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< heading level 1> Summary

Plastic recycling is promoted in the transition towards circular economy and a closed plastic loop,
typically using mass-based recycling targets. Plastic from household waste (HHW) is contaminated and
heterogeneous, and recycled plastic from HHW often has a limited application range, due to reduced
quality. To correctly assess the ability to close plastic loops via recycling, both plastic quantities and
qualities need to be evaluated. This study defines a circularity potential representing the ability of a
recovery system to close material loops assuming steady-state market conditions. Based on an average
plastic waste composition including impurities, 84 recovery scenarios representing a wide range of
sorting schemes, source-separation efficiencies and material recovery facility (MRF) configurations and
performances were assessed. The qualities of the recovered fractions were assessed based on
contamination, and the circularity potential calculated for each scenario in a European context. Across
all scenarios, 17-100% of the plastic could be recovered, with higher source-separation and MRF
efficiencies leading to higher recovery. Including quality, however, at best 55% of the generated plastic
was suitable for recycling due to contamination. Source-separation, a high number of target fractions
and efficient MRF recovery were found critical. The circularity potential illustrated that less than 42%
of the plastic loop can be closed with current technology and raw material demands. Hence, Europe is
still far from able to close the plastic loop. When transitioning towards circular economy, focus should
be on limiting impurities and losses, through product design, technology improvement and more targeted

plastic waste management.

Keywords: circular economy, contamination, post-consumer waste, substitution, life cycle assessment
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< heading level 1> Introduction
Circular economy concepts have gained increasing attention in recent decades as an approach to
overcome both economic and environmental challenges. One of the environmental challenges is to
minimize material loss and reduce pressure on primary resources, by transitioning from the linear
material consumption in current systems to closed material loops in a circular economy (EMF, 2016;
Braungart and McDonough, 2002; EC, 2015). Recycling of materials is crucial in this transition and
recently the European Union has defined new mass-based recycling targets, as part of the European
circular economy strategy, namely 60% and 65% recycling of municipal solid waste (MSW) in 2030
and 2035, respectively (EC, 2018a). Such targets focus on waste quantities routed to recycling rather
than the actual amounts of recovered materials being recycled, the quality of the recycled materials and
the substitution of virgin raw materials (EC, 2018a). However, MSW and especially household waste
(HHW) represent highly heterogeneous material streams; even individual recovered material fractions
are heterogeneous and contains a variety of impurities in addition to the target material itself (Heinzel
et al., 2015), influencing the quality. Consequently, the potential for recycled materials from HHW to
substitute virgin materials depends not only on the quantities but particularly on the quality of the waste
materials and their ability to fulfill the functionality of the raw materials substituted (Vadenbo et al.,
2016). As "low-quality" recovered waste materials with limited applicability cannot substitute "high-
quality" virgin materials with a wider application range, the functionality of the two materials is not
compatible. In a theoretical end-point goal of closed material loops, the potential of a recycling system
to close material loops will therefore depend on the ability of the system to provide material quantities
and qualities fulfilling the demands in a steady-state market. Thus, to better evaluate how recycling
systems contribute to closing of material loops, we need to look beyond mass-based recycling rates and
traditional substitution ratios and instead address the potential contribution to "material circularity" of
recovery and recycling systems, for which the quality of the recycled materials is crucial.

Recycling of plastic is a prominent example of a material for which quality is critical. Plastic
plays a key role within circular economy with high regulatory recycling targets; for example, the EU
has proposed a recycling rate of 55% for plastic packaging waste by 2030, placing specific emphasis on

plastic in HHW (EC, 2018b; EC, 2018c). Plastic from HHW is a particularly heterogeneous waste stream
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containing both high-quality items, such as food contact-approved plastic, and lower-quality items, such
as flower pots and dirty non-food containers (Petersen et al., 2012; Petersen et al., 2014). From a
recycling perspective, the quality of plastic waste is affected mainly by the contamination level of the
recovered plastic (Ragaert et al., 2017; van der Harst et al., 2016; Villanueva and Eder, 2014), which
can be divided into four main groups: 1) the presence of non-plastic items, e.g. missorted items,
composite materials, poor cleaning, 2) the presence of non-targeted polymer types, e.g. from items
containing several polymers, labels, multi-layer plastic films or mis-sorting, 3) the presence of unwanted
product types, e.g. toys, if bottles are the targeted product category, and 4) chemical contamination, e.g.
from colorants, stabilizers, compatibilizers, use or waste management (Dahlbo et al., 2017). Although
the quality of recycled plastic are affected directly by these physical and chemical properties, only few
studies have quantitatively addressed plastic quality based on these (e.g. Huysman et al., 2017).

To fully close plastic polymer loops, recovered plastic materials need to be recycled into new
products at the same or similar quality levels as the original plastic product, i.e. within applications
comparable to the original products. However, recycling of higher-quality plastic into lower-quality
application levels is a well-known challenge, often termed "downcycling”, involving considerable losses
of material properties compared to virgin plastic (Rigamonti et al., 2018; van der Harst et al., 2016;
Luijsterburg and Goossens, 2014; Vilaplana and Karlsson, 2008), reducing the quality and thereby
applicability of the recycled plastic. Various attempts have been made in life cycle assessment (LCA)
studies to include such quality losses of recycled plastic in the estimation of the substitutability (also
called substitution ratio, substitution factor, etc.), defined as the functionality of the recycled plastic
divided by the functionality of the virgin plastic assumed substituted (Vadenbo et al., 2016). In these
studies the functionality or quality was quantified based on e.g. price differences between recovered and
virgin materials (e.g. Rigamonti et al., 2009; Mengarelli et al., 2017), practical experiences in the
recycling industry (Gu et al., 2017), or qualitative discussions (Shen et al., 2010). While these
approaches attempt to quantify loss of material quantities as well as physical and mechanical properties,
such as higher thickness required, more defects, lower transparency, etc., substitutabilities such as these
are not useful for evaluating the ability of a recovery or recycling system to contribute to long-term

closing of material loops.
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As the current European market for recyclable polymers by far is saturated (Fellner et al., 2017),
recovered plastic waste may be fully recycled and substituted according to substitution ratios reflecting
material and property losses, market responses, etc. (as indicated above). In other words, the substitution
of recovered plastic waste may be "high", as the current polymer market can fully absorb the low-quality
plastic waste, even if the quality of the recovered plastic and thereby the substitutability in long-term
steady-state conditions is "low" due to the presence of impurities. Consequently, the abilities of such
low-quality recycled plastic to close the plastic loop in a long-term perspective are small as such qualities
only have the potential to substitute virgin plastic in parts of the market and thereby do not have the
potential to close the part of the loop relying on higher quality material. We therefore suggest extending
the existing definitions of substitutability and substitution ratios to more appropriately reflect the
potential of a recovery system to contribute to long-term closing of material loops, i.e. the "circularity
potential” of a recovery or recycling system. This should be understood as a supplement to existing
substitution ratios typically applied in current LCA studies of recycling. So far no attempts have been
provided to systematically assess and quantify this circularity and evaluate the associated importance of
quantity and quality of recovered plastic from HHW.

The overall aim of this study was to define a "circularity potential" reflecting the ability to close
material loops and apply this concept to a range of illustrative plastic recovery systems based on
information about quantities and qualities of the recovered plastic. This was achieved by evaluating 84
hypothetical plastic recovery scenarios involving household waste (HHW) and determining the
circularity potential for these scenarios. The following specific objectives were addressed: 1) application
of material flow analysis (MFA) on selected plastic recovery scenarios, covering a wide range of sorting
schemes, source-separation efficiencies, material recovery facility (MRF) efficiencies and
configurations with the purpose of estimating mass-based losses in the system until reprocessing, 2)
assessment of the potential quality of all MRF outputs in the scenarios according to the level of
contamination, 3) development of the circularity potential by extending existing definitions of
substitutability and involving information about market shares in a potential steady-state situation with
closed material loops, and 4) evaluating the implications of the circularity potential for waste recycling

assessment and the transition towards circular economy.
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< heading level 1> Methodology

< heading level 2> Case-study waste composition

A generic European waste composition was assumed for all scenarios, including all waste generated in
the households, both plastic and non-plastic material fractions. The share of plastic in the waste was
assumed to be 14% by weight, while the remaining 86% was assumed to be non-plastic (Edjabou et al.,
2015). Table 1 provides an overview of the included plastic fractions and associated polymer types.
Focus was on the most abundant polymer types in European HHW, i.e. polyethylene terephthalate
(PET), high density polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP), and
polystyrene (PS) (Gotze and Astrup, 2013), while the remaining plastic was categorized as “Others”.
The fractional composition of plastic waste was estimated based on Rigamonti et al. (2014), Petersen et

al. (2015) and Edjabou et al. (2015).

Table 1 Composition of the plastic part of the HHW divided into plastic fractions and polymer types
[%]. The composition was estimated based on Rigamonti et al. (2014), Edjabou et al. (2015) and

Petersen et al. (2015).

Plastic fractions PET HDPE LDPE PP PS Others Total
Bottles 23 % 7% 0% 0% 0% 0% 30 %
Soft packaging 0% 0 % 30 % 0% 0% 10 % 40 %
Hard packaging 4% 3% 0% 7% 1% 5% 20 %
Other plastic items 0% 0% 0 % 0 % 0 % 10 % 10 %
Total 26 %*? 10 % 30 % 7% 1% 25 % 100 %

923 and 4 are rounded and thus sum to 26

The majority of the non-plastic material fractions generated in the household was assumed
separated from the plastic waste during source-separation and subsequent sorting (figure 1), hence
leaving the system. However, the remaining part of the non-plastic fractions ended up as non-plastic
impurities in the plastic outputs from the MRF, thereby contaminating these outputs. The degree of

contamination depended on the specific scenario.
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< heading level 2> Scenarios — material flow analysis and data choices

In total, 84 plastic recovery scenarios were defined as a combination of choices in four steps of the

recovery-chain, as illustrated in figure 1:

la.  Selection of target fractions and overall sorting scheme (A to F)

1b.  Source-separation and collection efficiency (low/high)

2. MREF performance, modeled as the recovery efficiencies of target materials to intended outputs
(low/average/high)

3. Numbers and types of outputs recovered from the MRF.

The above selections resulted in 108 theoretical combinations. However, excluding
combinations that were deemed unrealistic 84 scenarios remained (see details in the following and in
the supporting information (SI), section S1). The amount of recovered plastic was determined based on
a material flow analysis (MFA) model for each scenario, using the ingoing waste composition presented
in table 1 as well as the source-separation and MRF efficiencies presented in the following sections. The
potential quality of the plastic for recycling was determined based on the composition of the recovered
plastic output from the MRF (see later sections for details), i.e. before reprocessing of the plastic. The
reason for this was twofold: 1) existing quality criteria for recyclable plastic precisely addresses this
point in the value-chain (see details in the SI, section S2.2), and 2) future recycling targets in EU are
calculated based on waste input quantities to the “final recycling process” (EC, 2015). The system
boundaries thereby reflect these perspectives, albeit excluding potential further losses in reprocessing.

Figure 1 indicates the system boundaries.
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Figure 1 Possible scenario configurations. The different choices for each step are stated below the step.
Material fractions included in the overall sorting scheme are indicated (step 1a), as well as targeted
fractions in the different output choices (step 3). Containers refer to plastic, metal, and composite

containers. i refers to eq. (1) and (2).

Within each step, selections were made with the intention of defining a range of key types of
recovery pathways representing differences in approaches to sorting, collecting, and recovering of
plastic waste. Steps la and 3 represented system configurations selected to illustrate important
combinations rather than provide an exhaustive list of all possible configurations. Step 1b and 2
represented different efficiencies in source-separation and MRF performance; values reported in
literature were used to define minimum, average and maximum efficiencies. The use of minimum and
maximum values as well as the wide range of system configurations represent a scenario-based approach
to account for the considerable variations in facility performance as well as data scarcity and uncertainty.
A full list of scenarios is given in the SI, tables S4 and S5, and a detailed description of all scenarios is

provided in the SI, section S1.
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< heading level 3> Overall sorting scheme (step 1a)

The first five sorting schemes (A to E) represent source-separation of plastics in the household, either
by targeting plastic fractions only (A: Plastic bottles, B: Rigid plastic, C: Rigid and soft plastic) or
through comingled separation schemes where plastic is collected with other materials (D: Containers,
E: Containers and Fibers). The last sorting scheme (F: No source-separation) represents a situation with
no source-separation, where all residual waste is routed to a sorting facility, sometimes called a “dirty
MRF” or a “mixed waste MRF” (e.g. Cimpan et al., 2015; Pressley et al., 2015). Several studies have
shown that the share of impurities and missorted items entering the MRF is higher in comingled systems
compared to source-separated plastic (Papineschi et al., 2016; Cappadona, 2015; Seyring et al., 2015;
Heinzel et al., 2015), and it was therefore assumed that increasing levels of impurities and missorted
items was collected with the plastic, as the number of targeted fractions increased. For the “dirty MRF”
system, a pre-sorting step, where the residual waste is coarsely sorted into different material streams
including a “primary plastic flow”, was considered necessary in order to increase the share of plastic in
the waste stream entering the actual plastic sorting step (step 2) (Feil et al., 2016). Thus for sorting
scheme F step 1b was used to model such mechanical pre-sorting, instead of source-separation and
collection. Table 2 provides an overview of the share of missorted items assumed for the individual
scenarios in the cases of low and high source-separation efficiencies. For sorting scheme F, data in the
literature did not warrant distinguishing between low and high efficiencies. More details are given in

the SI, section S1.2.

Table 2: Missorted items in the plastic waste after source-separation and collection (pre-sorting for

sorting scheme F) [%], depending on the overall sorting scheme.

Missorted items in the plastic waste sent to mechanical sorting

Overall sorting scheme Low source-separation High source-separation
efficiencies efficiencies

A: Plastic bottles 2% 3%

B: Rigid plastic 4 % 4%

C: Rigid and soft plastic 5% 5%

D: Containers 9 % 11 %

E: Containers and fibers 14 % 16 %

F: No source-separation 28 %
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< heading level 3> Source-separation efficiencies (step 1b) and MRF performance (step 2)

Source-separation efficiencies and MRF recovery efficiencies are presented in table 3 and table 4,
respectively, and are based on the range of efficiencies reported in literature (see details in the SI, section
S1.2 and S1.3). The MRF performance was modeled as the recovery efficiency of a target plastic fraction
directed to the intended output for that specific fraction, i.e. MRF performance was high if the recovery
efficiency of PET bottles directed to the PET output was high. As MRFs can vary considerably in
performance, due to great differences in configuration of equipment and manual sorting, three selections
were modeled: high, average and low. The recovery efficiency for the target fractions were set to the
highest ones reported in literature for the high performing MRFs and the lowest for the low performing
MRFs, whereas the recovery efficiencies in the average scenarios were always an average of the high
and low ones. This was also the case for the recovery efficiencies for the non-targeted fractions, which
were estimated since no data was available (details in SI, section S1.3). Based on a study reporting that
74 - 82% of plastic from residual waste was heavily contaminated by the remaining waste (Petersen and
Mayland, 2015), scenarios with sorting scheme F were assumed only to have low and medium
performing MRFs, as MRF recovery efficiencies are affected by surface contamination. Most of the
plastic not ending in the output for which they were intended ended in the mixed plastic fraction, which
was produced in all scenarios. Hence, the lower the MRF performance, the more plastic ends in the
mixed plastic fraction and vice versa. All recovery efficiencies, for both targeted fractions (e.g. PET
bottles to PET output) and non-targeted fractions (e.g. PET bottles to HDPE output) to all outputs, are

presented in the SI, table S1-S3.
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Table 3: High and low source-separation efficiencies [%] of target fractions (TF) and non-target

fractions (N-TF).

Material fractions Low source-separation efficiencies | High source-separation efficiencies
TF N-TF TF N-TF

Bottles' 65 % - 90 %" -

Rigid packaging 30 % 10 % 60 % 20 %

Foil packaging 30 % 10 % 60 % 20 %

Other plastic items? - 10 % - 20 %

Non-plastic items™> - 0.001-0.01 % - 0.002-0.02 %

D Targeted within all the separation schemes.

2 Not targeted within any of the separation schemes.

3 Vary depending on the overall sorting scheme, see table 2.
4 Currently only reached through refund deposit systems

Table 4: Recovery efficiencies [%] of target material fractions to target MRF outputs (e.g. PET bottles

to PET output or rigid PP to PP output), depending on MRF performance.

PET HDPE PP PS LDPE
MREF performance | Bottles Rigid | Bottles Rigid | Bottles Rigid | Bottles Rigid | Film
Low 40% 20% | 35% 15% | 25% 25% | 25% 25% | 10%
Average 68% 55% | 63% 50% | 55% S55% | 48% 48% | 53 %
High 5% 90% | 90% 85% | 85% 85% | 70% 70% | 95 %

< heading level 3> MRF outputs (step 3)

Three different MRF output choices were considered: Few, several, or all possible outputs. Figure 1
illustrates the specific types of outputs produced in the three output choices. All three output choices are
possible for the sorting schemes B-F. For scenarios employing sorting scheme A (only targeting bottles
in the overall separation scheme), the “few MRF output” choice was the only realistic option, since very

little PP, PS, or film was present in the collected waste stream.
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< heading level 2> Resource recovery efficiency, ™
The physical losses in each scenario were identified through the resource recovery efficiency, #™, as
defined by Vadenbo et al. (2016), presented in eq. (1):

6 rec
i=1 M,
yrec

rec —

)

e " [-]is the resource recovery efficiency, including all physical material losses within the recycling
chain. As the system boundaries for this study do not include the reprocessing facility, # is the
product of source-separation efficiencies and MRF recovery efficiencies.

e U™ [kg] is the resource potential of recovered material and expresses the amount of target material
in the waste stream under assessment, e.g. the amount of plastic in the HHW. U™ was set to 1 kg,
corresponding to 100% of the generated plastic waste (table 1).

e M™ [kg], is the amount of material in each individual output, i, recovered from the MRF. M™“ was
defined both with and without impurities, as described in the following.

» irepresents the individual outputs recovered from the MRF (1=PET, 2=HDPE, 3=PP, 4=PS, 5=film,
6=mix).

rec

To clearly illustrate the importance of impurities in the different MRF outputs, four types of #* were

calculated for each scenario, depending on the definition of M™ and i:

1. All MRF outputs — with impurities (i = 1-6, M = mass of all material recovered in the
individual outputs)
2. All MRF outputs — without impurities (i = 1-6, M" = mass of target polymer recovered in the

rec

individual MRF outputs. e.g. Mpp~ only included the mass of recovered PP plastic in the PP
output)

3. Mono-polymer outputs (PET, HDPE, PP and PS) — with impurities (i = 1-4, M = mass of all
material recovered in the individual outputs)

4. Mono-polymer outputs — without impurities (i = 1-4, M = mass of target polymer recovered

in the individual MRF outputs)
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< heading level 2> Quality classification
The quality of plastic for recycling depends on a wide range of properties such as physical and chemical
composition, mechanical strength, color, odor, additive concentration, and content of toxic chemicals.
As such, a single and unique parameter cannot be applied to represent the quality for all possible
application types. Acknowledging this, the approach applied in this study to describe quality involved
two steps: 1) identification of the most important application groups for plastic in Europe, and 2)
classification of the MRF outputs according to the quality criteria available for these application groups.
Consequently, the quality as defined here represents the potential applicability of the recovered plastic
relative to the defined quality levels presented below.

Based on a review of existing literature and legislation related to plastic use in Europe (e.g.
PlasticsEurope and EPRO (2016)), eight key application groups were identified. The application groups
are listed below according to the strictness of the legal requirements to the chemical composition and/or

migration behavior of the material.

- High quality:
o Food packaging
- Medium quality:
o Toys
o Pharmaceuticals
o Electrical and electronics
- Low quality:
o Building and construction
o Non-food packaging
o Automotive

o Others

13
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Three quality levels were defined: 1) High quality (Q = high), assigned to materials approved
for food contact, representing the strictest legal material requirements, 2) medium quality (Q = medium),
assigned to materials that can be used for toys, pharmaceuticals and electrical and electronics,
representing lower and varying, legal material requirements, and 3) low quality (Q = low), assigned to
materials with minimal legal requirements.

Hence, high quality material is defined as material with the ability to fulfil all demands in the
respective polymer market, i.e. for recovered polymers to be used in all eight application groups within
the specific polymer market, and thereby having a potential to substitute virgin plastic in the entire
polymer loop. Consequently, if recovered polymers have a medium or low quality, they comply only
with a subset of available applications (i.e. seven for medium and four for low quality), and thereby only
have the potential to close the polymer loops with respect to these applications, as the remaining
applications will still have to rely on virgin material. Per definition, virgin plastic is considered high
quality (Q=high) as the composition of virgin plastic can be controlled during production to match
specifically the application in question. References to all relevant legislation as well as definition of
application groups and quality levels are provided in the SI, sections S2.

All MRF outputs from the 84 scenarios were classified into one of the three quality levels. As
very few studies and data related to chemical contamination of plastic waste exist (Pivnenko et al., 2016;
Ballesteros-Gomez et al., 2014; Whitt et al., 2012; Riber et al., 2009; Ernst et al., 2000; Huber and Franz,
1997), including chemical contamination in the assessment was not feasible. Therefore, the
classification was carried out based solely on the presence of physical impurities, including both non-
plastic and non-target polymer impurities. All steps in the quality assessment are described in detail in
the SI, section S2.2, including a summary of legal limit values (table S10), quality criteria defined by
plastic reprocessing facilities (tables S7-S9), and a detailed description of how these criteria were

applied in the classification.

14



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

< heading level 2> Circularity potential, ¢

The circularity potential depends both on the level of physical losses in the system as well as the quality
loss of the recycled plastic relative to the displaced virgin plastic. It is here suggested that the circularity
potential [-], ¢", can be defined as a function of the resource recovery efficiency of the system, n*, and
the market share [-], MS, in which the materials with a specific quality level [-], O, has a potential to be

applied (and thereby substitute virgin material), as presented in eq. (2):

MSyion for Q = high,
rec . MS(QreC)L_ high

" = Z UK W - MSmeqium for @ = medium, 2)
i=1 ¢ MSlow fOT' Q = low

As described in the previous section the quality of the potentially displaced virgin material, Q%,
is always assumed high and consequently MS(Q%) is equal to 1 for all MRF outputs, i. The second
multiplier of eq. (2) is analogue to the substitutability definition by Vadenbo et al. (2016) who divided
the functionality of the recovered material with the functionality of the displaced material. In case of the
circularity potential, assuming a theoretical end-point market situation with closed polymer loops under
steady-state conditions, the functionality is represented by the fraction of the total polymer market within
which the recovered plastic with a specific quality is applicable and can fulfill the material requirements
(as described in the previous section). Thereby, the functionality now expresses the potential ability of
a recovered material fraction to fulfill the demands in a steady-state market and contribute to a circular
economy vision.

Market shares, MS, for low-, medium-, and high-quality plastic were defined for the European
markets of PET, HDPE, PP, PS, film, and mixed plastic by combining information from PlasticEurope
and EPRO (2016) with several other sources (for details see SI, section S3). Market shares are presented
in Table 5 and were determined as relative shares of the European production in 2016 (mainly virgin
production) for the individual application groups mentioned previously. As an example, recovered
HDPE with a medium quality can substitute virgin HDPE in medium and low quality application groups,
corresponding to a market share of 3% + 70% = 73%. Consequently, MS(medium)uppe = 0.73,

illustrating that recovered HDPE of medium quality has a theoretical potential to close 73% of the HDPE
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loop, assuming a steady-state HDPE market and no material loss. Although forecasted information for
potential future market situations could have been included, here the calculations were based on current
market information to reflect the potential of the recovery scenarios (existing technologies) to close

plastic loops in a situation with the current consumption.

Table 5: European market share of all application groups for the PET, HDPE, PP, PS, film, and mixed
plastic European markets [%], divided into the three quality levels. MS values for use in eq. 2 [-] are

provided for all Q.

L. . European polymer markets (i)
Application groups Unit ] .
PET HDPE Film PP PS Mix*
High quality % 57 27 54 18 15 34
Food packaging % 57 27 54 18 15 34
Medium quality % 0 3 4 6 11 6
Toys % 0 0 0 0 0 1
Pharmaceuticals % 0 1 1 1 1 1
Electrical and electronics % 0 2 3 5 10 4
Low quality % 43 70 42 76 74 60
Building and construction % 0 23 6 8 42 13
Non-food packaging % 42 23 18 20 18 22
Automotive % 0 6 2 13 0 5
Others % 1 18 16 35 14 20
Total % 100 100 100 100 100 100
MS(Q); value
Q = High - 1 1 1 1 1 1
0 = Medium - 0.43 0.73 0.46 0.82 0.85 0.66
0 =Low - 0.43 0.70 0.42 0.76 0.74 0.60

* Average of market shares on the other polymer markets weighted according to polymer abundance in Europe.

< heading level 1> Results and discussion

< heading level 2> Resource recovery efficiencies

Four types of resource recovery efficiency were calculated and illustrated in figure 2 for all scenarios,
including: 1) all MRF outputs with impurities (A ), 2) all MRF outputs without impurities (A), 3) mono-
polymer outputs (PET, HDPE, PP, and PS) with impurities (ll) and 4) mono-polymer outputs without
impurities ([J). As the reprocessing efficiency was not included in the calculation of the resource

recovery efficiencies, these represents the best case scenario, where loss during reprocessing is close
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to 0. The scenarios on the x-axis were ordered first according to the sorting scheme (A-F), and then
according to increasing source-separation efficiencies, followed by increasing MRF performance,
reflecting that the combination of source-separation and MRF efficiencies increases within each sorting
scheme. A detailed scenario list is given in SI, table S4. The achieved range of resource recovery
efficiencies within each sorting scheme reflected the potential performance of that specific sorting

scheme based on data available in the literature.
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Figure 2 Resource recovery efficiency, ", for all scenarios, calculated using eq. (1). Resource recovery
efficiencies are depicted both with and without impurities as well as including all MRF outputs or only
mono-polymer outputs (PET, HDPE, PP, and PS). The scenarios are presented according to sorting
scheme (Bot.: Bottles, NoS: No source-separation). Within each sorting scheme, the scenarios are
ordered according to increasing source-separation and MREF efficiencies. The specific order is given in

the SI, table S4.
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Overall recovery efficiencies, including all recovered MRF outputs and impurities (A), were
found between 0.17 and 1.0, which means that between 17% and 100% of the plastic mass generated in
the household were recovered at the MRF and prepared for recycling, when including impurities in the
calculations. This is a large variation, depending on several parameters. In addition to the source-
separation and MRF efficiencies themselves, the overall sorting scheme was important, as scenarios
only targeting bottles and rigid plastic (A, B, D) had lower recovery efficiencies (i.e. 0.17-0.44) than
scenarios additionally targeting plastic film (C, E), (i.e. 0.22-0.58), which again were lower than
scenarios where all plastic was collected and routed to the MRF with residual waste (F), (i.e. 0.78-1.0).
Consequently, reaching recovery efficiencies above 50% for plastic from HHW requires efficient
source-separation of rigid and soft plastic fractions, while very high recovery efficiencies only appear
possible through “dirty MRF” solutions. However, excluding impurities from the resource recovery
efficiencies (A) resulted in considerable decreases to 0.15-0.58 across all sorting schemes. This
indicates that a substantial part of the recovered plastic from “dirty MRF” systems represented
impurities, and that impurities carried along with the target fractions may be important in discussions
about recycling rates (GBB, 2015; Haupt et al., 2017).

Throughout the scenarios (from A-F), increasing differences between resource recovery
efficiencies with (A) and without (A) impurities can be observed. As the level of non-plastic impurities
increases with increasing numbers of target fractions, the share of non-plastic impurities for scenarios
with sorting scheme F was between 38% and 61%, while this share was only between 5% and 17% for
scenarios with sorting scheme A. Consequently, the scenarios with no source-separation (F) only
recovered slightly more plastic than scenarios with separation schemes including both rigid and soft
plastic (i.e. C, E). These scenarios recovered considerably more plastic than scenarios only targeting
rigid plastic (i.e. A, B, D). Within each sorting scheme, in particular A-E, the wide range in resource
recovery efficiencies illustrates that a well-performing source-separation and MRF system is crucial for
achieving competitive performance in comparison with alternatives.

Resource recovery efficiencies including only mono-polymer outputs (Ml and [1) varied from
0.08 to 0.39. This means that between 8 % and 39 % of the plastic mass generated in the households

were recovered from the MRF as PET, HDPE, PP and PS and were generally within the same range
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across all sorting schemes (A-F). As such, the recovery of single polymer streams depended mainly on
the source-separation and MRF efficiencies. Mono-polymer outputs represent a primary target for
recovered plastic, as these fractions may potentially be recycled into high or medium quality material,
while plastic fractions with unknown polymer compositions (especially mixed plastic) may be recycled
only into low quality material (discussed in details in the next section) (Dvorak et al., 2009; Luijsterburg
and Goossens, 2014). The higher overall resource recovery efficiencies for scenarios including film (C,
E), or scenarios with no source-separation (F), therefore reflected the recovery of mixed plastic fractions
(film and mixed plastic), which can be recycled only as lower quality material.

The results demonstrate that in order to achieve high overall recovery, source-separation
efficiencies for target materials of around 60-90%, and a well-performing MRF with recovery

efficiencies of target material to the intended outputs of around 75-95% are paramount.

< heading level 2> Quality of recovered MRF outputs

Figure 3a illustrates the shares of recovered high, medium, or low quality plastic, as well as the shares
of plastic too contaminated to be recycled at all. The upper limit of the bars in figure 3a is identical to
the resource recovery efficiency including all MRF outputs with impurities (A) in figure 2.

In all scenarios but four, at least one of the MRF outputs was found unsuitable for recycling,
due to the level of impurities, and at best 55% of the plastic generated in the household was found
suitable for recycling after mechanical sorting. For most scenarios this was caused by the mixed plastic
fraction which was too contaminated to be recycled. For many scenarios more than one output was
found unsuitable for recycling and as a result the potentially recycled amounts were much lower than
what the resource recovery efficiencies in figure 2 suggested. This was especially pronounced for
scenarios with sorting scheme F with no source-separation. Although they recovered the largest share
of plastic, only a small fraction - if any - was suitable for recycling. In 26 scenarios, all the recovered
MRF outputs were found unsuitable for recycling, due to poor MRF performance resulting in large
amounts of missorted items and non-targeted polymers in the recovered MRF outputs. This reflects that

the MRF performance is crucial for the overall level of recycling.
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With respect to the quality of the recovered plastic suitable for recycling, again, MRF
performance appear critical for the results. For scenarios with low-performing MRFs, the recovered
plastic may at best be low quality. On the other hand, scenarios recovering plastic with a potential for
recycling into high quality all involve high performing MRFs. However, high recovery efficiencies at
the MRF are not the only factor necessary to ensure recycling of high-quality recycled plastic from
households - this moreover requires that the reprocessing facility passes a challenge test, demonstrating
a sufficiently effective decontamination process (EC, 2008). Based on current European recycling
practices, only streams of PET bottles including maximum 5% non-food products collected separately
from the remaining plastic HHW are, to our knowledge, approved for recycling into high-quality food-
grade products (EFSA, 2018).

Combining recovered amounts with quality, as illustrated in figure 3a, it can be observed that
the largest differences are found within the sorting schemes rather than between them. On this basis,
however, the trend remains that scenarios with the largest shares of recovered plastic suitable for
recycling are those with a sorting scheme targeting soft plastic (i.e. C, E). The overall best-performing
scenarios, with respect to both the quantity and the quality of outputs, are hence the ones with sorting
schemes C and E, with high-performing MRFs producing all possible MRF outputs (including film
recovery). Yet, none of these scenarios included a mixed plastic fraction suitable for recycling. Detailed

data showing the quality of all recovered outputs in all scenarios can be found in SI, tables S15 and S16.
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Figure 3 a) Resource recovery efficiencies, ™, [-] for all scenarios, indicating the quality of the
recovered outputs. The top of the bar corresponds to #*“, A, in figure 2. Excluding outputs not suitable
for recycling (LJ), the recyclable fraction is obtained (li+ +H). b) circularity potential, ¢, for all

scenarios [-], indicating the quality of the contributing outputs. The scenarios are presented according

to sorting scheme (Bot.: Bottles, NoS: No source-separation). Within each sorting scheme, the scenarios
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are ordered according to increasing source-separation and MRF efficiency. The specific order is given

in the SI, table S4.

< heading level 2> Potential circularity of scenarios

From the results presented in figure 3a, the circularity potential for all scenarios were determined based
on eq. (2) and presented in figure 3b. The scenarios including the recovery of PET and HDPE outputs
to high quality are those with the highest circularity potential, as the high quality PET and HDPE outputs
have the potential to substitute virgin plastic in all possible applications on the PET and HDPE markets,
whereas medium- and low-quality PET and HDPE may only substitute virgin plastic in parts of these
markets. As more than half of the PET market relies on high-quality PET for food packaging production,
the reduction in circularity potential when going from high to medium or low-quality is especially
prominent for PET.

The contribution made by film to the overall circularity potential is considerably lower than
suggested by the resource recovery efficiencies alone: Even in the best-performing scenarios it was only
possible to recycle the film fraction into medium-quality with a potential to substitute virgin plastic in
non-food contact applications. As food contact applications represent more than half of the film market,
this limitation in recycling is critical. Nevertheless, scenarios targeting film and involving high source-
separation and MRF efficiencies offer the best overall circularity potential (¢"* = 0.42), as the amount
of recyclable waste recovered was high (due to film) and a considerable share of the recovered waste
had a potential to be recycled into high-quality (due to PET and HDPE).

While scenarios with no source-separation (sorting scheme F) had the highest overall resource
recovery efficiencies (figure 2 and 3a), the low circularity potentials clearly demonstrate the challenges
associated with this recovery approach (figure 3b): as the generated plastic outputs only allow recycling
into medium or low-quality the ability to close plastic loops is limited. Although these scenarios
recovered similar recyclable plastic amounts as the better performing scenarios with a different sorting
schemes (A-E), the quality of the recovered materials was lower, thereby decreasing the circularity
potential considerably. Consequently, although recycling pathways allowing the mechanical separation

of plastic from residual waste in large amounts exist, the quality of the recovered plastic limits recycling,
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and only partial potential to substitute virgin plastic within the individual polymer markets can be

expected, thereby only closing the individual polymer loops partially, if at all.

< heading level 2> Implications of circularity and potential substitution

C

The value of ¢ represents the circularity potential of a recovery or recycling system when the
individual polymer markets are in steady-state. Although debatable whether this is realistic or not,
steady-state is an integral assumption in the vision of closed material loops, and as such a condition that
should be reflected when evaluating the circularity potential. However, at a European scale steady-state
polymer markets are far from reality. Fellner at al. (2017) estimated that — theoretically — only around
half of the European plastic demand can be covered by recycling of plastic waste generated in Europe
(assuming no plastic losses in the recycling system). As illustrated by figure 3a considerable losses are
related to current recycling of plastic from HHW, and thus most likely significantly less than half of the
demand can be covered by recycled plastic. Consequently, low quality recycled plastic may well be
absorbed by the current polymer market and substitute virgin plastic, even if the market for low quality
materials only represents 40-50% of the total market (in case of PET and LDPE, see table 5). Recycling
systems converting plastic items of high-quality into low-quality plastic may therefore be sufficient in
the current situation and as the first phase of a transition towards a circular economy. However, only
implementing systems with low or medium quality outputs will not offer a long-term solution towards
circularity and closed material loops, as substitution of virgin plastic in significant shares of the polymer
markets will not be possible.

The circularity potential, as presented in figure 3b, offers an approach to quantify the
“circularity” of recovery systems involving waste materials such as plastic from HHW. However,
assessing large-scale recovery or recycling systems, e.g. at European level assuming steady-state
polymer markets in a long-term perspective, the substitution potential of the recovery systems should
approach the circularity potential. Consequently, based on 1 kg of plastic waste generated in households
figure 3b shows that at best 0.42 kg virgin material may be substituted (excluding losses during
reprocessing). While complete circularity (albeit a theoretical concept) would require a 1:1 substitution

between virgin and recycled plastic, it is clear that even the best performing European recovery systems
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managing plastic from HHW is far from effective in a long-term transitioning towards complete closed
plastic loops.

Based on the results, three fundamental pathways are possible to move towards closed material
loops: 1) sorting and recovery technologies has to be significantly improved, 2) plastic flows including
high quality items have to be managed separately from the remaining waste including lower qualities to
increase likelihood of maintaining quality, and 3) the design of plastic products has to be significantly
improved to allow better separation and recovery. The amount of impurities entering the recycling
systems should be minimized as much as possible to minimize both physical and quality losses
throughout recycling. Improving source-separation and technology efficiencies as well as designing new
products for recycling are essential in this context. It is necessary to view plastic not as one bulk material
but acknowledge the presence of a wide range of qualities and polymers. To further improve the system
circularity an increased focus on individual polymers and product categories with potentials for high

quality recycling (e.g. similar to existing recycling of PET bottles) may be needed.

< heading level 1> Conclusion

A novel approach for quantifying the circularity potential of material recovery and recycling systems is
presented and applied on scenarios involving recovery of plastic from household waste. The circularity
potential was defined as a function of the resource recovery efficiency and the ability of individual
recovered fractions to fulfill quality demands in a steady-state market representing a closed material
loop situation. Higher resource recovery efficiencies and inclusion of more target fractions in the
separation scheme, especially film, offered higher resource recovery efficiencies overall, with the MRF
efficiency as the single most important parameter. For many scenarios, several of the recovered plastic
fractions were unsuitable for recycling due to detrimental levels of impurities. Consequently, in the best
performing scenarios only 55% of the generated plastic waste was recovered in a MRF output suitable
for recycling. Particularly mixed plastic fractions containing several polymers were found unsuitable
for recycling. The circularity potential indicated that the best-performing plastic recovery system
(sorting schemes including rigid and soft plastic, the highest number of polymer target fractions, and

high source-separation and MRF efficiencies) had potential to close 42% of the material loop. This
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suggests that with current technology, Europe is far from able to close the plastic loop (requiring a
theoretical circularity potential of 1). To improve the situation, the presence of impurities in the
recovered fractions should be reduced and more emphasis should be placed on closing the loops for high

quality plastic rather than plastic in general.
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Section S1: Detailed description of scenarios

The scenarios consists of four scenario steps with different choices that vary from scenario
to scenarios. An overview is given in Figure 1 in the main paper or below. In the following
the different scenario steps and the reasoning for the different choices within the scenario
steps are described in details. Finally, an exhaustive list of all the scenarios included in and

excluded from the study is given in Section S1.5.

Incineration/landfill/
recycling of other materials

A A
Step 1a Step 1b Step 2 Step 3
System boundaries
Output 1 (PET)——+»
Household Overall sorting Source-separation Material recovery Output 2 (HDPE)——»
waste scheme and collection facility (MRF) :
——Output 6 (Mixed plastic)——»
Sorting scheme: Source-separation Performance*: Output options:
e L2
v A: Plastic bottles efficiency™: * Low - Fewoutputs v v v
. Only bottles™
v/ v B: Rigid plastic Low for target aqd « Average
non-target materials * Several outputs v v v v
v ¥ v C:Rigid and soft plastic . * High "
9 P * High for target and 9 < All ibl
. ; ! possible VY S
v ~ ~  D: Containers non-target materials outputs Al
v v v v ¥ E:Containers and fibers TIvUuUTm=
) mgoowsx
v v ¥ v v v F:No source-separation hn e i 13
SEQYL D To22lo
$25548% s T2
@22 v 20 =
8o eT @ =
defge )
Q o (e] ~
ol g °Bo Outputs produced
Q S oo N B
o8 = Q in the different
o QO X . A
o2 Q & output options (1)
3 ® S Q
e @ a * For scenarios with sorting * Performance is equal to * Only PET and HDPE bottles are
Material fractions scheme F this step was recovery efficiency of target target fractions in these outputs
targeted in overall used to model pre-sorting material to intended output ** All PET and HDPE products are
sorting scheme instead of source-separation target fractions in these outputs

Figure 1 Possible scenario configurations. The different choices for each step are stated below the step. Mate-
rial fractions included in the overall sorting scheme are indicated (step 1a), as well as targeted fractions in the
different output choices (step 3). Containers refer to plastic, metal, and composite containers. i refers to eq. (1)
and (2) in the main paper.

S$1.1: Overall sorting scheme

Six overall sorting schemes were identified (A-F) as typical sorting schemes in Europe,

which are explained below.

- Sorting scheme A was the one including the smallest number of items: plastic bottles.
Plastic bottles are easily recognisable from the rest of the household waste and con-
sist of only a few polymer types (mainly PET and HDPE, see Table 1 in the main pa-
per) and thus represents a separation scheme easy for the citizens to use.

- Sorting scheme B included separation of all rigid plastic packaging, i.e. plastic bottles
and other rigid plastic packaging items, such as trays, containers, etc. This type of
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separation scheme also includes rigid plastic items of PP, PS and other polymer
types (see Table 1 in the main paper) and is implemented several places in Europe.

- Sorting scheme C included separation of foil and rigid plastic packaging and does
therefore also include LDPE items, as soft plastic in the HHW is most often made
from LDPE (see Table 1 in the main paper). Several municipalities in Denmark and
the Netherlands are examples of where this kind of sorting scheme is currently in use
(Luijsterburg and Goossens, 2014).

- Sorting scheme D was a comingled system including separation of containers of both
rigid plastic, metal and composite material. This kind of system is often call a dual-
stream commingled system and has been used for several decades in Germany and
is currently also in use in 10% of the municipalities in the United Kingdom (Feil et al.,
2016; Cimpan et al., 2015). Due to the addition of non-plastic material this sorting
scheme does, besides plastic items of PET, HDPE, PP, PS and other polymers, also
include metal and composite items.

- Sorting scheme E represented a fully commingled system where all dry recyclables,
including both containers (plastic, metal, composites and sometimes glass), plastic
foil and fibres (paper and cardboard) are separated into one bin in the household.
This is often called a single-stream commingled system and is a separation scheme
gaining popularity in several countries in Europe. For example, 98% of the private
households in Ireland are currently using this kind of separation system (Cimpan et
al., 2015).

- Sorting scheme F was fundamentally different from the others since it does not re-
quire the citizens to separate any recyclables in the household. Here all the residual
waste, including all the waste plastic items generated in the households, is collected
and send to a specialised separation facility, where the plastic is mechanically pre-
sorted (Feil et al., 2016), increasing the concentration of the plastic in the waste
stream subsequently send to actual plastic sorting at a MRF. This is also known as
mechanical biological treatment (MBT) or dirty MRF. This system is used several
places in Europe, e.g. 22% of the municipalities in the Netherlands separate their
plastic waste from the residual waste using mechanical sorting (Bing et al., 2014) and
it is gaining popularity, since it does not require the citizens to do any separation and
all recyclables are collected at once, having the potential of achieving high plastic re-

covery rates.
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S$1.2: Source-separation and collection
Scenario step 1B was related to the source separation and thereby the collection efficiency.

Only few recent studies provide information related to collection efficiencies for plastic frac-
tions in household waste, including Petersen and Manokaran (2013), van Velzen et al.
(2013), Rigamonti et al. (2014), and Cimpan et al. (2015). However, the majority of these
studies only report measured collection efficiencies for a specific area. As collection effi-
ciencies strongly depend on local conditions they are expected to vary greatly from one
area to another. Consequently, a high and a low sorting efficiency for each target material
fraction were determined based on the aforementioned studies, to take the variability due
to differences in local conditions, willingness from the citizens to participate, maturation of
the sorting scheme, etc. into account. All collection efficiencies used when defining the sec-
ond scenario step are presented in Table 3 in the main paper.

For scenarios with sorting scheme F, step 1b was used to model a mechanical pre-sorting
step instead of source-separation in the household. The purpose of the pre-sorting was to
upconcentrate the plastic in a “primary plastic flow” send to actual plastic recycling. The
share of non-plastic items in the “primary plastic flow” after pre-sorting has been reported
previously at 28-49% (Feil et al., 2016). Some of these non-plastic items represent targeted
non-plastic materials for recycling in a “dirty MRF” context rather than missortings (e.g. pa-
per is a target fraction in a “dirty MRF” and the sorting is to a certain degree designed to
catch paper from the non-paper streams and redirect it to the paper output). Hence, to re-
flect this, the share of non-plastic items entering the MRF as missortings was assumed to
be 28% for sorting scheme F.

Besides the collection efficiencies of the target materials the table furthermore pre-
sents collection efficiencies of non-plastic items, i.e. material fractions that, according to the
sorting scheme, were not supposed to be included in the source separation. The collection
efficiency of non-plastic items were assumed to range from 0.001% to 0.02% and be low in
the scenarios where the collection efficiencies of the target materials were low and vice
versa.

As no quantitative data currently exist in relation to the collection efficiencies of non-
target fractions, these collection efficienices were estimated based on reported impurities
in the source separated stream collected for sorting. It was assumed that the collection
efficiencies for non-targeted items varied depending on the sorting scheme of the scenario,
as several sources claimed that the percentage of contaminants received at MRFs is
smaller for sorting scheme only including plastic items (A: plastic bottles, B: rigid plastic and
C: rigid and soft plastic) compared to sorting schemes including both plastic and other ma-

terials (D: containers and E: containers and fibres) (Cappadona, 2015; Moreau, 2015). The
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contamination ranges was assumed to vary from 2% in the systems solely targeting bottles
(A: plastic bottles) to 19% in the scenarios where all dry recyclables were collected together
(E: Containers and fibres), based on studies reporting 1.5% contamination in a source sep-
arated plastic bottle stream from a recycling centre (Heinzel et al., 2015) and up to 18.9%
impurities in the input to single stream MRF (corresponding to sorting scheme E) (Enviros,
2009). However, since data related to the level of impurities in collected source separated
fractions are very scarce in literature, these assumption are quite rough, underlining the

need for more data related to the impurities.

$1.3: Material recovery facility (MRF)

Scenario step 2 was related to the technical performance of the MRF. A MRF can be de-
signed in numerous different ways depending on the number of sorting steps, the type(s) of
technology, the efficiency of the technologies, the efficiency of the staff in relation to poten-
tial manual sorting, etc. (Enviros, 2009) and consequently the performance and thereby the
recovery efficiencies are expected to vary considerably depending on the design of the
specific MRF. Moreover, the overall performance and the performance of the individual
equipment is assumed to depend on the composition of the incoming waste. For example,
plastic foil can decrease the efficiency and ultimately damage the sorting equipment, if the
MRF is not design to separate foils (Cappadona, 2015) and contamination of the surface of
plastic items can decrease the efficiency of NIR sorting equipment (Petersen and Mayland,
2015).

However, information related to the overall performance of MRFs are scarce in litera-
ture and only very limited information exists outside academia, often related to the same
kinds of MRF, originating from the same interest organisations. For example several stud-
ies, initiated by WRAP, are related to UK MRFs solely receiving commingled recyclables
(Shonfield, 2008; Enviros, 2009; LRS consultancy, 2015). It was therefore not possible,
based on the information available, to define MRF performances that were dependent on
the sorting scheme or the incoming waste composition.

Consequently, generic recovery efficiencies for low, average and high performing
MRFs were defined and used in all scenarios regardless of the sorting scheme. The recov-
ery efficiencies were modelled as transfer coefficients, of the different material fractions and
polymer types to the different outputs produced by the MRF. The high and low efficiencies
of the target materials were defined inspired by the most extreme values found in literature
(Goodman, 2006; Shonfield, 2008; Dvorak et al., 2009; Enviros, 2009; Spendelow, 2011;
Jansen et al., 2012; van Velzen et al., 2013; LRS consultancy, 2015; Cimpan et al., 2015;
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RRS, 2015) whereas the average efficiency was calculated as an average of the high and
the low efficiency.

As most of the studies only reported recovery efficiencies of target materials (e.g. PET
bottles to PET output), it was necessary to estimate the recovery efficiencies of non-target
materials (e.g. PE or non-plastic items to a PET output). Recovery efficiencies of all target
and non-target materials are presented in Table S1-S3 and it is explained in details how the
non-target recovery efficiencies have been estimated in section S1.3.2.

$1.3.1: Recovery efficiencies
In Table S1-S3 the recovery efficiencies [-] for low, medium and high performing MRFs are
presented based on MRF outputs. Recovery efficiencies are given for all parts of the waste
composition (divided based on both polymer type and product category) to a specific output.
Adding the recovery efficiency of a specific fraction, for a specific performance for all pos-
sible MRF outputs, gives the overall recovery efficiency of that MRF. The remaining fraction
up to 1 ends in the residual fraction send to incineration. As an example the total MRF
recovery efficiency for PET bottles, for a low performing MRF producing few MRF outputs,
is 0.40+0.03+0.32 = 0.75. Consequently, 75% of the PET bottles is recovered (40% in the
PET output, 3 % in the HDPE output and 32% in the mixed plastic fraction) for low perform-
ing MRFs producing few outputs, whereas the remaining 25% ends in the residual fraction.
Recovery efficiencies of the target materials that are based on primary literature are
highlighted in bold. The other sorting efficiencies are estimated as explained in section
S1.3.2.
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S1.3.1.1: To PET bottles, HDPE bottles and mixed plastics

Table S1: Recovery efficiencies for MRF with few outputs. Recovery efficiencies for all material fractions and all polymer types to the outputs PET bottles, HDPE bottles and mixed
plastic.

To PET bottles

MRF performance |G Average

PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS  Others

|

Bottles 040 0.10 0.10 0.10 0.10 0.10 0.68 0.07 0.07 0.07 0.07 0.07 095 0.03 0.03 0.03 0.03 0.03
Hard packaging 0.01 0.10 0.10 0.10 o0.10 0.10 0.01 0.07 0.07 0.07 0.07 0.07 0.01 0.03 0.03 0.03 0.03 0.03
Soft packaging 0.10 0.10 0.10 0.10 o0.10 0.10 0.07 0.07 0.06 0.07 0.07 0.07 0.03 0.03 0.02 0.03 003 0.03

Other plasticitems | 0.10 0.10 0.10 0.10 0.10 0.10 0.28 0.07 0.07 0.07 0.07 0.07 0.45 0.03 0.03 0.03 0.03 0.03
Non-plastic items 0.10 0.10 0.10 0.10 o0.10 0.10 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03 0.03 0.03 0.03 0.03
To HDPE bottles

MRF performance [N Average [ Hgh ]
PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS  Others
Bottles 0.03 035 0.03 0.03 0.03 0.03 0.02 0.63 0.02 0.02 0.02 0.02 0.01 050 0.01 0.01 001 ©0.01
Hard packaging 0.03 0.10 0.03 0.03 0.03 0.03 0.02 0.05 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 001 ©0.01
Soft packaging 0.03 0.03 0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.01 o0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Other plasticitems | 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.21 0.02 0.02 0.02 0.02 0.01 040 0.01 0.01 001 ©0.01
Non-plastic items 0.03 0.03 0.03 0.03 0.03 0.03 0.01 0.03 0.01 0.01 0.01 0.01 0.00 0.03 0.00 0.00 0.00 0.00

To mix
MRF performance | U Average | Hgh
PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS  Others
Bottles 0.32 0.32 0.32 0.56 0.81 0.47 0.18 0.18 0.18 0.73 0.78 0.26 0.04 0.04 0.04 0.89 0.74 0.06
Hard packaging 0.21 0.02 0.02 0.26 0.27 0.02 0.57 0.02 0.03 0.58 0.51 0.04 |092 0.03 005 089 0.75 0.07
Soft packaging 0.02 0.02 0.21 0.26 0.02 0.02 0.03 0.03 0.59 0.15 0.03 0.19 0.04 0.04 096 0.04 004 0.35

Other plasticitems | 0.02 0.02 0.02 0.26 0.27 0.02 0.17 0.17 0.17 0.49 047 0.17 032 032 032 071 067 0.32
Non-plastic items 0.50 0.50 0.50 0.50 0.50 0.50 0.27 0.27 0.27 0.27 0.27 0.27 0.03 0.03 0.03 0.03 0.03 0.03
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$1.3.1.2: To PET, HDPE, PP and mixed plastic

Table S2: Recovery efficiencies for MRF with several outputs. Recovery efficiencies for all material fractions and all polymer types to the outputs PET, HDPE, PP and mixed plastic
To PET bottles

MRF performance | Average

PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS Others

|

Bottles 040 0.10 0.10 0.10 0.10 0.10 0.68 0.07 0.07 0.07 0.07 0.07 |095 003 0.03 003 0.03 0.03
Hard packaging 0.20 0.10 0.10 0.10 0.10 0.10 0.55 0.07 0.07 0.07 0.07 0.07 |090 0.03 0.03 003 0.03 0.03
Soft packaging 0.10 0.10 0.10 0.10 o0.10 0.10 0.07 0.07 0.07 0.07 007 0.07 |0.03 003 0.03 0.03 003 0.03

Other plasticitems | 0.15 0.10 0.10 0.10 0.10 0.10 0.53 0.07 0.07 0.07 0.07 0.07 0.90 0.03 0.03 0.03 0.03 0.03
Non-plastic items 0.10 0.10 0.10 0.10 o0.10 0.10 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03 0.03 0.03 0.03 0.03
To HDPE bottles

MRF performance |G Average

PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others

Bottles 0.03 0.35 0.03 0.03 0.03 0.03 0.02 0.63 0.02 0.02 002 0.02 [0.01 050 0.01 0.01 001 o0.01
Hard packaging 0.03 0.15 0.03 0.03 0.03 0.03 0.02 050 0.02 0.02 002 0.02 [001 085 0.01 0.01 001 o0.01
Soft packaging 0.03 0.03 0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.01 001 0.01 |0.00 0.00 0.00 0.00 0.00 0.00

Other plasticitems | 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 002 002 002 002 |001 001 0.01 001 001 0.01
Non-plastic items 0.03 0.03 0.03 0.03 0.03 0.03 001 003 0.01 001 001 001 |0.00 0.03 0.00 0.00 0.00 0.00
To PP

MRF performance |G Average

PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others

Bottles 0.01 0.01 0.01 0.25 0.01 0.01 0.00 0.00 0.00 055 000 000 |[0.00 000 0.00 0.85 0.00 0.00
Hard packaging 0.01 0.01 0.01 0.25 0.01 0.01 0.01 0.01 0.01 055 001 0.01 [0.01 001 0.01 085 001 o0.01
Soft packaging 0.01 0.01 0.01 0.25 0.01 0.01 0.00 0.00 0.00 0.13 000 0.00 |0.00 0.00 0.00 0.00 0.00 0.00

Other plasticitems | 0.01 0.01 0.01 0.25 0.01 0.01 0.01 001 001 0.13 001 0.01 |[0.01 001 0.01 0.01 001 0.01
Non-plastic items 0.01 0.01 0.01 0.01 o0.01 0.01 0.01 001 001 0.01 001 0.01 |[001 001 0.01 001 001 0.01
To mix

MRF performance |G Average

PET HDPE LDPE PP PS  Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others

Bottles 031 031 0.31 0.31 0.56 0.46 0.17 0.17 0.17 0.17 065 0.26 |0.04 0.04 0.04 0.04 0.74 0.06
Hard packaging 031 031 0.31 0.31 0.56 0.46 0.17 0.17 0.17 0.17 065 0.26 |0.04 0.04 0.04 0.04 0.74 0.06
Soft packaging 031 031 040 031 0.31 0.46 0.17 0.17 0.8 0.17 017 040 [0.04 0.04 056 0.04 004 0.35

Other plasticitems | 0.46 0.46 0.46 0.46 0.71 0.46 0.38 038 0.38 038 068 038 [031 031 031 031 066 031
Non-plastic items 0.50 0.50 0.50 0.50 0.50 0.50 0.27 0.27 0.27 0.27 027 0.27 |0.03 0.03 0.03 0.03 0.03 0.03
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$1.3.1.3: To PET, HDPE, PP, PS, Film and mixed plastic

Table S3: Recovery efficiencies for MRF with all outputs. Recovery efficiencies for all material fractions and all polymer types to the outputs PET, HDPE, PP, PS, film and mixed plastic

To PET
MRF performance _ Average
PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others
Bottles 0.40 0.10 0.10 0.0 0.10 0.10 |0.68 0.07 0.07 0.07 007 0.07 |095 003 0.03 0.03 003 0.03
Hard packaging 0.20 0.10 0.10 0.10 0.10 0.0 |0.55 0.07 0.07 007 007 007 |09 003 0.03 003 003 0.03
Soft packaging 0.10 0.10 0.0 0.10 0.10 0.0 (007 0.07 0.07 007 007 007 |0.03 003 003 0.03 003 0.03
Other plasticitems |0.15 0.10 0.10 0.10 0.10 0.10 |0.53 0.07 0.07 0.07 0.07 0.07 |0.90 0.03 0.03 003 0.03 0.03
Non-plasticitems ]0.10 0.10 0.10 0.10 0.10 0.10 |0.07 0.07 0.07 0.07 0.07 007 ]0.03 003 0.03 0.03 003 0.03
To HDPE
MRE performance | Average L e ]
PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others
Bottles 0.03 035 0.03 0.03 0.03 0.03 |002 063 0.02 002 0.02 0.02 |001 090 0.01 001 0.01 0.01
Hard packaging 0.03 0.15 0.03 0.03 0.03 0.03 |0.02 050 0.02 002 0.02 0.02 |001 085 0.01 001 0.01 0.01
Soft packaging 0.03 0.03 003 0.03 003 0.03 |001 001 0.01 001 001 001 |0.00 0.00 000 0.00 0.00 0.00
Other plasticitems |0.03 0.03 0.03 0.03 0.03 0.03 |0.02 0.02 0.02 0.02 0.02 0.02 |0.01 0.01 001 001 0.01 0.01
Non-plasticitems ]0.03 0.03 0.03 0.03 0.03 003 |001 003 001 001 001 001 ]0.00 003 0.00 0.00 0.00 0.00
To PP
MRE performance |G Average [ Hen ]
PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others
Bottles 0.01 001 001 025 001 0.01 |0.00 0.00 0.00 055 0.00 000 |0.00 0.00 0.00 0.85 0.00 0.00
Hard packaging 0.01 001 0.01 025 0.01 0.01 |001 001 0.01 055 0.01 0.01 |001 001 0.01 08 0.01 0.01
Soft packaging 0.01 0.01 001 0.25 001 0.01 000 0.00 0.00 0.13 0.00 0.00 |0.00 0.00 0.00 0.00 0.00 0.00
Other plasticitems |0.01 0.01 0.01 0.25 0.01 0.01 |0.01 0.01 0.01 0.13 0.01 0.01 |0.01 0.01 0.01 001 0.01 0.01
Non-plasticitems ]0.01 0.01 0.01 0.01 001 001 001 001 001 001 001 001 001 001 001 001 001 001
To PS
MRE performance |G Average [ Hen ]
PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others | PET HDPE LDPE PP PS Others
Bottles 0.00 0.00 0.00 0.00 025 0.00 [0.00 0.00 0.00 0.00 048 000 |0.00 0.00 0.00 0.00 0.70 0.00
Hard packaging 0.00 0.00 0.00 0.00 025 0.00 |0.00 0.00 0.00 0.00 048 0.00 |0.00 0.00 0.00 0.00 0.70 0.00
Soft packaging 0.00 0.00 0.00 0.00 0.00 0.00 [0.00 0.00 0.00 0.00 0.00 0.00 |0.00 0.00 0.00 0.00 0.00 0.00
Other plasticitems |0.00 0.00 0.00 0.00 0.25 0.00 |[0.00 0.00 0.00 0.00 0.48 0.00 |0.00 0.00 0.00 0.00 0.70 0.00
Non-plasticitems ]0.00 0.00 0.00 0.00 0.00 0.00 |0.00 0.00 0.00 0.00 0.00 0.00 ]0.00 0.00 0.00 0.00 0.00 0.00
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Table S3 (continued): Recovery efficiencies for all material fractions and all polymer types to the outputs PET, HDPE, PP, PS, film and mixed plastic

To Film
MRF performance _ Average
PET HDPE LDPE PP PS Others| PET HDPE LDPE PP  PS Others| PET HDPE LDPE PP PS Others
Bottles 0.01 0.01 0.01 0.01 001 0.01 |001 0.01 001 001 001 0.01 {001 001 0.01 0.01 001 0.01
Hard packaging 0.01 0.01 0.01 0.01 001 0.01 |001 0.01 001 001 001 0.01 |0.01 001 0.01 0.01 001 0.01
Soft packaging 001 001 010 001 001 0.01 |0.01 001 053 001 001 001 [0.01 001 095 001 0.01 0.01
Other plasticitems | 0.01 001 0.01 001 001 001 |001 0.01 0.01 001 001 0.01 001 001 001 001 001 001
Non-plasticitems ] 0.01 0.01 001 001 0.01 0.01 [0.01 001 0.01 001 0.01 001 |0.01 0.01 0.01 0.01 0.01 0.01
To mix
MRF performance | Average I
PET HDPE LDPE PP  PS Others| PET HDPE LDPE PP PSS Others| PET HDPE LDPE PP PS Others
Bottles 0.30 030 030 0.30 030 045 017 0.17 017 017 017 025 |0.03 0.03 0.03 0.03 0.03 0.05
Hard packaging 0.30 030 030 0.30 030 045 017 0.17 017 017 017 025 |0.03 0.03 0.03 0.03 0.03 0.05
Soft packaging 0.30 030 030 030 030 045 017 017 016 0.17 017 025 |0.03 0.03 0.01 0.03 0.03 0.05
Other plasticitems | 0.45 045 0.45 045 045 045 |038 038 038 038 038 038 |030 030 030 030 030 0.30
Non-plasticitems | 0.50 0.50 0.50 0.50 0.50 0.50 |0.27 0.27 0.27 0.27 0.27 0.27 |0.03 0.03 0.03 0.03 0.03 0.03
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$1.3.2: Estimation of efficiencies for non-target materials
Data related to sorting efficiencies of non-target materials are very limited and for

most material fractions and outputs completely missing in literature, making an es-
timation of these necessary. This estimation was done using the following proce-

dure:

1. Maximum and minimum concentration levels for the outputs PET, HDPE,
PP, PS, Film and mixed plastic were identified based on reported concen-
trations from Arenlund (2016), RRS (2015), Luijsterburg and Goossens
(2014), Jansen et al. (2012) and Enviros (2009), as illustrated in Figure
S1a-f.

2. Maximum and minimum sorting efficiencies for non-target material frac-
tions were defined and adjusted until the concentration of the MRF out-
puts in most of the scenarios lied within the concentration limits and still
represents the range of concentrations reported in literature (see Figure
Sta-f).

3. The recovery efficiencies for the average scenarios were always an aver-
age between the corresponding recovery efficiency in the high and low

performing scenarios.

From the figure it can be seen that the concentration of the PET, HDPE, PP, PS
and film outputs in most of the scenarios were within these limits, however, for the
mixed plastic only one third of the scenarios had outputs with concentrations within
the given limits (one third above the maximum and one third below the minimum).
Nevertheless, taking into consideration that the limits were based on a very limited
number of studies, and thereby a very limited number of actual MRFs or laboratory
set-ups, a wider spread in concentration is in reality expected, having in mind that
97 sorting facilities treating plastic packaging exist solely in Spain (Janesen et al.,
2013). Moreover, the minimum concentration value, taken from Enviros (2009),
describes and average purity of the mixed plastic fraction from several different
MRFs, without an indication of the deviation. It is therefore realistic to assume that
this limit in reality is below the one reported in Enviros (2009). Consequently, the
concentrations modelled in this study was found realistic, having in mind that this
study aims to model the entire range of possible plastic recycling systems in Eu-
rope, from the ultimately best one to the ultimately worst.
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Figure S1: Concentration ranges as found in literature in red and concentration of a) PET, b) HDPE,
c) PP, d) PS, e) film and d) mixed plastic outputs from the 84 different scenarios.

S$1.4: Outputs

The final scenario step was related to the number and types of outputs produced

from the MRF. Three choices were identified.

The few outputs choice was the simplest one where only PET and HDPE

bottles were sorted into mono-polymer streams. Many UK and US MRFs treating

comingled recyclables follow this approach (Enviros, 2009; RRS, 2015). The sev-

eral outputs choice included the production of the most common mono-polymer

streams, i.e. PET, HDPE and PP. The all possible outputs choice represented the

most advanced kind of MRF producing the highest possible number of outputs,

which according to Cimpan et al. (2015) includes the polymer types PET, PE, PP
and PS. Thus, it included the production of PET, HDPE, PP, PS and film (mainly
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LDPE). Additionally, the production of a residual stream and a stream of mixed

plastic were included in all scenarios.
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S1.5: Scenario list

Table S4: Complete list of all 84 scenarios

Scenario# Sorting scheme Collection  MRF eff. Outputs
eff.

1 Bottles Low Low Few

2 Bottles Low Average Few

3 Bottles Low High Few

4 Bottles High Low Few

5 Bottles High Average Few

6 Bottles High High Few

7 Rigid plastic Low Low Few

8 Rigid plastic Low Low Several

9 Rigid plastic Low Low All possible

10 Rigid plastic Low Average Few

11 Rigid plastic Low Average Several

12 Rigid plastic Low Average All possible

13 Rigid plastic Low High Few

14 Rigid plastic Low High Several

15 Rigid plastic Low High All possible

16 Rigid plastic High Low Few

17 Rigid plastic High Low Several

18 Rigid plastic High Low All possible

19 Rigid plastic High Average Few

20 Rigid plastic High Average Several

21 Rigid plastic High Average All possible

22 Rigid plastic High High Few

23 Rigid plastic High High Several

24 Rigid plastic High High All possible

25 Rigid and foil Low Low Few

26 Rigid and foil Low Low Several

27 Rigid and foil Low Low All possible

28 Rigid and foil Low Average Few

29 Rigid and foil Low Average Several

30 Rigid and foil Low Average All possible

31 Rigid and foil Low High Few

32 Rigid and foil Low High Several

33 Rigid and foil Low High All possible

34 Rigid and foil High Low Few

35 Rigid and foil High Low Several

36 Rigid and foil High Low All possible
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Table S4 (continued): Complete list of all 84 scenarios

Scenario# Sorting scheme Collection = MREF eff. Outputs
eff.

37 Rigid and foil High Average Few

38 Rigid and foil High Average Several

39 Rigid and foil High Average All possible

40 Rigid and foil High High Few

41 Rigid and foil High High Several

42 Rigid and foil High High All possible

43 Containers Low Low Few

44 Containers Low Low Several

45 Containers Low Low All possible

46 Containers Low Average Few

47 Containers Low Average Several

48 Containers Low Average All possible

49 Containers Low High Few

50 Containers Low High Several

51 Containers Low High All possible

52 Containers High Low Few

53 Containers High Low Several

54 Containers High Low All possible

55 Containers High Average Few

56 Containers High Average Several

57 Containers High Average All possible

58 Containers High High Few

59 Containers High High Several

60 Containers High High All possible

61 Containers and fibres Low Low Few

62 Containers and fibres Low Low Several

63 Containers and fibres Low Low All possible

64 Containers and fibres Low Average Few

65 Containers and fibres Low Average Several

66 Containers and fibres Low Average All possible

67 Containers and fibres Low High Few

68 Containers and fibres Low High Several

69 Containers and fibres Low High All possible

70 Containers and fibres High Low Few

71 Containers and fibres High Low Several

72 Containers and fibres High Low All possible

73 Containers and fibres High Average Few

74 Containers and fibres High Average Several

75 Containers and fibres High Average All possible
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Table S4 (continued): Complete list of all 84 scenarios

Scenario# Sorting scheme Collection = MREF eff. Outputs
eff.

76 Containers and fibres High High Few

77 Containers and fibres High High Several

78 Containers and fibres High High All possible

79 No separation - Low Few

80 No separation - Average Few

81 No separation - Low Several

82 No separation - Average Several

83 No separation - Low All possible

84 No separation - Average All possible

Table S5: List of theoretical scenario configurations that were not found realistic and hence ex-
cluded from the study.

Sorting scheme Collection eff. MRF eff. Outputs
85 Bottles Low Low Several
86 Bottles Low Average Several
87 Bottles Low High Several
88 Bottles High Low Several
89 Bottles High Average Several
90 Bottles High High Several
91 Bottles Low Low All possible
92 Bottles Low Average All possible
93 Bottles Low High All possible
94 Bottles High Low All possible
95 Bottles High Average All possible
96 Bottles High High All possible
97 No separation Low Low Few
98 No separation Low Average Few
99 No separation Low Low Several
100 No separation Low Average Several
101 No separation Low Low All possible
102 No separation Low Average All possible
103 No separation High Low Few
104 No separation High Average Few
105 No separation High Low Several
106 No separation High Average Several
107 No separation High Low All possible
108 No separation High Average All possible

S-16



2018 Journal of Industrial Ecology — www.wileyonlinelibrary.com/journal/jie

Section S2: Quality assessment

S2.1: Definition of application groups
All plastic on the European market needs to comply with the chemical requirements

in REACH (EU, 2006).

Food packaging (FP) are described in Commission Regulation (EU) No
10/2011 and is defined as plastic materials that is: 1) intended to come into contact
with food, 2) in contact with food or 3) expected to come into contact with food.
This includes both products exclusively made of plastics as well as multi-layered
materials and plastic coatings. Not included in this application groups are rubber
and silicon’s. (EU, 2011b)

Toys (T) are regulated in European Commission toy safety directive
2009/48/EC and toys are defined as “... products designed or intended, whether
or not exclusively, for use in play by children under 14 years of age” (EC, 2013).

Within this application group the sub-group toys for children under 36 month
or intended to be put into the mouth exists, where additional requirements need to
be fulfilled. These requirements are presented in Appendix C of directive
2009/48/EC and includes all commodities produced as toys intended for children
under 36 month or to be put in the mouth (Safe Toys, 2015).

The legal requirements for the application group pharmaceuticals (PH) are
presented in Council directive 93/42/EEC and includes medical devices and their
accessories. In this relation medical devices refers to any instrument, apparatus,
appliance, material or article intended for humans with the purpose of handling
diseases, injuries and handicaps as well as related to the anatomy of a physiolog-
ical process or control of conception. Accessories is defined as an article needed
to be used together with a medical device in order for it to perform as intended,
which is not a device in itself. (EU, 2007)

Regarding the application group electrical and electronics (EE), the legal re-
quirements are presented in Directive 2011/65/EU and electrical and electronic
equipment are defined as: “ 1) Large household appliances, 2) Small household
appliances, 3) IT and telecommunications equipment, 4) Consumer equipment, 5)
Lighting equipment, 6) Electrical and electronic tools, 7) Toys leisure and sports
equipment, 8) Medical devices, 9) Monitoring and control instruments including in-
dustrial monitoring and control instruments, 10) Automatic dispensers and 11)
Other electrical and electronic equipment not covered by any of the categories
above” (EU, 2011c) expect for military equipment, equipment intended to be sent
to space, means of transport, large stationary equipment, ect. (EU, 2011c).
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The application group building and construction (BC) includes “... any prod-
uct or kit which is produced and placed on the market for incorporation in a perma-
nent manner in construction works or parts thereof...” (EU, 2011a).

Non-food packaging is defined as devices that is produced to contain, protect
or be wrapped around other products that is not included in the food packaging
applications group.

The application group automotive include all plastic items used in the con-
struction of automotive including items for: 1) electronics and light, 2) interior, 3)
Exterior, and 4) under the hood (PlasticsEurope, 2013).

The final application group Others include all kinds of plastic products that is
not included in any the other application groups, such as furniture, household ap-
pliances, clothing, etc. (PlasticsEurope and EPRO, 2016).

$2.2: Quality criteria and assessment
In this section the four different types of contamination, summarised in Table S6,

is described in details, including the consequence for the quality as well as how
this consequence is measured.

The first type of contamination, contamination with non-plastic material, most
often happens during the sorting stage, due to sorting of non-plastic products or
products that is not included in the sorting scheme (e.g. products made from a
mixture of different materials) or contamination stuck to the surface of the plastic
products (e.g. yoghurt residues stuck to a yoghurt plastic beaker). Additionally, the
efficiency of the MRF is crucial for the level of non-plastic contamination present in
the sorted plastic stream send to reprocessing. Too high a concentration of non-
plastic impurities represents a huge problem since it can result in a lower grade of
plastic produced, lowering the price of the recycled plastic significantly (ReQIP,
2014), or in worst case make the plastic stream entirely unsuited for recycling (Cap-
padona, 2015, Petersen and Mayland, 2015). Moreover, Petersen and Mayland
(2015) emphasize that especially contamination of organics can reduce the ap-
plicability of the recycled plastic. Since contamination of the plastic waste can hap-
pen several places in the recycling chain and affect the functionality in different
ways it is necessary to distinguish between different types of contamination.
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Table S6: Brief overview of the types of contaminants affecting the applicability of MRF outputs, their

origin and consequence.

Contami- Origin Consequence
nants
Non-plastic « Missortings of items made Reducing physical and mechani-
materials of or containing non-plas- cal properties.
tic material

» Impuirities stuck to the
plastic products, such as
organic residues

Non-target Complex design of plastic Reducing physical and mechani-
polymers products made of several cal properties.
immiscible polymers that
cannot be easily
disassembled
* Wrong sorting during
mechanical sorting

Unwanted * In general mechanical As different products can have dif-

products sorting cannot differ ferent properties, a mixture of
between different types of products can make it difficult to
products. control the final properties of the

recycled plastic exactly.

Chemicals

Contamination during use If the content of chemicals are too
and waste management  high legal limit values (migration

« Reaction or degradation of or total content) might be ex-
additives during recycling ceeded directly limiting the ap-
forming potentially plicability.

hazardous compounds

The second type, contamination with non-target polymers, furthermore influ-
ences the quality (Villanueva and Eder, 2014). Since different polymer types have
different properties contamination with un-wanted polymers can cause processing
problems and interrupt the structure of the recycled plastic produced, reducing its
mechanical properties (Villanueva and Eder, 2014). The concentration of non-tar-
get polymers in the final polymer stream send to reprocessing depends strongly
on the efficiency of the MRF. However, in regards to household waste non-target
polymers are practically impossible to remove entirely, even using state-of-the-art
sorting facilities, since some of the products in the waste consists of multiple poly-
mer layers that are not easily separated (Luijsterburg and Goossens, 2014).

Even within the same polymer type, different products do not necessarily
have the same physical or chemical properties. Contamination with unwanted
products are therefore the third type. This is an issue for e.g. HDPE used in ottles
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(produced by blow moulding), as it has a markedly different melt index than HDPE
used in products made from injection moulding (e.g. caps for bottles). Thus, even
though these products are of the same polymer type they do not blend into a con-
sistent mix reducing the ways by which the recycled HDPE can be moulded (Cor-
nell, 2016). As a result especially PE and PP streams will have to be further sepa-
rated into types of products, to reach secondary material with a high applicability
(Heinzel et al., 2015). Whether such a sorting can successfully take place depends
on the sorting scheme (are different types of products included), the sorting effi-
ciencies of the different products and the MRF efficiency.

These first three contamination types are related to the physical and me-
chanical properties of the recycled plastic, however, it is not known exactly how
they affect all the individual physical and mechanical properties, and thereby the
quality. Thus, in order to “translate” knowledge about these three types of contam-
ination to how they influence the quality, specifications from reprocessing facilities
were therefore used to establish this relationship. The reprocessing facilities re-
ceive sorted plastic waste from MRFs and then further treats and upgrades it into
recycled plastic. However, the reprocessing facilities cannot recycle sorted plastic
waste, if it is too contaminated and there therefore specify maximum acceptable
contamination levels in their specifications. These were used to compile contami-
nation limits for both non-plastic impurities, non-target polymers and product mix-
tures were defined. The reprocessing facilities were divided into two kinds: 1) fa-
cilities producing food grade recycled plastic and 2) facilities not producing food
grade recycled plastic. Using this division it was possible to divide the contamina-
tion limits into limits for food-grade and non-food grade recycled plastic. The con-
centration limits are presented in Table S7 and S8. In regards to product mixtures,
it was found that the reprocessing facilities especially emphasise the sorting of
bottles from other items and to a smaller extend focus on sorting other kinds of
items from the stream. Table S8 is therefore divided into contamination limits for
bottles and other items.
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Table S7 Limits of non-plastic contamination in the incoming waste stream received at reprocessing facilities. The main products are listed in the first left column
and the contamination items are listed at the top rows. All numbers are given in weight % of the total waste stream. The limits are defined based on CLR (2016a),
CLR (2016b), DKR (2014a), DKR (2014c), DKR (2012a), DKR (2012b), DKR (2012c), DKR (2012d), APR (2013a), APR (2013b), APR (2016a), APR (2016b), APR
(2016¢), APR (2016d), ReQIP (2014) and Biffa Polymers (2016)

Total | Aluminium | Steel | Paper | Cardboard | Food residues | Others
Food grade
PET 2-6 0.5-6 2-6 1 2
HDPE 5-6 0-6 2-6 1 2

Non-food grade
All applications except food packaging

PET 2-6 0.5-6 2-6 1-2 2
HDPE 2-21 2-6 0-6 2-6 1-2 2
PE 2-21 0.5-6 2-6 1-2 2-3
PP 6-8 0.5-2 2 2 3
PS 6 0.5 2 2
Applications with no legal restrictions
Film 5-6 0.5 1-2 1 4
Mixed 5-10 1-2 2-5 2 1-2
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Table S8 Limits for non-target plastic contamination and product mixtures in the incoming waste stream received at reprocessing facilities. The main products are
listed in the first left column and the contamination items are listed at the top rows. All numbers are given in weight % of the total waste stream. The limits are
defined based on CLR (2016a), CLR (2016b), DKR (2014a), DKR (2014c), DKR (2012a), DKR (2012b), DKR (2012c), DKR (2012d), APR (2013a), APR (2013b),
APR (2016a), APR (2016b), APR (2016c), APR (2016d), ReQIP (2014) and Biffa Polymers (2016)

Polymer types of bottle Polymer types of other items
Total |Total| PET HDPE| PP | Total | PET | HDPE [ LDPE | PP | PS | EPS | PVC | Film | Other

Food grade - high quality (All applications)

PET bottles 2-10 | 210 2-10|2-10| 2-6 2-6 2-6 2-6 2-6 2-6 0.5 0.1 1-6 2-6

PET 2-6 2-6 2 2 0.5 0.1-2 1-6 2-6

HDPE bottles 10 10 | 10 10 6 6 6 6 6 6 6 6 6 6

HDPE 6-10 6-10 4-6 6 4-6 6-10 4-6 4-6 4-6 0-6 4-6

Non-food grade — Medium quality (All applications except food packaging)

PET bottles 2-50 | 2-50 2-10|2-10| 2-50 2-50 2-6 2-6 2-6 2-6 0.5-2 0.1 1-6 2-6

PET 2-6 2-6 2-6 0.5-2 0.1-2 0-6 2-6

HDPE bottles | 5-21 | 5-10 | 5-10 5-10| 5-21 2-6 2-6 2-6 2-6 2-6 2-6 0-6 0-6 2-6

HDPE 6-10 6-10 4-6 6 4-6 6-10 4-6 4-6 4-6 0-6 4-6

PE 6-10 6-10 2-6 6 2-6 2-10 2-6 2-6 0-6 0-6 2-6

PP 6-8 6-20 2 1-2 1 2 2 2 0-2 3

PS 6 6 4 4 4 4 4 4 4 1 4
Applications with no legal restrictions - low quality

Film 2-4 2-4 2-4 0-4 2-4 2-4 0-4 2-4

[Mixed 5-10 5-10 3-5 5-10 5-10 5-10 | 5-10 | 5-10 0.5 1 5-10
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As intervals of limits from specifications from different reprocessing facilities are
given, and the waste composition in this study is not details enough to use all of
the limits provided in Table S7 and S8, the average was taken and some limits
were aggregated in order to use them in the study. These are given for non-plastic
impurities and unwanted polymers in Table S9.

Table S9: Contamination limits for non-plastic impurities and polymer cross-contaimation for high,

medium and low quality plastic. g.: quality.

Non-plastic impurities Unwanted polymers
High g. Mediumq. Lowgq. High g. Mediumq. Lowgq.
PET 4 10 16.5 6 10 17
HDPE 5 10 18 7 10 18
PP - 12 16.5 - 12 17
PS - 5 7.5 - 5 8
Film - 4.5 7.5 - 5 8
Mix - - 7.5 - - 8

Knowing the composition of a given MRF output, the tables were used to
evaluate into what applications it can be recycled into. MRF outputs complying with
limits for food-grade plastic has a potential to be used in all applications. Mono
polymer MRF outputs (PET, HDPE, PP and PS) complying with limits for non-food
grade plastic has a potential to be recycled into all applications expect food pack-
aging and outputs complying with the non-food grade contamination limits for the
mixed plastic fractions (film and mixed plastic) can only be recycled into low quality
applications where no legal restrictions exist in relation to the chemical composition
(building and construction, non-food packaging, automotive and others). This is
assumed, since several studies state that mixed polymer products can only be
used for low quality applications (e.g. Dvorak et al., 2009; Cimpan et al., 2015).
MRF outputs where the level of contamination exceed the limits in Table S9 cannot
be recycled but instead used for energy recovery.

Contamination with chemical substances represents an additional type of
contamination. In production of virgin plastic, different additives are added to the
pure polymer stream altering the properties of the plastic. Accordingly, when recy-
cling plastic products with different additives, the recycled plastic material will con-
tain an unknown concentration of additives that might exceed legal limit values for
use in certain applications. Moreover, chemical contamination might also occur in
the use phase of the plastic as a result of adsorption of e.g. flavourings, essential

oils, etc. (Villanueva and Eder, 2014).
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Additionally, several recyclers sort the plastic according to colour, since clear
plastic most often can be used in a broader range of applications and thereby have
a higher price than plastic of mixed colours. However, even though a mixture of
colours limits the applicability today, it might not be a limiting factor on a long term,
since it is a design choice not to use mixed colours for certain application (Haupt
et al., 2016). Consequently, colour contamination is not further addressed in this
assessment.

Finally, several studies have suggested that the length of the polymers might
be reduced during the recycling process, reducing the functionality of the recycled
plastic (van der Harst et al., 2016; Rigamonti et al., 2014). However, experts state
that the effect from a potential shortening in polymers due to the recycling process
is very small compared to the effect from contamination with foreign material and
non-target polymers (Daugaard, 2015). Consequently it is not included in the as-
sessment.

The institutionally-prescribed functionality can additionally limit the applica-
bility of recycled plastic. As described earlier the institutionally prescribed function-
ality is related to the chemical composition of recycled plastic and whether that
complies with legislative requirements for use in the predefined applications.
Therefore, specific European requirements to use of plastic in different applications
are summarised in Table S10.

Only few studies exist related to the concentrations of the substances men-
tioned in Table S10 in plastic waste, reprocessed plastic or used plastic products
(Pivnenko et al., 2016; Ballesteros-Gomez et al., 2014; Whitt et al., 2012; Riber et
al., 2009; Ernst et al., 2000; Huber and Franz, 1997). In one of these studies the
content of cadmium was found to exceed the limits for use in electrical and elec-
tronics, however this was only found in one of four TVs included in the study and
none of the other electronic devices (Ernst et al., 2000). Additionally, Pivnenko et
al. (2016) found that one of 7 samples of source separated household plastic waste
had a concentration of DEHP exceeding the limits for toys. Nonetheless, based on
existing literature no statistically convincing data were found to suspect that the
limit values mentioned in Table S10 in general is exceeded for recycled plastic.
However, as previously mentioned, the information in this area is scares and this
conclusion might change as more information becomes available. This could,
however, change if new studies related to the chemical composition of recycled

plastic show different tendencies.
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Table S10 Overview of legislation in relation to use of plastic for different applications. The legislation
only relates to the chemical properties of the plastic, not physical. PBB: Polybrominated bisphenyls,
PBDE: Polybrominated diphenyl ethers, DBP: dibuytl phthalate, BBP: benzyl butyl phthalate, DEHP:
bis (2-ethylhexyl) phthalate, CMR: Carcinogenic, mutagenic and toxic for reproduction.

Application Requirements Legislation

Food packaging Migration limits for 974 substances. 2011/10/EC
CMR classified substances should not be
used in food contact materials.

Toys 55 allergenic fragrances cannot be used in ~ 2009/48/EC
toys.
Migration limits for 19 substances.
Labelling requirements for 11 allergenic

fragrances.
Total limits for 3 phthalates (DBP, BBP and EC 1907/2006
DEHP).
Electrical and Total limits for 6 substances (Pb, Hg, Cd, 2011/65/EU
electronics hexavalent Cr, PBB, PBDE)
Pharmaceuticals Labelling of CMR classified phthalates 93/42/EEC
Building and No specific legal requirements
construction
Non-food No specific legal requirements
packaging
Automotive No specific legal requirements
Others No specific legal requirements
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Section S3: Identification of European market shares

The market shares presented in the main paper are mainly based on information
from PlasticsEurope and EPRO (2016), where it is assumed that the market for
film is equal to the market for LDPE, as most soft plastic generated in the house-
holds is expected to be LDPE. However, as PlasticsEurope and EPRO (2016) only
provide information about the market shares of packaging, electrical and electron-
ics, building and construction materials, automotive and others, additional infor-
mation was needed to estimate how large a share of the packaging market is used
for food or non-food contact material and how large a share of the others market
that is used for toys and pharmaceuticals, within all the PET, HDPE, PP, PS, film

and mixed plastic market.

S3.1: Food and non-food packaging

In the following sections it is described how the packaging fraction reported by
PlasticsEurope and EPRO (2016) was divided into food and non-food packaging.

S$3.1.1: Film (LDPE) market

For soft plastic, assumed to be LDPE, is was possible to find information related to
the use as food and non-food packaging. According to Stubenschrott (2016) 75%
of the soft plastic packaging produced in Europe is used for food packaging, the
rest for non-food packaging. This division is therefore used for the film market.

S3.1.2: PET, HDPE, PP, PS market

Such information was not available for the remaining polymer markets and the di-
vision therefore needed to be estimated. As plastic items ending up as household
waste have a short lifetime it is reasonable to assume that the composition of
household plastic waste is closely related to the composition of similar new plastic
items produced. Therefore, household plastic waste compositions were used to
estimate how large a share of plastic packaging produced for use in households
that is food-contact and non-food packaging. This was done by combining infor-
mation from Edjabou et al. (2015), Rigamonti et al. (2014), Petersen et al. (2014),
Petersen et al. (2012) and Clemen (2014), following the given steps.
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1.

In Petersen et al. (2014) and Petersen et al. (2012) compositions of plastic
in Danish residual household waste are provided for single and multi-family
houses with no separate collection systems for plastic. The compositions are
divided into different types of plastic products. These were classified by the
authors to be either food packaging or non-food packaging and belong to the
waste fractions bottles, hard plastic or other plastic packaging, which are
waste fractions used by Rigamonti et al. (2014) and Edjabou et al. (2016).
This classification are presented in Table S11, where only the rigid plastic
products are shown as data for soft plastic was already provided.

The different plastic product types were given a polymer composition from
Edjabou et al. (2016) and Rigamonti et al. (2014) (see Table 1 in the main
paper), based on the associated waste fraction (column 4 in Table S11).
The average composition of Danish plastic waste generated in single and
multi-family houses were calculated (using equal weighting) and associated
to the different polymer types.

The composition of the individual polymer types were then divided into food
packaging or non-food packaging (based on column 3 in Table S11). From
this, the total share of PET, HDPE, PP and PS generated in households pre-
viously used as food or non-food packaging was estimated and the results
are presented in Table S12.

Based on Clemen (2014) 216 kt plastic packaging was produced in Denmark
in 2014, where 146 kt was used as household packaging and 70 kt as indus-
trial packaging. Assuming that Danish conditions represents European con-
ditions, 68 % of the packaging produced in Europe is estimated to be used
in households whereas the remaining 32 % is estimated to be used in indus-
try.

Since information related to industrial plastic waste composition is missing in
literature it was assumed that 10 % of the industrial packaging is used as
food packaging and 90% as non-food packaging.

Combining all of the above information Table S13 was set up.
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Table S11: Rigid plastic product types used in the waste compositions provided in Petersen et al.
(2014) and Petersen et al (2012), the previous use as food contact products (FP) or non-food contact
product (NFP) and the classification of the product types into waste fractions.

Composition provided in Pe-
tersen et al. (2012) and Pe-
tersen et al. (2014) - Danish

Composition provided in Pe-

tersen et al. (2012) and Petersen Use

et al. (2014) - English

Waste fraction

Plastflasker til drikkevare

Dunke til eddike, sprinklervee-
ske ol.

Dunke og bgtter til
kemisk-tekniske produkter

Plastbakker til andre
fgdevarer

Urtepotter af plast

Plastlag

Plastflasker til madvarer
Dunke og bgtter til fgdevarer

Dunke og bgtter til kemikalier
Plastbakker til kgd

Plastkasser (til frugt, kager,
mv.)

Anden hard emballage
Blisterpakninger

Baegre til sm@r og margarine

Palaegspakninger
Plastlaminater

Bgjler

Legetgj
Kgkkenting
Brugsgenstande
Blgd PVC

Hard PVC

Anden hard plast
Anden plast

Beverage plastic Bottles

Bottles for vinegar, windshield
washer fluids, etc.

Bottles and tubs for
chemical-technical products

Plastic trays for other food prod-

ucts
Plastic flowerpots

Plastic lids

Plastic Bottles for food products

Bottles and tubs for food prod-
ucts

Bottles and tubs for chemicals
Plastic trays for meat

Plastic boxes (for fruit, cakes,
etc.)

Other hard plastic packaging
Blister packs

Beaker for butter

Packaging for cold cuts
Plastic laminates

Hangers

Toys

Kitchen stuff
Utiliy items

Soft PVC

Hard PVC

Other hard plastic
Other plastic

FP

NFP

NFP

NFP

NFP
FP

FP

NFP

FP

FP
FP

NFP

NFP
NFP
FP

NFP
NFP
NFP
NFP
NFP

Bottles

Bottles

Hard packaging

Hard packaging

Other plastic
items

Hard packaging
Bottles

Hard packaging

Hard packaging
Hard packaging

Hard packaging

Hard packaging
Other plastic
items

Hard packaging
Hard packaging
Other plastic
items

Other plastic
items
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Table S12: Percentage of PET, HDPE, PP and PS waste from Danish households that was previ-
ously used as food packaging and non-food packaging.

PET HDPE PP PS
Food packaging 81 75 66 63
Non-food packaging 19 25 34 37
Total 100 100 100 100

Table S13: Estimated percentage of PET, HDPE, PP and PS packaging produced in Europe for both
household and industrial purposes that is used as food and non-food packaging.

PET HDPE PP PS
Food packaging 58 54 48 46
Non-food packaging 42 46 52 54
Total 100 100 100 100

S3.2: Toys, Pharmaceuticals and Others

In this section it is described how the Others fraction reported by PlasticsEurope
and EPRO (2016) was divided into toys, pharamaceuticals and others.

In PlasticsEurope and EPRO (2016) the European turnover of plastic was
340 billion Euros in 2015, whereas the European toy turnover was 5.6 billion Euros
in 2011 (TIE, 2013). According to Baytech (2016) plastic toys are responsible for
90% of the total toy turnover. Assuming that the market for toys in Europe is the
same today as in 2011 plastic toys can be estimated to represent 1.5 % of the total
European plastic market. Dividing this onto the markets for PET, HDPE, PP, PS
and film based on their size relative to the total plastic market (given in Plas-
ticsEurope and EPRO (2016)), the market share of plastic toys within the individual
polymer markets was estimated and given in Table S14.

To estimate the size of the pharmaceutical plastic market production data
were used. PlasticsEurope and EPRO (2016) state that the total European plastic
production was 58 million ton in 2015. According to Eurostat (2015) the generation
of “Chemicals, pharmaceuticals, rubber and plastic products”-waste was equal to
2.21 million ton. This is assumed to be equal to the amount of pharmaceutical
plastic products produced in Europe and thus the total share of the pharmaceutical
market can be estimated to 3.8 % of the total European plastic market. As for toys
this is divided onto the individual polymer markets based on their relative share of
the total plastic market (given in PlasticsEurope and EPRO (2016)) and the market
shares are presented in Table S14.
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The market for Others are then estimated by subtracting the market shares
for toys and pharmaceuticals from the market shares of Others given by Plas-
ticsEurope and EPRO (2016).

The market shares for mixed plastic is estimated from an average of the mar-
ket shares of the other markets weighted by their relative share of the total plastic
market.

Table S14: Market shares of food packaging (FP), Toys (T), Pharmaceuticals (PH), Electrical and

Electronics (EE), Building and Construction (BC), Non-food packaging (NFP), Automotive (AU) and
Others (OT) for the European PET, HDPE, PP, PS, Film and mixed plastic market.

Polymer FP T PH EE BC NFP AU oT
PET 57.3 0.1 0.3 0.0 0.0 42.0 0.0 0.3
Film 545 0.3 0.7 2.6 6.1 18.2 1.5 16.3
HDPE 273 0.2 0.5 1.9 23.4 23.4 5.9 17.4
PS 154 0.1 0.3 9.7 42.2 18.1 0.0 14.2
PP 178 0.3 0.7 5.5 7.9 19.5 12.9 35.5
Mixed plastic | 33.9 0.2 0.6 3.8 13.3 22.3 5.5 20.3
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Section S4: Results

S4.1: Resource recovery efficiencies - MRF outputs and
quality

Table S15: Recyclable outputs contributing to the resource recovery rate for all scenarios.

# High quality Medium quality Low quality

PET HDPE | PET HDPE PP+PS Film | PET HDPE PP+PS Film Mix
1 ]000 0.00 |0.00 0.00 0.00 0.00| 0.07 0.00 0.00 0.00 0.08
2 | 000 000 |011 0.00 0.00 0.00 | 0.00 0.03 0.00 0.00 0.00
3 1014 0.04 |(000 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
4 | 000 0.00 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
5 1000 0.00 |015 0.00 0.00 0.00 | 0.00 0.05 0.00 0.00 0.00
6 | 0.20 0.06 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
7 1000 0.00 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
8 | 0.00 0.00 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
9 | 000 0.00 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
10| 0.0 0.00 | 0.11 0.00 0.00 0.00 | 0.00 o0.03 0.00 0.00 0.00
11 0.00 0.00 |0.12 0.04 0.01 0.00| 0.00 0.00 0.00 0.00 0.00
121 0.00 0.00 |0.12 0.04 0.01 0.00 | 0.00 0.00 0.00 0.00 0.00
131 0.14 0.04 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
141 0.15 0.05 |0.00 0.00 0.02 0.00 | 0.00 0.00 0.00 0.00 0.00
151 0.15 0.05 | 0.00 0.00 0.02 0.00| 0.00 0.00 0.00 0.00 0.00
16| 0.00 0.00 | 0.00 0.00 0.00 0.00| 0.00 0.00 0.00 0.00 0.00
171 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
181 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
19| 0.00 0.00 | 0.16 0.00 0.00 0.00 | 0.00 0.05 0.00 0.00 0.00
20| 0.00 0.00 | 0.00 0.00 0.03 0.00 | 0.17 0.06 0.00 0.00 0.00
211 0.00 0.00 [0.00 0.00 0.03 0.00| 017 0.06 0.00 0.00 0.00
221 0.20 0.06 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
231 0.22 0.07 [0.00 0.00 0.04 0.00| 0.00 0.00 0.00 0.00 0.00
241 0.22 0.07 | 0.00 0.00 0.04 0.00 | 0.00 0.00 0.01 0.07 0.00
251 0.00 0.00 [0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
26| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
271 0.00 0.00 [0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
28| 0.00 0.00 [0.00 0.00 0.00 000|012 o0.04 0.00 0.00 0.00
29| 0.00 0.00 [0.00 0.00 001 000|012 O0.04 0.00 0.00 0.00
30| 0.00 0.00 | 0.00 0.00 0.01 005|012 0.04 0.00 0.00 0.00
311015 0.04 [0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
321 0.16 0.05 | 0.00 0.00 0.02 0.00 | 0.00 0.00 0.00 0.00 0.00
331/ 0.16 0.05 [0.00 0.00 0.02 0.10| 0.00 0.00 0.00 0.00 0.00
34| 0.00 0.00 [0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
35/ 0.00 0.00 [0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
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Table S15 (contin.): Recyclable outputs contributing to the resource recovery rate for all scenarios.

" High quality Medium quality Low quality

PET HDPE | PET HDPE PP+PS Film | PET HDPE PP+PS Film Mix
36| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
371 0.00 0.00 |0.00 0.00 0.00 0.00| 0.17 0.00 0.00 0.00 0.00
38| 0.00 0.00 | 0.00 0.00 0.03 0.00 | 0.18 0.06 0.00 0.00 0.00
391 0.00 0.00 |0.00 0.00 0.03 0.11]0.18 0.06 0.00 0.00 0.00
40| 0.21 0.06 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
411023 0.08 | 0.00 0.00 0.04 0.00| 0.00 0.00 0.00 0.00 0.00
421 0.23 0.08 | 0.00 0.00 0.04 0.19| 0.00 0.00 0.00 0.00 0.00
431 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
441 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
451 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
46| 0.00 0.00 | 0.11 0.00 0.00 0.00 | 0.00 0.03 0.00 0.00 0.00
471 0.00 0.00 |0.12 0.04 0.01 0.00| 0.00 0.00 0.00 0.00 0.00
48 0.00 0.00 | 0.12 0.04 0.01 0.00 | 0.00 0.00 0.00 0.00 0.00
491 0.15 0.04 | 0.00 0.00 0.00 0.00| 0.00 0.00 0.00 0.00 0.00
501 0.15 0.05 | 0.00 0.00 0.02 0.00 | 0.00 0.00 0.00 0.00 0.00
511 015 0.05 | 0.00 0.00 0.02 0.00| 0.00 0.00 0.00 0.00 0.00
521 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
531 0.00 0.00 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
541 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
55/ 0.00 0.00 | 0.00 0.00 0.00 0.00]| 0.16 0.05 0.00 0.00 0.00
56| 0.00 0.00 | 0.17 0.00 0.03 0.00 | 0.00 0.06 0.00 0.00 0.00
571 0.00 0.00 | 0.17 0.00 0.03 0.00| 0.00 0.06 0.00 0.00 0.00
58| 0.20 0.06 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
59| 0.22 0.07 | 0.00 0.00 0.04 0.00| 0.00 0.00 0.00 0.00 0.00
60| 0.22 0.07 | 0.00 0.00 0.04 0.00 | 0.00 0.00 0.01 0.07 0.00
61| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
62| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
63| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
64| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.12 0.04 0.00 0.00 0.00
65| 0.00 0.00 | 0.00 0.00 0.01 000|012 0.04 0.00 0.00 0.00
66| 0.00 0.00 | 0.00 0.00 0.01 005|012 0.04 0.00 0.00 0.00
67| 0.15 0.04 | 0.00 0.00 0.00 0.00| 0.00 0.00 0.00 0.00 0.00
68| 0.16 0.05 | 0.00 0.00 0.02 0.00 | 0.00 0.00 0.00 0.00 0.00
69| 0.16 0.05 | 0.00 0.00 0.02 0.0/ 0.00 0.00 0.00 0.00 0.00
701 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
711000 000 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
721 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
731 0.00 0.00 |0.00 0.00 0.00 0.00| 0.17 0.00 0.00 0.00 0.00
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Table S15 (contin.): Recyclable outputs contributing to the resource recovery rate for all scenarios.

" High quality Medium quality Low quality

PET HDPE | PET HDPE PP+PS Film | PET HDPE PP+PS Film Mix
741000 0.00 |0.00 0.00 0.03 0.00]| 0.18 0.06 0.00 0.00 0.00
75| 0.00 0.00 | 0.00 0.00 0.03 0.11]0.18 0.06 0.00 0.00 0.00
76| 021 0.06 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
771 023 0.08 | 0.00 0.00 0.04 0.00| 0.00 0.00 0.00 0.00 0.00
78| 023 0.08 | 0.00 0.00 0.01 0.19| 0.00 0.00 0.00 0.00 0.00
79| 0.00 0.00 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
80| 0.00 0.00 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
81| 0.00 000 |0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
821000 000 |0.00 0.00 0.05 0.00 | 0.00 0.08 0.00 0.00 0.00
83| 0.00 0.00 |0.00 0.00 0.00 0.00| 0.00 0.00 0.00 0.00 0.00
84| 0.00 000 |0.00 0.00 0.05 0.18 | 0.00 0.08 0.00 0.00 0.00

Table S16: Non-recyclable outputs contributing to the resource recovery rate for all scenarios.

# PET HDPE PP PS Film Mix
1 0.00 0.13 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.32
3 0.00 0.00 0.00 0.00 0.00 0.23
4 0.41 0.13 0.00 0.00 0.00 0.46
5 0.00 0.00 0.00 0.00 0.00 0.36
6 0.00 0.00 0.00 0.00 0.00 0.29
7 0.40 0.13 0.00 0.00 0.00 0.47
8 0.35 0.11 0.03 0.00 0.00 0.51
9 0.35 0.11 0.03 0.01 0.02 0.48
10 0.00 0.00 0.00 0.00 0.00 0.37
11 0.00 0.00 0.00 0.00 0.00 0.33
12 0.00 0.00 0.00 0.01 0.08 0.24
13 0.00 0.00 0.00 0.00 0.00 0.29
14 0.00 0.00 0.00 0.00 0.00 0.18
15 0.00 0.00 0.00 0.01 0.12 0.05
16 0.40 0.13 0.00 0.00 0.00 0.48
17 0.33 0.10 0.04 0.00 0.00 0.53
18 0.33 0.10 0.04 0.01 0.02 0.49
19 0.00 0.00 0.00 0.00 0.00 0.41
20 0.00 0.00 0.00 0.00 0.00 0.36
21 0.00 0.00 0.00 0.01 0.10 0.25
22 0.00 0.00 0.00 0.00 0.00 0.36
23 0.00 0.00 0.00 0.00 0.00 0.22
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Table S16 (contin.): Non-recyclable outputs contributing to the resource recovery rate for all scenar-

ios.

H PET HDPE PP PS Film Mix
24 0.00 0.00 0.00 0.00 0.00 0.05
25 0.39 0.12 0.00 0.00 0.00 0.49
26 0.32 0.10 0.03 0.00 0.00 0.56
27 0.32 0.10 0.03 0.01 0.04 0.51
28 0.00 0.00 0.00 0.00 0.00 0.45
29 0.00 0.00 0.00 0.00 0.00 0.43
30 0.00 0.00 0.00 0.01 0.00 0.25
31 0.00 0.00 0.00 0.00 0.00 0.43
32 0.00 0.00 0.00 0.00 0.00 0.34
33 0.00 0.00 0.00 0.01 0.00 0.04
34 0.38 0.12 0.00 0.00 0.00 0.50
35 0.29 0.09 0.04 0.00 0.00 0.58
36 0.29 0.09 0.04 0.01 0.05 0.53
37 0.00 0.11 0.00 0.00 0.00 0.51
38 0.00 0.00 0.00 0.00 0.00 0.48
39 0.00 0.00 0.00 0.01 0.00 0.26
40 0.00 0.00 0.00 0.00 0.00 0.51
41 0.00 0.00 0.00 0.00 0.00 0.40
42 0.00 0.00 0.00 0.01 0.00 0.05
43 0.38 0.12 0.00 0.00 0.00 0.50
44 0.33 0.10 0.03 0.00 0.00 0.53
45 0.33 0.10 0.03 0.01 0.02 0.51
46 0.00 0.00 0.00 0.00 0.00 0.39
47 0.00 0.00 0.00 0.00 0.00 0.35
48 0.00 0.00 0.00 0.01 0.08 0.26
49 0.00 0.00 0.00 0.00 0.00 0.30
50 0.00 0.00 0.00 0.00 0.00 0.19
51 0.00 0.00 0.00 0.01 0.12 0.05
52 0.36 0.11 0.00 0.00 0.00 0.53
53 0.31 0.10 0.04 0.00 0.00 0.56
54 0.31 0.10 0.04 0.01 0.02 0.53
55 0.00 0.00 0.00 0.00 0.00 0.44
56 0.00 0.00 0.00 0.00 0.00 0.39
57 0.00 0.00 0.00 0.01 0.09 0.28
58 0.00 0.00 0.00 0.00 0.00 0.37
59 0.00 0.00 0.00 0.00 0.00 0.23
60 0.00 0.00 0.00 0.00 0.00 0.06
61 0.34 0.11 0.00 0.00 0.00 0.55
62 0.29 0.09 0.03 0.00 0.00 0.59
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Table S16 (contin.): Non-recyclable outputs contributing to the resource recovery rate for all sce-

narios.

# PET HDPE PP PS Film Mix
63 0.29 0.09 0.03 0.01 0.03 0.55
64 0.00 0.00 0.00 0.00 0.00 0.48
65 0.00 0.00 0.00 0.00 0.00 0.46
66 0.00 0.00 0.00 0.01 0.00 0.29
67 0.00 0.00 0.00 0.00 0.00 0.44
68 0.00 0.00 0.00 0.00 0.00 0.35
69 0.00 0.00 0.00 0.01 0.00 0.06
70 0.32 0.10 0.00 0.00 0.00 0.58
71 0.26 0.08 0.03 0.00 0.00 0.62
72 0.26 0.08 0.03 0.01 0.04 0.58
73 0.00 0.11 0.00 0.00 0.00 0.54
74 0.00 0.00 0.00 0.00 0.00 0.51
75 0.00 0.00 0.00 0.01 0.00 0.31
76 0.00 0.00 0.00 0.00 0.00 0.52
77 0.00 0.00 0.00 0.00 0.00 0.41
78 0.00 0.00 0.00 0.01 0.00 0.06
79 0.26 0.08 0.00 0.00 0.00 0.66
80 0.28 0.08 0.00 0.00 0.00 0.64
81 0.21 0.06 0.03 0.00 0.00 0.70
82 0.26 0.00 0.00 0.00 0.00 0.60
83 0.21 0.06 0.03 0.01 0.04 0.65
84 0.26 0.00 0.00 0.01 0.00 0.40
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