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Abstract: Setting up strategies for a sound management of plastic packaging waste (PPW) is becoming
increasingly crucial at many levels of the value chain in Europe. After the very first implementation
of an extended producer responsibility scheme in Germany in 1991, many EU Countries followed.
This resulted in a complex network of schemes that differ from one member state to another. This
paper brings together the three latest studies describing the current flows of PPW across the waste
value chain from Austria (reference year 2013), Germany and the Netherlands (reference year 2017).
With this aim, the models of the three single studies have been adapted to fit into a common model,
allowing to perform a comparative analysis. Although with a relatively comparable product market,
the three countries have different management systems (e.g., separate collection systems, target
sorting products and treatment of residual waste), reflecting different national strategies to achieve
the circular economy targets. Recycling rates (in terms of washed milled goods at the output of the
recycling process) for the three countries resulted in 23%, 43% and 30% of the total mass of PPW
generated in, respectively, Austria, Germany and the Netherlands. The fraction of mixed recycled
plastics, relevant for Germany and the Netherlands only, was determined to be one of the major
determinants of the differences in recycling rates. Furthermore, the discussion revolves around new
political targets that have the potential to contribute to addressing the issue of tradeoff between
quantity and quality of recycled plastics placed on the market, with measures such as design-for-
recycling and eco-modulation of EPR fees playing a critical role, while also pointing out the aspects
that inevitably hinder closed-loop recycling.

Keywords: plastic packaging waste; recycling targets; packaging recycling; limits to recycling;
closed-loop recycling; packaging management systems

1. Introduction

The European Union strives toward a circular economy for plastic packages to reduce
the use of fossil resources and to limit the generation of waste [1]. This objective is opera-
tionalized by the definition of recycling targets for each member state. Up to 2017, member
states had to achieve a recycling rate of 22.5% for plastic packaging [2]. Additionally,
most member states also defined stricter recycling targets in their national legislation, with
varying definition for the calculation of these recycling rates. The latter varied from the
collected amounts of plastic packaging waste divided by the amounts of plastic packages
placed on the market to the amounts of sorted plastic packaging waste divided by the
amounts placed on the market. For example, the Dutch framework treaty agreed on a
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recycling target of 47% for plastic packages in 2017, measured with sorted products that
have been traded to certified plastic recyclers [3]. With the same measurement rationale as
in the Netherlands, Germany set a material recycling target of 36% in 2017, increased by
the “Packaging law—VerpackG” to 63% in 2022 [4]. In Austria, the recycling target was set
to 22.5% in accordance with the EU target [5].

The discovery of plastic soup in the oceans led to a growing public discontent with the
current effluent use of plastic packaging [6]. When Europeans became aware that even their
recycling systems contributed to the formation of plastic soup [7], European politicians
demanded more ambitious recycling targets [1] as well as stricter export regulations with
the latest amendment to the Basel Convention [8]. The former resulted in EU directive
852/2018, according to which member states need to accomplish a recycling rate for plastic
packages of 50% in 2025 and of 55% in 2030. Furthermore, a stricter calculation method has
been presented in implementation decision EU 665/2019. These recycling rates relate to all
types of plastic packaging waste, and hence, both post-consumer and post-industrial.

All member states have implemented various collection and recycling schemes to
comply to the European and their national recycling targets. These schemes differ strongly
between member states, which relates to multiple differences, such as differences in con-
sumption of plastic packages, national political recycling targets and the collection, sorting
and recycling infrastructure and the presence of local plastic converting industries that
can use recycled plastics as feedstock. From a research perspective, it is, however, still
unclear how these aspects interact with each other and how the involved stakeholders can
be aligned under a common umbrella of strategies aiming at a circular economy.

In this framework, the use of tools for an analytical investigation of the current levels
of circularity is increasing. Among these, material flow analysis is a well-established
method to investigate the flow of wastes through a given system [9]. It has previously been
used to describe the flow of plastic packaging waste through various European member
states: Austria [10], the Netherlands [11], Germany [12] and Italy [13].

This paper starts with comparing three EU member states, the plastic packaging
recycling schemes of which have been described with material flow analysis in detail:
Austria, Germany and the Netherlands. This comparison aims at introducing the aspect
of how, although these Countries and their collection and recycling infrastructures are
comparable and interrelated, remarkable differences in the plastic packaging recycling
systems can still be noticed. In this sense, this paper intends to elaborate on the material
flow analyses previously published for each country by contextualizing and explaining the
abovementioned differences. From there, the paper expands on different policy options
(some already in place and some still under discussion), rendering a deeper understanding
of those factors that shape plastic packaging waste (PPW) recycling systems and those that
hinder the successful implementation of closed-loop recycling.

2. Materials and Methods
2.1. Case-Study Context

An overview of background data on the country context, in terms of population, gross
domestic product (GDP) and waste production, is presented in Table 1. The populations
and population densities vary strongly between the countries, but the GDP per capita
values are situated in the same range, especially considering that the presented value of
Austria is for 2013, and the 2017 value amounts to USD 54,637 purchasing power parity
(PPP). With respect to municipal and packaging waste generation (i.e., paper, plastic,
metal and composite packaging), Germany reports the highest values, while the lowest
values are reported by the Netherlands for municipal waste and Austria for packaging
waste production.

In the three countries, every packaging producer is obliged to declare the quantity of
material placed on the market, paying a fee to the respective Extended Producer Respon-
sibility (EPR) schemes, thereby transferring the responsibility to manage the end-of-life
phase of their packages (from collection to recycling). In Austria, the collection and treat-
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ment of packaging waste was managed by one EPR scheme in 2013 (Altstoff Recycling
Austria—ARA), although since then, the market was opened, and now, five EPR schemes
collect plastic packaging. In Germany, the first EPR scheme was the Dual System Germany
(Duales System Deutschland—DSD), established in 1994. Starting from 2003, the market
has opened, resulting in nine currently licensed dual system providers. In the Netherlands,
producers have to pay fees to one single EPR scheme operator, Afvalfonds [14]. In Austria,
mixed municipal solid waste (MSW) is mainly collected using curbside collection. Around
80% is incinerated directly, whereas the rest is sent to mechanical–biological treatment
for stabilization, yet not for the recovery of plastic packaging [15]. Across the country,
different, separate collection systems for plastic packaging exist, ranging from the collec-
tion of rigid plastics only to the collection of all plastic packaging, in some cases together
with other packaging waste fractions such as metals, beverage cartons and wood. Both
drop-off containers and curbside collection systems are operated simultaneously. The
separately collected PPW is then sorted into 20 different sorting fractions intended for
recycling, ranging from PET bottles separated by color to mixed PE films. Additionally,
mixed fractions are produced as a refuse-derived fuel (RDF) as well.

In Germany, the MSW is collected through curbside collection and transported to
municipal waste-to-energy facilities for energy recovery. Separate collection of plastic pack-
aging items takes place nationwide, usually through a commingled collection of plastic-,
paper-, metal- and composite-based packaging and non-packaging material (exceptions
still exist in some regions). As in Austria, both drop-off and curb collection systems exist.
Furthermore, a dedicated deposit refund system (DRS) exists for PET bottles for carbonated
beverages. After separate collection, the PPW is transported to sorting facilities, where it is
typically sorted into twelve sorted products, with the recyclable ones carrying a purity level
defined by the DKR specifications [16]. Among these, there are four pure polymeric sorted
products (PET, PE, PP and PS), one film fraction and one mixed plastics sorted product. In
the Netherlands, mixed MSW is predominantly curbside collected, and high-rise buildings
are facilitated with drop-off containers. In 2017, 17% of MSW was sent to mechanical
recovery facilities (MRF) to recover plastics, beverage cartons and metals. The rest of the
MSW, and the residues of the MRFs, were incinerated. As a relative new development,
MSW collection in rural areas is increasingly changed to “reversed collection schemes” in
which recyclables are collected curbside, and mixed MSW has to be brought to drop-off
containers [17].

In the Netherlands, lightweight packaging (LWP) waste is largely managed similarly
to Germany. Afvalfonds remunerates municipalities for collecting LWP, organizes the
sorting of LWP with sorting facilities and pays for processing fees at recycling facilities
when required. The most common collection portfolio of LWP is plastic packages, metal
packages and beverage cartons, locally abbreviated as PMD or PBD. Municipalities can
choose their own collection systems. The most common approach is curbside collection
of LWP in wheelie bins and bags for neighborhoods with low-rise buildings and drop-
off collection for neighborhoods with high-rise buildings. Both the recovered and the
separately collected LWP is sorted in the same fractions, in accordance with the DKR
sorting specifications: PET bottles (DKR 328-1), PE rigids (DKR 329), PP rigids (DKR 324),
flexible packages (DKR 310), mixed plastics (DKR 350) and a PET-tray-sorted product
(DKR 328-5). Furthermore, three DRS are in place for large (>0.5 L) PET water and soda
bottles [18].
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Table 1. Data on the country context of each of the case studies.

Parameter AT (2013) DE (2017) NL (2017)

Population [19] 8,451,860 82,521,653 17,081,507
Population density (/km2) [20] 103 234 501
GDP per capita (USD PPP) [21] 47,922 53,012 55,348
Total MSW production * (kg/cap) [22] 578 627 513
Packaging waste production (kg/cap) [23] 150 227 183
National plastic packaging recycling target, 2017 [%] 22.5% a 36% b 47% c

a BMLFUW [5]; b BMU [24]; c Dutch Ministry of Infrastructure and the Environment. [3]. GDP: gross domestic
product. PPP: purchasing power parity. MSW: municipal solid waste. * MSW includes waste from private
households and comparable establishments, e.g., from administrative buildings, schools and small commercial
businesses. Additionally, it includes waste resulting from cleaning activities, e.g., from parks, market waste and
street sweepings [25].

2.2. MFA’s System Boundaries

Material flow analysis (MFA) is used to comprehensively assess the flows of plastic
packaging wastes through the respective waste management systems, following Brunner
and Rechberger [9]. As packaging products generally have shorter lifespans than one-
year [26], no stocks are considered. The general MFA framework used in the comparison
is displayed in Figure 1. The system boundaries encompass the collection and treatment
of PPW from households until the final recycling, incineration or landfilling step. Where
data are available, the flows are subdivided into four waste categories: PET bottles, rigids,
flexibles and others (which includes EPS-based packaging, i.e., blocks and trays). The
temporal context of the three models differs slightly, with the data for Austria referring to
2013, while for Germany and the Netherlands, 2017 is the reference year.

Four different types of destinations were considered for the packaging waste: separate
collection through DRS (only relevant for PET bottles in Germany and the Netherlands,
F2.01) or in a conventional separate collection system (F2.02), as well as collection with
the residual waste sent to mechanical pre-treatment (F2.03) or incineration (2.04). In all
three countries, a landfill ban is in place; hence, direct landfilling after collection is not
possible. A fifth path was considered, describing the flows of PPW going to littering or to
mechanical biological treatment (MBT) plants. This flow was only relevant for Germany
and is different from F2.03 because it carries aggregated data for both littering and MBT.

With respect to the sorting outputs, a distinction is made between sorted plastics that
are recycled as single polymers (F3.01) and the intentional production of a mixed polymer
stream sent for recycling (F3.02). The residues of the sorting process are sent to incineration
or to cement kilns as an RDF (F3.03). An additional sorting output is added solely for the
Dutch model, describing the flows of PET-tray-sorted products that are sorted but sent to
incineration (F3.01b).

In Austria and the Netherlands, a part of residual waste is sent to a mechanical treat-
ment process (F2.03). This is performed with different objectives in the two countries. In
Austria, this is part of the general pre-treatment of residual waste, ensuring the stabilization
of the residual waste before landfill while producing a waste stream that can be used as an
RDF, and no plastics are recovered for recycling. In the Netherlands, however, residual
waste is processed for the recovery of plastics as well, thus increasing the amount of waste
sent to recycling in addition to the separately collected fractions. As in the case of F2.02,
residual waste entering mechanical pre-treatment is sent to either further mechanical re-
processing (F3.04 and F3.04b), mixed plastics recycling (F3.05) or incineration (F3.06, where
flows of PET trays sorted from residual waste—F3.04b—eventually converge). Landfilling
of residues from mechanical pre-treatment is only performed in Austria (F3.07), and as
this stream can include small fractions of plastic packaging, this flow is included in the
model as well. In the Netherlands, this flow stream cannot be directly landfilled and has
to be incinerated with the RDF fraction. Following the flows of food-grade regranulate
(F4.01)—originating exclusively from recycling PET bottles—pure polymer and mixed plas-
tics regranulates (respectively, F4.02 and F4.04) define the net material recycling potential.
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Finally, the residues from sorting and recycling processes, as well as untreated residual
wastes, are sent to waste-to-energy facilities.

Figure 1. System boundaries and overview of plastic packaging waste flows. DRS: deposit refund system. MBT: mechanical
biological treatment plant.

2.3. Data Sources

The comparison in this paper is based on the data reported in the studies describing
the respective countries: Van Eygen et al. [10] for Austria, Brouwer et al. [11] for the
Netherlands and Picuno et al. [12] for Germany. In this sense, the data of the three studies
were adapted to fit in a comparative framework, as explained in further detail in this
section. The mentioned adaptations made justify the minor differences in the outcomes
compared to the original studies. Nevertheless, in all instances, these differences fall within
the uncertainty levels identified in the same studies. Particularly in the case of Germany
and the Netherlands, for which the original data had a more extensive categorization, a
higher level of data aggregation was needed, in order to end up with the four target flows
of PET bottles, rigids, flexibles and others. Some variations exist in how each of the studies
quantified plastic packaging waste flows. These variations as well as, where relevant, the
adaptations made in the single models are briefly described below.

For Austria, detailed data on the outputs of the sorting process were available from
the EPR scheme. Additionally, the contents of plastic packaging in residual waste were
investigated for the EPR scheme using waste characterization, market research on the
sales of relevant product types, as well as trade statistics. Therefore, for the data on waste
generation and composition and for the sorting process, the study mainly relied on sec-
ondary information provided by the EPR scheme, and no additional waste characterization
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efforts were carried out by the authors. Treatment efficiencies for mechanical treatment
and recycling were estimated using primary data for some processes, complemented by
literature data. Furthermore, the original study quantified PPW from all sources, whereas
in this study, only PPW from private households is considered (i.e., collected in drop-off
containers and through curbside collection). PPW from commercial wastes was therefore
subtracted from the original model. Although the results of the original study refer to 2013,
they remain relevant for the comparison. Since then, no major new waste legislation for
packaging has been introduced, as the transposition of the new EU packaging directive [2]
into national legislation is only expected for late 2021 or 2022. Therefore, the system of
packaging collection and recovery has remained largely the same. This is illustrated by
data from Eurostat, which show that the total plastic packaging waste generation per capita
remained at 34 kg/cap until 2018, while the recycling rate decreased slightly from 34% in
2013 to 32% in 2018 [27].

For the Dutch model, all relevant material flows were sampled, sorted into 37 packag-
ing categories, 7 non-packaging categories and 6 different material categories and statisti-
cally averaged per flow and mathematically processed to deliver the material flow analysis,
as described in Brouwer et al. [28]. These data were aggregated on a higher level to be
comparable to the categorization used in the Austrian study, namely PET bottles, other
rigid packages, flexible packages and other packages. This also implies that all the amounts
used in this study only relate to plastic packages, and contributions from non-packaging
plastics were subtracted. Thus, the numbers for the amounts of washed milled goods are
slightly lower in this study in comparison to the previous reported numbers [11].

For the German model, primary compositional data were gathered on the sorting
stage. This was achieved by performing manual sorting analyses on the separately collected
waste fraction as well as on the sorted products after the industrial sorting process. Manual
sorting was performed based on 32 product types, of which 17 were plastic packaging
types and the rest were either non-packaging plastics or non-plastic packaging and non-
packaging, as described in detail in Picuno et al. [12]. The data were fed into a model
having a similar structure as that in Brouwer et al. [11], which allowed us to model flows
of each waste category from the sorting stage to the production of washed milled goods.
Data on the DRS flow as well as on the packaging collected in the residual waste and sent
to energy recovery were elaborated from literature sources, as in Picuno et al. [12].

3. Results

In the following sections, the plastic packaging waste flows for each of the countries
are shortly described on a per capita and net weight (without contaminants) basis, after
which the three systems are compared in depth.

3.1. Household PPW Flows in Austria

The results of the MFA for waste packaging plastic flows in Austria for 2013 are
displayed in Figure 2. The total waste production was 25.44 kg/cap (215,000 Mg), composed
of 21% PET bottles, 29% rigids, 37% flexibles and 13% others. Around 60% is collected
separately, with the highest values for flexibles (77%) and PET bottles (61%). In the sorting
process, around half of the waste input is recovered and sent to recycling. The sorting
process mainly focuses on the production of fractions destined for single-polymer recycling
(99% of outputs going to recycling), and mixed-polymer fractions are mainly recovered
thermally. PET bottles especially display a high sorting efficiency (83%), whereas rigids
(44%), flexibles (40%) and others (10%) are recovered to a lesser extent. The input into
recycling thus amounts to 29%, while the losses in this process reduce this value at the
output to 23%.

Plastic packaging in residual waste is mainly incinerated directly, while only a small
fraction is first sent to mechanical pre-treatment, during which the plastics end up in RDF
fractions, which are subsequently incinerated as well. Only minor waste flows, namely,
losses from mechanical pre-treatment and residues from incineration, are landfilled.
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Figure 2. Waste packaging plastic flows from households in Austria in 2013 (kg/cap).

3.2. Household PPW Flows in Germany

In 2017, 25.14 kg/cap of plastic packaging waste was generated by German house-
holds, as pictured in Figure 3. Differently from the models of the other two countries, no
compositional data were gathered for PPW in residual waste. For this reason, the distribu-
tion of PPW according to the four packaging categories is operated only on the separate
collection systems. In all, 88% of waste PET bottles (smaller and bigger than 500 mL) were
collected through the DRS, with 424,938 Mg channeled into this system. Of these, 14%
was exported for recycling, whereas 334,490 Mg was transformed either into food-grade
regranulates (32%) or into films, fibers or other non-food contact applications [29]. As
for the separate collection stream, 13.37 kg/ca PPW was separately collected, with this
fraction mostly composed of rigids (64%), followed by films (29%), PET bottles (5%) and
EPS-based packaging (2%). At the sorting stage, the efficiency of correctly sorting into the
respective sorted product (e.g., PET-based packaging in the PET sorted product) calculated
on the basis of the material entering the sorting process was 35% for PET bottles, 21%
for rigids, 39% for films and 9% for the “others” category. For all categories, the highest
fraction was sorted into the mixed plastics sorted product (respectively 37%, 38%, 39% and
84%). The rest was either sorted into the residues or wrongly sorted into the non-polymeric
sorted products (e.g., aluminum, beverage cartons, tin plate). Overall, accounting for both
Dual System and DRS collections, 108,484 Mg of food-grade regranulate, 475,510 Mg of
regranulate and 279,363 Mg of mixed plastics regranulate were produced.

Residues from sorting and mechanical recycling processes, as well as the fraction of
PPW collected in the residual waste, were sent to incineration, resulting in 1,115,502 Mg of
off-gasses and only a minor fraction of incineration bottom ashes to be landfilled.



Sustainability 2021, 13, 6772 8 of 17

Figure 3. Waste packaging plastic flows from households in Germany in 2017 (kg/cap).

3.3. Household PPW Flows in the Netherlands

The per capita production of PPW from Dutch households was of 21.77 kg in 2017
(refer to Figure 4). Circa 87% of these are represented by two of the four packaging
categories considered, namely, rigids (48%) and flexibles (39%). The DRS also performed
fairly well in the Netherlands, capturing 95% of the bottles. The overall collection rate of
all PET bottles amounted to 54% through this system (typically bottles with a >500 mL
volume). Of the total amount of PPW collected with residual waste, circa 11% were further
recovered and sorted for recycling, while the rest was sent to incineration. As mentioned
in Section 2.1, sorting is performed according to three pure polymeric fractions (i.e., PET
bottles, PE and PP), two product types (i.e., PET trays and films) and one mixed plastics
fraction. Except for circa 1.12 kg/cap of PET trays that, after sorting, are sent to incineration,
a total of circa 3.70 kg/cap and 3.08 kg/cap are sent to pure polymer and mixed polymer
mechanical recycling, respectively. Specifically, for the separately collected waste, the
following sorting efficiencies were found: 79% for PET bottles, 37% for rigids, 39% for
films and 9% for the “others” category. These are calculated on the total amount of each
category entering the sorting process. For the same waste flow, 10% of PET bottles, 29%
rigids, 51% films and 46% of “other” entering the sorting facility were sorted in the mixed
plastics fraction.

Finally, 19,248 Mg of food-grade regranulate was produced from mechanical recycling
of PET bottles from the DRS, 58,291 Mg was the net amount of re-granulate produced and
33,945 Mg the amount of MPO.
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Figure 4. Waste packaging plastic flows from households in the Netherlands in 2017 (kg/cap).

3.4. Collection Rates, Sorting Efficiencies, Recycling Rates

The comparison of the three countries is made based on the following indicators:
separate collection rate (CR), sorting efficiency (SE), recycling input rate (RRi), and recycling
output rate (RRo), as defined below:

CR =
mass o f collected waste destined f or sorting

mass total waste

SE =
mass o f sorted wasted destined f or mechanical recycling

mass o f collected waste destined f or sorting

RRi =
mass o f sorted waste destined f or mechanical recycling

mass total waste

RRo =
mass o f recycling output (washed milled goods or regranulate) used f or material applications

mass total waste
The results of these indicators are presented in Table 2.

Table 2. Separate collection rates, sorting efficiencies and recycling rates. The corresponding values
for PET bottles, rigids, flexibles and others are provided in the SM.

Indicator AT DE NL

CR (including PET DRS) - 74% 42%
CR (excluding PET DRS) 59% 67% 38%
SE from separate collection to single-polymer recycling 48% 27% 53%
SE from separate collection to mixed-polymer recycling 1% 39% 35%
SE from separate collection total 49% 66% 88%
SE from residual waste to single-polymer recycling - - 26%
SE from residual waste to mixed-polymer recycling - - 12%
SE from residual waste total - - 38%
RRi single-polymer recycling 28% 36% 28%
RRi mixed-polymer recycling 0% 21% 14%
RRi total 29% 57% 42%
RRo single-polymer recycling 23% 29% 21%
RRo mixed-polymer recycling 0% 14% 9%
RRo total 23% 43% 30%
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4. Discussion
4.1. Deposit Refund System for PET Bottles

The DRS for PET bottles represents the best example of a highly efficient collection
strategy. The Dutch operator SRN estimates the capture rate to be roughly 95%, and the
German data prove that almost 92% of the bottles put on the market are successfully
captured and channeled into mechanical recycling routes (either inland or abroad). On
the other hand, without a DRS system in Austria, a separate collection rate of only 64%
is achieved for PET bottles. Therefore, the DRS system has extraordinarily high potential
for the achievement of material circularity. This is particularly relevant in view of the
requirement contained in Directive 2019/904, according to which, in all EU member states
by 2029, at least 90% of the single-use plastic products placed on the market should be
separately collected [30]. Consequently, the Netherlands will expand its DRS system in
July 2021 to include small PET bottles for water and soda drinks. Moreover, since there are
only a few incumbents, design-for-recycling issues are quickly addressed and corrected, so
that the polymeric purity of the rPET is maintained.

Nevertheless, the concept of closed-loop recycling is still far from an actual scaled-up
implementation. Two perspectives exist in this context: one focusing on the quantity of
material available for the same application and the second one looking at the quality of
the material. The presence of high amounts of recycled material provides no assurance
as regards reaching closed-loop recycling. Specifically, 32% of the PET bottles collected
through the DRS in Germany are recycled for food contact applications. This is certainly
a high figure, especially if compared to that of other material streams, yet a substantial
level of uncertainty exists on whether it can further increase in the next future or, in other
words, if closed-loop recycling is at all a realistic goal for any product type. In this context,
the most limiting issue is related to intentionally added substances (IAS) and, above all, to
non-intentionally added substances (NIAS) [31,32]. The latter are substances that occur in
practically all materials used for packaging (whether virgin or recycled) as a consequence
of use, manufacturing processes or reaction between a polymer’s constituting material
and external factors [33–35]. On the other hand, there are substances that are intentionally
added during manufacturing—calcium stearate as a release agent and carbon black as
a pigment, to name a few. The element of concern is represented by the fact that the
number and, most importantly, the nature of such constituents is still not completely
known [36]. Additionally, some chemicals are proven to potentially migrate into packaged
products [37], thereby constituting a food safety hazard [38]. Some chemicals have a known
structure which allows for a clear determination of their potential risk as carcinogenic,
mutagenic or reprotoxic (CMR) substances. Other chemicals’ structures and associated
health hazard are still unknown, and their detection may be unfeasible with the currently
applied analytical methods [36]. This is by far one of the most relevant issues that needs
to be fully investigated when considering whether to implement technical and marketing
strategies for closed-loop recycling.

4.2. Mechanical Recovery of PPW from Mixed MSW

The mechanical recovery of plastic packaging waste from mixed municipal solid waste
started in 2009 in the Netherlands at two material recovery facilities (MRF). In 2011, a third
facility followed, and mid-2017 a fourth facility became operational. In 2021, a total of six
recovery facilities are operational. In 2017, the capacity was 527,000 Mg input MSW, and
this has risen to 1,445,000 Mg input MSW in 2021. The initial three MRFs were existing
MRFs that were retrofitted to also recover plastics and beverage cartons from MSW. The
three later MRFs were constructed as a response to the disappointing results of separate
collection of PPW in the urban centers of the western parts of the Netherlands. Only small
amounts of PPW were collected with elevated levels of non-targeted contributions. The low
collection rates were attributed to low participation rates [39]. The quality of this separately
collected PPW was so poor that substantial amounts had to be rejected and incinerated.
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The six MRFs produce two types of plastic concentrates: one rigid plastic concentrate,
mainly composed of bottles, pots, tubs and trays, and a flexible plastic concentrate, mainly
composed of carrier bags, flow packs, pillow packs and stand-up pouches. Both are sep-
arately sorted in sorting facilities to produce the same type of sorted products as those
produced from the separate collection of LWP. Although sorted products that originate
from separate collection and mechanical recovery both comply to the named DKR specifi-
cations [16], they still differ slightly. As expected, the level of attached moisture and dirt is
slightly higher for mechanically recovered and sorted plastics than for separately collected
and sorted plastics [11]. Conversely, recovered and sorted plastic products contain slightly
less non-targeted plastics (PS, PVC, etc.) in comparison to separately collected and sorted
plastics, presumably because the former have been sorted twice with NIR sorting machines
and the latter once [11]. These sorted products are traded with certified recycling facili-
ties [40]. At first (2009–2010), most recycling facilities were hesitant to accept and process
mechanically recovered and sorted plastic products, since these contain more attached dirt
to be removed, and not all recycling facilities were equipped to deal with this. In 2017,
several dedicated recycling facilities for recovered sorted plastic products were operational,
along with the bulk that simultaneously process sorted products from both origins and
a few recycling facilities that only process separately collected and sorted products. The
quality of the recycled plastic products of both origins is comparable to a large extent for
most quality aspects: color, optical and mechanical properties. The polymeric purity of
recovered plastics tends to be slightly higher compared to separately collected plastics, but
these small differences are unlikely to affect the mechanical properties [11]. The particle
contamination of recycled PET (the only polymer for which this parameter can be measured
fairly easily) tends to be higher for recovered plastics [41]. The odor of cold-water-washed
recovered film material tends to be pungent phenolic ink-like, whereas the odor of cold-
water-washed separately collected film material tends to be rancid–fruity. In cases where
both film products are washed with hot water, the recovered material smells soap-like, and
the separately collected material still smells rancid–fruity [42]. Similar experiments with
Spanish film material yielded slightly different results, showing that Spanish separately
collected film material smells earthy and moldy, whereas Spanish recovered film material
smells cheesy and fecal [43]. These differences in odor between Dutch and Spanish film
samples are not completely understood yet and for the moment are attributed to differences
in temperatures that result in differences in decomposition of the organic part of MSW.

As the quality of recycled plastics originating from MSW is relatively comparable
to the quality of recycled plastics originating from separate collection, both amounts of
recycled plastics are combined to calculate the formal recycling rate in the Netherlands. In
other European countries, recycled plastic from MSW is not formally accepted as a form
of recycling and hence not accounted for in the recycling rates. This issue is also relevant
for the calculation of the separate collection target for PET bottles as mandated by the
single-use plastics directive [30]. These legal differences might stem from differences in
qualities of recycled plastics from MSW in the various countries and different levels of
necessity to account for these numbers to achieve the recycling target.

4.3. The Necessity to Create Added Value for Mixed Plastics

Both in Germany and in the Netherlands, substantial amounts of plastic packages are
sorted to the sorted product named “mixed plastics” according to the specification DKR
350. This is traded to dedicated recycling facilities that produce recycled mixed plastics
under the condition that a service fee is paid. These mixed plastics are mostly composed of
polyolefins [44] and are used in relative large applications—pallets, garden pots, garden
palisades, etc. [45–50]. The capacity of mixed plastic recyclers is limited, and most of them
are not planning to expand this capacity, since the market for their products is limited. In
the last five years, the supply of sorted mixed plastics has increased as a consequence of
governmental policies to target higher recycling rates, but the demand for mix recyclers
has remained nearly constant. In Austria, on the other hand, the focus on mixed plastics
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lies mainly in its use as an alternative fuel in the cement industry. This leads, among
other factors, to a very high thermal substitution rate of 81% in 2018, compared to 69% for
Germany and averages for the EU28 of 48% and the world of 18% [51].

Although the production of mixed plastics can be limited with stricter sorting policies,
its production can currently not be avoided [28]. Any sorting operation with plastic waste
will create a “mixed plastic sorted product” of objects that cannot be sorted positively into
one of the valuable sorted products (PET bottles, PE rigids, PP rigids and PE film) for three
main reasons. Firstly, some targeted plastic objects have complex designs (often featuring a
combination of different polymers and/or materials for the different packaging compo-
nents), or they have a black color, or they are too contaminated and/or deformed to be
positively sorted. Secondly, there are also non-targeted plastic objects present (PS, PP films,
laminated flexibles, etc.). Thirdly, the current sorting technologies have limited efficiencies,
implying that some targeted objects will not end up in the desired sorted products.

Redesigning non-recyclable plastic packages to recyclable plastic packages or packages
of alternative materials is partially possible. Adaptation of these alternative packages can,
however, result in dilemmas; non-transparent packages with reduced consumer appeal
can result in lower sales and reduced keepability which can, in turn, cause increased food
waste [52–54]. Consequently, the level of non-recyclable plastic packages is currently only
reducing gradually [55], even though multiple producers have pledged that their packages
will be recyclable in 2025 or 2030 [1], and therefore, the need for a mixed recycled plastic
fraction will remain in the coming decades [28].

Recycling schemes with high collection rates and relative low recycling targets can
focus on the sorting of valuable sorted products, after which they can sell the mixed
plastics as RDF for waste-to-energy operations or export them (this was the situation in
Germany up to 2020 and of Austria). Recycling schemes with more moderate collection
rates and relatively high recycling targets do also need to recycle sorted mixed plastics
(the Netherlands, Germany from 2020 on). However, with an oversupply of sorted mixed
plastics and under-demand at the recycling facilities, this introduces friction to the market,
as well as rising service fees, stricter acceptation criteria, etc. To alleviate this mismatch in
supply and demand, several European petrochemical companies are establishing pyrolysis
facilities to process sorted mixed plastics into a pyrolysis oil that can be converted into a
cracking feedstock [56–59]. Some of these new facilities have just commenced operation
(OMV, Renasci), while others are filing permits and plan to be operational in 2022–2025.

The pyrolysis of mixed plastics produces pyrolysis oils with too high concentrations
of heteroatoms (O, N, Br, Cl, S, etc.) [60]. Therefore, this material needs to be sorted to
remove objects with high concentrations of these elements, such as specific types of PET
packages and specific types of multi-layered flexibles [61]. The pyrolysis process itself is
claimed to have yields of up to 80% [62] (from mixed plastics to pyrolysis oil). However,
representatives of operational facilities state that these are volumetric yields (% v/m) and
that the mass yields are closer to 50–60% (m/m). This pyrolysis oil needs an additional
processing step to make it suitable as cracking feedstock, lowering the mass yield. Thus,
although the new pyrolysis route can alleviate the supply and demand mismatch for
mixed plastics as well as contribute to the production of food grade recycled plastics, it
will marginally help EPR scheme operators to attain the recycling targets. Moreover, it is
unclear if this activity can count toward reaching recycling targets, especially if pyrolysis
oil is introduced into conventional refinery and is therefore mainly used energetically. EPR
scheme operators that are forced to attain recycling targets might therefore still prefer
the mechanical recycling of mixed plastics (open-loop) over the chemical recycling route
(closed-loop).

4.4. Contextualizing Recycling Targets and Ensuing Policies

DRS on well-defined packages such as PET bottles achieve high capture rates, proving
that the system could well support member states in the successful implementation of EU
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directive 2019/904. Unfortunately, its success depends on its limited scope, and it cannot
easily be expanded to packages other than bottles and cans.

A separate collection system is required to collect all types of PPW. The national
recycling targets of Austria and Germany up to 2020 were moderate, and with the relative
high collection rates, EPR scheme operators could comply easily by recycling the relatively
valuable rigid packaging plastics and sending most of the flexible and non-recyclable
packaging waste to incineration. In 2019, German recycling targets were raised, and the
EPR scheme operators will now have to recycle more flexible and non-recyclable packages
to produce mixed polyolefins and recycled mixed plastics. The Netherlands started much
later than the other two countries (in 2009) with a separate collection system, originally
only for PPW and, from 2015, expanded to LWP.

In the rural areas of all three countries, separate collection systems for LWP were
easily implemented and proved to be effective. In most cases, the houses in these regions
have sufficient space to keep the LWP separate, and the population was easily motivated to
participate in these separate collection schemes. In Germany, bins in rural areas were able
to capture almost 70% of the potential LWP generated per capita [63]. In the Netherlands,
separate collection systems failed to deliver in the larger urban centers. In these cities,
only drop-off facilities could be accomplished, which resulted in too-low participation
rates. Due to the ambitious high recycling targets set by the Dutch national government, in
combination with the large share of the population living in urban centers in which the
separate collection system caused low collection rates, the Dutch EPR scheme operator was
forced to recycle all collected plastic packages and hence to maximize the amount of sorted
mixed plastics that was sent to recycling. Additionally, they were forced to establish MRFs
for the urban centers to mechanically remove PPW from mixed MSW.

This implies that national governments of countries with predominantly rural areas
can demand relatively high recycling targets, which can be achieved with separate col-
lection systems. In cases where the recycling target remains below approximately 35%,
only the relatively valuable rigid plastic packages need to be recycled, and the rest can
be incinerated. In cases where the recycling target is set higher, then flexible packages
and mixed plastics also have to be recycled. With the current portfolio of plastic packages
and the high level of poorly or even non-recyclable packages, a larger share of plastics is
recycled into non-circularly recyclable objects. Governments of countries with a relative
high level of urbanization can either set a low recycling target and then operate mediocrely
performing separate collection systems, or they can set higher recycling targets but then
will have to rely on a combination of DRS and mechanical recovery to attain these targets.

As it turns out, not harmonized and, sometimes, conflicting management strategies
—within and among EU Countries—have engendered instability in the plastic packaging
recycling sector, which has been required to find solutions to problems that are currently
barely understood by scientists and policymakers. In fact, with the best intentions to
accelerate toward the circular economy, EU countries have put in place ambitious recycling
targets [64], without first making sure that a strong and self-sustaining communication
system exists between all involved stakeholders [65]. This inevitably created a rush to
achieve the recycling targets by each member state—addressing exclusively the quantity of
recycled material placed on the market—to the disadvantage of the quality of the produced
recycled material [66]. Therefore, it should not surprise that, for the time being, 40% of
converters in Europe consider the quality of the post-consumer recycled (PCR) material
currently available on the market to be insufficient [67]. Further raising recycling rates
will only result in the production of increasingly lower-quality recycled plastics, for which
there is hardly any market. Instead, new regulations should address the issue of quantity
and quality of the produced recycled plastics in a harmonized manner. For instance, this
could be achieved by regulating the packaging market and favoring the implementation of
design-for-recycling strategies. The current challenge for policymakers is to develop policy
interventions that can most effectively facilitate the mass adaptation of design-for-recycling
measures by the FMCG industry and simultaneously align all other actors (collection
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agencies, sorting and recycling facilities) to produce more high-quality recycled plastics.
This would facilitate the development of a more circular economy. In this sense, an eco-
modulation of EPR fees, whose structure can be disaggregated per packaging category,
might represent a good driver for implementing design-for-recycling guidelines. For
instance, EPR fees for mono-material packaging (as far as the main packaging as well as
secondary components, such as labels and closures, are concerned) would result in a direct
incentive for the producer to favor placing this material on the market. Some member
states, such as Italy, have these systems in place, with the fee categories defined on the
basis of the recycling and sorting capacities installed in the country [68]. Nevertheless, the
implementation phase is still hampered by potential practical implications, e.g., choosing
the right incentives for the right actor and finding effective control mechanisms, possibly
in a harmonized manner through the European market [69]. In this respect, these future
policies could potentially meet strong backlash from the marketing branches of the FMCG
industry, which will experience restrained freedom in their packaging design.

5. Conclusions

The road toward the achievement of an ideal (or better idealized) circular economy
is proving to be long ahead. The network of actors involved is complex. This, combined
with the lack of scientific knowledge that one faces when addressing the issue of how
their deeds influence the quantity and quality of recycled plastics, continues to feed the
mismatch between supply and demand of recycled plastics from plastic packaging. In
the present paper, it was shown that all three studied countries have developed recycling
economies for their PPW, differing slightly with regard to the recycling rates and qualities
of recycled plastics made. These differences stem from differences in recycling targets and
collection options. The substantial contribution of mixed recycled plastics in calculation of
the recycling targets was a relevant discussion point, stemming from the comparison of
the RRo of Austria and that of the other two countries. In this context, the relevance of a
discussion around closed-loop recycling is minimized when compared to the potential that
needs to be found in new policy interventions.

None of these recycling economies represents a circular economy, since they all fail to
actualize policy interventions that enforce design-for-recycling while simultaneously keep-
ing stakeholders aligned. The future challenge is to improve the scientific understanding
of the recycling system for PPW; to determine the breakeven point between quantity and
quality of produced PCR material and quantify the extent to which design-for-recycling
guidelines will resolve this tradeoff; and to develop effective policy interventions that
support design-for-recycling.

Author Contributions: Conceptualization, C.P., E.V.E. and E.U.T.v.V.; methodology, C.P. and M.T.B.;
data curation, M.T.B., C.P. and E.V.E.; writing—original draft preparation, C.P. and E.U.T.v.V.;
writing—review and editing, M.T.B., E.V.E. and K.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the support for the publishing fees by the funding program
Open Access Publishing by the Hamburg University of Technology (TUHH). We also acknowledge
the reviewers for their comments and suggestions, which contributed to increasing the relevance of
this paper.

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



Sustainability 2021, 13, 6772 15 of 17

References
1. European Commission. A European Strategy for Plastics in a Circular Economy. Available online: https://eur-lex.europa.eu/

resource.html?uri=cellar:2df5d1d2-fac7-11e7-b8f5-01aa75ed71a1.0001.02/DOC_1&format=PDF (accessed on 17 February 2021).
2. European Parliament and Council. Directive 94/62/EC of 20 December 1994 on Packaging and Packaging Waste; European Council:

Brussels, Belgium, 2018.
3. Dutch Ministry of Infrastructure & the Environment. Packaging Framework Agreement 2013–2022; Dutch Ministry of Infrastructure

& the Environment: The Hague, The Netherlands, 2012.
4. Federal Ministry of Justice and Consumer Protection. Law on the Placing on the Market, Withdrawal and High-Quality Recycling of

Packaging: VerpackG; Federal Ministry of Justice and Consumer Protection: Berlin, Germany, 2017.
5. Federal Ministry for Digital and Economic Affairs. Ordinance of the Federal Minister of Agriculture, Forestry, Environment and Water

Management on the Avoidance and Recycling of Packaging Waste and Certain Residual Goods: VerpackVO; Federal Ministry for Digital
and Economic Affairs: Vienna, Austria, 2014.

6. Lebreton, L.; Slat, B.; Ferrari, F.; Sainte-Rose, B.; Aitken, J.; Marthouse, R.; Hajbane, S.; Cunsolo, S.; Schwarz, A.; Levivier, A.; et al.
Evidence that the Great Pacific Garbage Patch is rapidly accumulating plastic. Sci. Rep. 2018, 8. [CrossRef]

7. Bishop, G.; Styles, D.; Lens, P.N.L. Recycling of European plastic is a pathway for plastic debris in the ocean. Environ. Int. 2020,
142. [CrossRef] [PubMed]

8. European Commission. Commission Delegated Regulation (EU) 2020/2174 of 19 October 2020 Amending Annexes IC, III, IIIA, IV, V, VII
and VIII to Regulation (EC) No. 1013/2006 of the European Parliament and of the Council on Shipments of Waste; European Commission:
Brussels, Belgium, 2020.

9. Brunner, P.H.; Rechberger, H. Handbook of Material Flow Analysis: For Environmental, Resource, and Waste Engineers, 2nd ed.; Taylor
& Francis Group: Boca Raton, FL, USA, 2017.

10. Van Eygen, E.; Laner, D.; Fellner, J. Circular economy of plastic packaging: Current practice and perspectives in Austria. Waste
Manag. 2018, 72, 55–64. [CrossRef]

11. Brouwer, M.; Picuno, C.; Velzen, E.U.V.T.; Kuchta, K.; Meester, S.; Ragaert, K. The impact of collection portfolio expansion on key
performance indicators of the Dutch recycling system for Post-Consumer Plastic Packaging Waste, a comparison between 2014
and 2017. Waste Manag. 2019, 100, 112–121. [CrossRef]

12. Picuno, C.; Alassali, A.; Chong, Z.K.; Kuchta, K. Flows of post-consumer plastic packaging in Germany: An MFA-aided case
study. Resour. Conserv. Recycl. 2021, 169, 105515. [CrossRef]

13. Lombardi, M.; Rana, R.; Fellner, J. Material flow analysis and sustainability of the Italian plastic packaging management. J. Clean.
Prod. 2021, 287, 125573. [CrossRef]

14. Afvalfonds Verpakkingen. Afvalfonds Verpakkingen: Packaging Waste Fund. Available online: https://afvalfondsverpakkingen.
nl/en/ (accessed on 7 April 2021).

15. Federal Ministry for Climate Action, Environment, Energy, Mobility, Innovation and Technology. Federal Waste Management Plan
(BAWP); Federal Ministry for Climate Action, Environment, Energy, Mobility, Innovation and Technology: Vienna, Austria, 2017.

16. Der Grüne Punkt—Duales System Deutschland GmbH. Specifications for the Recyclable Fractions 2018. Available online:
https://www.gruener-punkt.de/en/downloads.html (accessed on 1 September 2018).

17. Rova. What is Reverse Collection? Available online: https://www.rova.nl/over-rova/pagina/3838/wat-is-omgekeerd-
inzamelen (accessed on 7 April 2021).

18. Stichting Retourverpakking Nederland. Available online: https://www.retourverpakking.nl/ (accessed on 7 April 2021).
19. Eurostat. Population on 1 January. Available online: https://ec.europa.eu/eurostat/databrowser/view/tps00001/default/table?

lang=en. (accessed on 22 June 2020).
20. Eurostat. Population Density. Available online: https://ec.europa.eu/eurostat/databrowser/view/tps00003/default/table?

lang=en. (accessed on 22 June 2020).
21. World Bank. DataBank, World Development Indicators, GDP Per Capita, PPP (Current International $). Available online:

https://databank.worldbank.org/reports.aspx?source=2&series=NY.GDP.PCAP.PP.CD&country= (accessed on 22 June 2020).
22. Eurostat. Municipal Waste by Waste Management Operations. Available online: https://appsso.eurostat.ec.europa.eu/nui/show.

do?dataset=env_wasmun&lang=en (accessed on 24 June 2020).
23. Eurostat. Packaging Waste by Waste Management Operations. Available online: https://appsso.eurostat.ec.europa.eu/nui/show.

do?dataset=env_waspac&lang=en. (accessed on 24 June 2020).
24. Federal Environment Ministry (BMU). Verpackungsverordnung: Packaging Ordinance: VerpackV; Federal Environment Ministry:

Bonn, Germany, 1998.
25. Federal Environment Ministry (BMU). Siedlungsabfälle: Municipal Waste. Available online: https://www.bmu.de/themen/

wasser-abfall-boden/abfallwirtschaft/abfallarten-abfallstroeme/siedlungsabfaelle/ (accessed on 7 June 2021).
26. Gijsman, P. Polymer Stabilization. In Applied Plastics Engineering Handbook: Processing and Materials; Elsevier: Amsterdam,

The Netherlands, 2011; pp. 375–399.
27. Eurostat. Recycling Rates of Packaging Waste for Monitoring Compliance with Policy Targets, by Type of Packaging. Available

online: https://ec.europa.eu/eurostat/databrowser/view/env_waspacr/default/table (accessed on 7 June 2021).
28. Brouwer, M.; Thoden van Velzen, E.U.; Ragaert, K.; Klooster, R.T. Technical Limits in Circularity for Plastic Packages. Sustainability

2020, 12, 23. [CrossRef]

https://eur-lex.europa.eu/resource.html?uri=cellar:2df5d1d2-fac7-11e7-b8f5-01aa75ed71a1.0001.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:2df5d1d2-fac7-11e7-b8f5-01aa75ed71a1.0001.02/DOC_1&format=PDF
http://doi.org/10.1038/s41598-018-22939-w
http://doi.org/10.1016/j.envint.2020.105893
http://www.ncbi.nlm.nih.gov/pubmed/32603969
http://doi.org/10.1016/j.wasman.2017.11.040
http://doi.org/10.1016/j.wasman.2019.09.012
http://doi.org/10.1016/j.resconrec.2021.105515
http://doi.org/10.1016/j.jclepro.2020.125573
https://afvalfondsverpakkingen.nl/en/
https://afvalfondsverpakkingen.nl/en/
https://www.gruener-punkt.de/en/downloads.html
https://www.rova.nl/over-rova/pagina/3838/wat-is-omgekeerd-inzamelen
https://www.rova.nl/over-rova/pagina/3838/wat-is-omgekeerd-inzamelen
https://www.retourverpakking.nl/
https://ec.europa.eu/eurostat/databrowser/view/tps00001/default/table?lang=en.
https://ec.europa.eu/eurostat/databrowser/view/tps00001/default/table?lang=en.
https://ec.europa.eu/eurostat/databrowser/view/tps00003/default/table?lang=en.
https://ec.europa.eu/eurostat/databrowser/view/tps00003/default/table?lang=en.
https://databank.worldbank.org/reports.aspx?source=2&series=NY.GDP.PCAP.PP.CD&country=
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_wasmun&lang=en
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_wasmun&lang=en
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_waspac&lang=en.
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_waspac&lang=en.
https://www.bmu.de/themen/wasser-abfall-boden/abfallwirtschaft/abfallarten-abfallstroeme/siedlungsabfaelle/
https://www.bmu.de/themen/wasser-abfall-boden/abfallwirtschaft/abfallarten-abfallstroeme/siedlungsabfaelle/
https://ec.europa.eu/eurostat/databrowser/view/env_waspacr/default/table
http://doi.org/10.3390/su122310021


Sustainability 2021, 13, 6772 16 of 17

29. GVM. Generation and Recycling of PET Beverage Bottles in Germany 2017. Available online: https://www.forum-pet.de/rs/u/
files/2018_09_19_Verwertung%20PET-Getr%c3%a4nkeflaschen%202017_Kurzfassung.pdf (accessed on 10 October 2019).

30. European Parliament and Council. Directive (EU) 2019/904 on the Reduction of the Impact of Certain Plastic Products on the Environment;
European Council: Brussels, Belgium, 2019.

31. Dreolin, N.; Aznar, M.; Moret, S.; Nerin, C. Development and validation of a LC-MS/MS method for the analysis of bisphenol a
in polyethylene terephthalate. Food Chem. 2019, 274, 246–253. [CrossRef]

32. Thoden van Velzen, E.U.; Brouwer, M.T.; Stärker, C.; Welle, F. Effect of recycled content and rPET quality on the properties of PET
bottles, part II: Migration. Packag. Technol. Sci. 2020, 33, 359–371. [CrossRef]

33. Geueke, B.; Groh, K.; Muncke, J. Food packaging in the circular economy: Overview of chemical safety aspects for commonly
used materials. J. Clean. Prod. 2018, 193, 491–505. [CrossRef]

34. Horodytska, O.; Cabanes, A.; Fullana, A. Non-intentionally added substances (NIAS) in recycled plastics. Chemosphere 2020, 251,
126373. [CrossRef]

35. ILSI Europe. Guidance on Best Practices on the Risk Assessment of Non-Intentionally Added Substances (NIAS) in Food Contact
Materials and Articles 2015. Available online: https://ilsi.eu/publication/guidance-on-best-practices-on-the-risk-assessment-
of-non-intentionally-added-substances-nias-in-food-contact-materials-and-articles/ (accessed on 25 May 2020).

36. Geueke, B. FPF Dossier: Non-Intentionally Added Substances (NIAS), 2nd ed.; Food Packaging Forum Foundation: Zurich,
Switzerland, 2018.

37. Groh, K.J.; Backhaus, T.; Carney-Almroth, B.; Geueke, B.; Inostroza, P.; Lennquist, A.; Leslie, H.A.; Maffini, M.; Slunge, D.;
Trasande, L.; et al. Overview of known plastic packaging-associated chemicals and their hazards. Sci. Total Environ. 2019, 651,
3253–3268. [CrossRef]

38. Cincotta, F.; Verzera, A.; Tripodi, G.; Condurso, C. Non-intentionally added substances in PET bottled mineral water during the
shelf-life. Eur. Food Res. Technol. 2018, 244, 433–439. [CrossRef]

39. Thoden van Velzen, E.U.; Brouwer, M.T.; Feil, A. Collection behaviour of lightweight packaging waste by individual households
and implications for the analysis of collection schemes. Waste Manag. 2019, 89, 284–293. [CrossRef] [PubMed]

40. EuCertPlast. European Certification of Plastics Recyclers. Available online: https://www.eucertplast.eu/ (accessed on 29
April 2020).

41. Snell, H.; Nassour, A.; Nelles, M. Qualitative comparison of polyethylene terephthalate flakes from various collection systems in
Germany. Waste Manag. Res. 2017, 35, 163–171. [CrossRef]

42. Maaskant-Reilink, E.; Thoden van Velzen, E.U.; Smeding, I.W. Molecular Contamination in Recycled Plastic Film from Source and Post
Separation; Wageningen University and Research: Wageningen, The Netherlands, 2020. [CrossRef]

43. Cabanes, A.; Strangl, M.; Ortner, E.; Fullana, A.; Buettner, A. Odorant composition of post-consumer LDPE bags originating from
different collection systems. Waste Manag. 2020, 104, 228–238. [CrossRef] [PubMed]

44. Sánchez-Soto, M.; Maspoch, M.L.; Velasco, J.I. Analysis and Thermo-Mechanical Characterization of Mixed Plastic Wastes. Polym.
Technol. Eng. 2013, 52, 16–23. [CrossRef]

45. Cabka. Available online: https://cabka.com/global/en/m/plasticpallets/ (accessed on 7 April 2021).
46. Hahn Kunststoffe. Available online: https://www.hahnkunststoffe.de/en/ (accessed on 7 April 2021).
47. Mtm Plastics. Available online: https://mtm-plastics.eu/en/nebennavi/home.html (accessed on 7 April 2021).
48. Eing Kunststoffverwertung. Available online: https://www.eing-kunststoffverwertung.de/ (accessed on 7 April 2021).
49. Relux Umwelt. Available online: https://www.relux-umwelt.de/en/services/recycling-plastic-packaging/ (accessed on 7

April 2021).
50. Vogt Plastic. Available online: https://www.vogt-plastic.de/en/product-overview/polyolefin-po-regranulates.html (accessed

on 7 April 2021).
51. GCCA–Global Cement and Concrete Association. Getting the Numbers Right Project, Emissions Report 2018. Available online:

https://gccassociation.org/gnr/ (accessed on 30 April 2021).
52. Ma, X.; Park, C.; Moultrie, J. Factors for eliminating plastic in packaging: The European FMCG experts’ view. J. Clean. Prod. 2020,

256, 120492. [CrossRef]
53. White, A.; Lockyer, S. Removing plastic packaging from fresh produce—What’s the impact? Nutr. Bull. 2020, 45, 35–50. [CrossRef]
54. Kravchenko, M.; Pigosso, D.; McAloone, T. A Trade-Off Navigation Framework as a Decision Support for Conflicting Sustainability

Indicators within Circular Economy Implementation in the Manufacturing Industry. Sustainability 2020, 13, 314. [CrossRef]
55. Brouwer, M.T.; Thoden van Velzen, E.U.; Workola, Y. Recyclability of Dutch Packaging, the Status of 2021; Wageningen University

and Research: Wageningen, The Netherlands, 2021. [CrossRef]
56. OMV Group. OMV ReOil Transforms Plastic Waste into Crude Oil. Available online: https://www.omv.com/en/news/omv-

transforms-plastic-waste-into-crude-oil (accessed on 7 April 2021).
57. Renasci. Available online: https://www.renasci.be/en (accessed on 7 April 2021).
58. Shell Uses Plastic Waste to Produce Chemicals. Available online: https://www.shell.com/business-customers/chemicals/media-

releases/2019-media-releases/shell-uses-plastic-waste-to-produce-chemicals.html (accessed on 7 April 2021).
59. Sabic Pioneers First Production of Certified Circular Polymers. Available online: https://www.sabic.com/en/news/17390-sabic-

pioneers-first-production-of-certified-circular-polymers (accessed on 7 April 2021).

https://www.forum-pet.de/rs/u/files/2018_09_19_Verwertung%20PET-Getr%c3%a4nkeflaschen%202017_Kurzfassung.pdf
https://www.forum-pet.de/rs/u/files/2018_09_19_Verwertung%20PET-Getr%c3%a4nkeflaschen%202017_Kurzfassung.pdf
http://doi.org/10.1016/j.foodchem.2018.08.109
http://doi.org/10.1002/pts.2528
http://doi.org/10.1016/j.jclepro.2018.05.005
http://doi.org/10.1016/j.chemosphere.2020.126373
https://ilsi.eu/publication/guidance-on-best-practices-on-the-risk-assessment-of-non-intentionally-added-substances-nias-in-food-contact-materials-and-articles/
https://ilsi.eu/publication/guidance-on-best-practices-on-the-risk-assessment-of-non-intentionally-added-substances-nias-in-food-contact-materials-and-articles/
http://doi.org/10.1016/j.scitotenv.2018.10.015
http://doi.org/10.1007/s00217-017-2971-6
http://doi.org/10.1016/j.wasman.2019.04.021
http://www.ncbi.nlm.nih.gov/pubmed/31079742
https://www.eucertplast.eu/
http://doi.org/10.1177/0734242X16686413
http://doi.org/10.18174/518646
http://doi.org/10.1016/j.wasman.2020.01.021
http://www.ncbi.nlm.nih.gov/pubmed/31982786
http://doi.org/10.1080/03602559.2012.717240
https://cabka.com/global/en/m/plasticpallets/
https://www.hahnkunststoffe.de/en/
https://mtm-plastics.eu/en/nebennavi/home.html
https://www.eing-kunststoffverwertung.de/
https://www.relux-umwelt.de/en/services/recycling-plastic-packaging/
https://www.vogt-plastic.de/en/product-overview/polyolefin-po-regranulates.html
https://gccassociation.org/gnr/
http://doi.org/10.1016/j.jclepro.2020.120492
http://doi.org/10.1111/nbu.12420
http://doi.org/10.3390/su13010314
http://doi.org/10.18174/546479
https://www.omv.com/en/news/omv-transforms-plastic-waste-into-crude-oil
https://www.omv.com/en/news/omv-transforms-plastic-waste-into-crude-oil
https://www.renasci.be/en
https://www.shell.com/business-customers/chemicals/media-releases/2019-media-releases/shell-uses-plastic-waste-to-produce-chemicals.html
https://www.shell.com/business-customers/chemicals/media-releases/2019-media-releases/shell-uses-plastic-waste-to-produce-chemicals.html
https://www.sabic.com/en/news/17390-sabic-pioneers-first-production-of-certified-circular-polymers
https://www.sabic.com/en/news/17390-sabic-pioneers-first-production-of-certified-circular-polymers


Sustainability 2021, 13, 6772 17 of 17

60. Ragaert, K.; Delva, L.; Van Geem, K. Mechanical and chemical recycling of solid plastic waste. Waste Manag. 2017, 69, 24–58.
[CrossRef] [PubMed]

61. Selina, M.; Markus, B.; Daniel, S.; Renato, S. Wet-mechanical processing of a plastic-rich two-dimensional-fraction from mixed
wastes for chemical recycling. Waste Manag. Res. 2021, 1–13. [CrossRef]

62. Solis, M.; Silveira, S. Technologies for chemical recycling of household plastics—A technical review and TRL assessment. Waste
Manag. 2020, 105, 128–138. [CrossRef] [PubMed]

63. Wagner, J.; Günther, M.; Rhein, H.-B.; Peter, M. Analysis of the Efficiency and Proposals for the Optimisation of Collection
Systems (Collection and Delivery Systems) for the Near-Household Collection of Light Packaging and Non-Packaging on the
Basis of Existing Data. Available online: https://www.umweltbundesamt.de/publikationen/analyse-der-effizienz-vorschlaege-
zur-optimierung (accessed on 2 June 2019).

64. Milios, L.; Davani, A.E.; Yu, Y. Sustainability Impact Assessment of Increased Plastic Recycling and Future Pathways of Plastic
Waste Management in Sweden. Recycling 2018, 3, 33. [CrossRef]

65. Deloitte Sustainability. Blueprint for Plastics Packaging Waste: Quality Sorting & Recycling. 2017. Available online: https:
//www2.deloitte.com/content/dam/Deloitte/my/Documents/risk/my-risk-blueprint-plastics-packaging-waste-2017.pdf (ac-
cessed on 20 April 2020).

66. Ragossnig, A.M.; Schneider, D.R. What is the right level of recycling of plastic waste? Waste Manag. Res. 2017, 35, 129–131.
[CrossRef] [PubMed]

67. Polymer Comply Europe. The Usage of Recycled Plastics Materials by Plastics Converters in Europe: A Qualitative European
Industry Survey, Brussels. 2019. Available online: https://polymercomplyeurope.eu/content/eupc-survey-reports-about-use-
rpm-plastics-converters (accessed on 18 June 2020).

68. CONAI. Guidelines to Join and Apply the Environmental Contribution. 2021. Available online: https://www.conai.org/en/
businesses/environmental-contribution/ (accessed on 23 April 2021).

69. European Recycling Platform. Discussion of Practical Implications from the Point of View of a Producer Responsibility Or-
ganization (PRO/EPR), Paris/Mainz. 2018. Available online: https://erp-recycling.org/wp-content/uploads/2018/06/ERP-
Background-Paper-Modulated-Fees-June-2018.pdf (accessed on 5 May 2021).

http://doi.org/10.1016/j.wasman.2017.07.044
http://www.ncbi.nlm.nih.gov/pubmed/28823699
http://doi.org/10.1177/0734242x21996435
http://doi.org/10.1016/j.wasman.2020.01.038
http://www.ncbi.nlm.nih.gov/pubmed/32058902
https://www.umweltbundesamt.de/publikationen/analyse-der-effizienz-vorschlaege-zur-optimierung
https://www.umweltbundesamt.de/publikationen/analyse-der-effizienz-vorschlaege-zur-optimierung
http://doi.org/10.3390/recycling3030033
https://www2.deloitte.com/content/dam/Deloitte/my/Documents/risk/my-risk-blueprint-plastics-packaging-waste-2017.pdf
https://www2.deloitte.com/content/dam/Deloitte/my/Documents/risk/my-risk-blueprint-plastics-packaging-waste-2017.pdf
http://doi.org/10.1177/0734242X16687928
http://www.ncbi.nlm.nih.gov/pubmed/28139184
https://polymercomplyeurope.eu/content/eupc-survey-reports-about-use-rpm-plastics-converters
https://polymercomplyeurope.eu/content/eupc-survey-reports-about-use-rpm-plastics-converters
https://www.conai.org/en/businesses/environmental-contribution/
https://www.conai.org/en/businesses/environmental-contribution/
https://erp-recycling.org/wp-content/uploads/2018/06/ERP-Background-Paper-Modulated-Fees-June-2018.pdf
https://erp-recycling.org/wp-content/uploads/2018/06/ERP-Background-Paper-Modulated-Fees-June-2018.pdf

	Introduction 
	Materials and Methods 
	Case-Study Context 
	MFA’s System Boundaries 
	Data Sources 

	Results 
	Household PPW Flows in Austria 
	Household PPW Flows in Germany 
	Household PPW Flows in the Netherlands 
	Collection Rates, Sorting Efficiencies, Recycling Rates 

	Discussion 
	Deposit Refund System for PET Bottles 
	Mechanical Recovery of PPW from Mixed MSW 
	The Necessity to Create Added Value for Mixed Plastics 
	Contextualizing Recycling Targets and Ensuing Policies 

	Conclusions 
	References

