerowasteeurope.eu/library/el-dorado-of-chemical-recycling-state-of-play-and-policy-challenges/
https://doi.org/10.1016/j.wasman.2012.12.022
https://doi.org/10.1016/j.wasman.2012.12.022
https://doi.org/10.1016/j.jclepro.2020.121104
https://doi.org/10.1016/j.resconrec.2020.105143
https://www.systemiq.earth/reshaping-plastics/%23%3a%7e%3atext=ReShaping%2520Plastics%2520%25E2%2580%2593%2520Pathways%2520to%2520a%2cpolicies%2520and%2520significant%2520capital%2520investment
https://www.systemiq.earth/reshaping-plastics/%23%3a%7e%3atext=ReShaping%2520Plastics%2520%25E2%2580%2593%2520Pathways%2520to%2520a%2cpolicies%2520and%2520significant%2520capital%2520investment
https://www.systemiq.earth/reshaping-plastics/%23%3a%7e%3atext=ReShaping%2520Plastics%2520%25E2%2580%2593%2520Pathways%2520to%2520a%2cpolicies%2520and%2520significant%2520capital%2520investment
https://doi.org/10.1016/j.wasman.2022.04.025
https://doi.org/10.1016/j.wasman.2022.04.025
https://doi.org/10.1111/jiec.12519
https://doi.org/10.3390/POLYM12051171
https://doi.org/10.3390/POLYM12051171
https://doi.org/10.1002/anie.201915651
https://doi.org/10.1016/j.scitotenv.2019.136096

	Material flow analysis and recycling performance of an improved mechanical recycling process for post-consumer flexible pla ...
	1 Introduction
	1.1 Overview of the flexible packaging waste management
	1.2 Flexible packaging waste management in Europe

	2 Materials and methods
	2.1 General modeling procedure
	2.2 Description of study area and scenarios
	2.2.1 Study area
	2.2.2 Scenarios

	2.3 MFA model
	2.3.1 Waste composition: DSD 310-1 and DSD 323-2 bales
	2.3.2 Plant configurations
	2.3.2.1 Conventional recycling
	2.3.2.2 Quality recycling process (QRP)
	2.3.2.3 QRP additional sorting
	2.3.2.4 QRP Tier 1 and Tier 2 recycling

	2.3.3 Separation efficiency

	2.4 Assessment of the recycling performance
	2.4.1 Performance indicators
	2.4.2 Compositional analysis at the flakes and regranulates level

	2.5 Sensitivity analysis

	3 Results and discussion
	3.1 Material flow and process yield
	3.2 Net recovery
	3.3 Polymer grade and transparency grade
	3.4 Comparison of the modeled compositional data and experimental compositional analyses
	3.5 Sensitivity analysis discussion

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supplementary material
	References


