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ABSTRACT

Lightweight packaging (LWP) waste is the largest post-consumer plastic waste flow in Germany. A crucial step in
plastic recycling is sensor-based sorting (SBS) of LWP in sorting plants. While a more sorting- and recycling-
friendly product design is believed to enhance SBS and plastic recycling in general, data to estimate this po-
tential is limited. Here, we aim to quantify the real-world sortability of LWP articles by assessing a SBS cascade
for plastic-type separation in a state-of-the-art LWP sorting plant. Our results reveal a polymer-specific distri-
bution of packaging types and quantitatively confirm negative influences of sleeves/labels, composites, dark
colors, and rolling shapes on the sortability at sorting plant scale. By extrapolating our results to all LWP sorting
plants in Germany, we estimate that up to 48,300 Mg/a (95 % CI: 25,900 Mg/a — 78,500 Mg/a) rigid plastics
could be additionally recovered at sensor-based plastic-type separation level alone through improved sortability.

Abbreviations

2D 2-dimensional

3D 3-dimensional

BC beverage cartons

CI confidence interval

DSD Duales System Deutschland GmbH
EPS expanded polystyrene

Fe ferromagnetic properties

HD-PE  high-density polyethylene
LWP lightweight packaging

MP mixed plastic

NF non-ferrous metals

NIR near-infrared

PE polyethylene

PET polyethylene terephthalate
PP polypropylene

PPC paper, paperboard, cardboard
PS polystyrene

RQ research question

SBS sensor-based sorting

VIS visible light spectrum

Y yield

1. Introduction
1.1. Mechanical recycling of post-consumer plastic packaging in Germany

Lightweight packaging (LWP) waste represents the largest post-
consumer plastic waste material flow in Europe (Plastic Europe,
2022). In 2021, Germans alone generated about 2.92 million tons of
LWP waste (Statistisches Bundesamt [Destatis], 2021). In Germany,
LWP waste is collected in a mixed material collection (Wagner et al.,
2018) and includes, among others, plastics, metals, and composite
packaging (Feil et al., 2021; Kranert, 2017).

In LWP sorting plants, the different plastics contained in LWP waste
are sorted by plastic type. In state-of-the-art LWP plants, a distinction is
made between polypropylene (PP), polyethylene (PE), polyethylene
terephthalate (PET), polystyrene (PS) as well as films and a mixed plastic
(MP) fraction (Pitschke and Kreibe, 2020). The sorted products are then
fed into different, polymer-specific mechanical post-consumer plastic
recycling processes (Pitschke and Kreibe, 2020). The plastic recyclates
produced in the recycling processes then re-enter the material cycle and
substitute primary plastics in production processes, resulting in notable
environmental advantages such as energy conservation and reduced
greenhouse gas emissions (Bachmann et al., 2023; Cudjoe et al., 2021).

The correct sorting of plastic packaging in LWP sorting plants is
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crucial for the overall material circulation as (a) material losses towards
energy recovery (sorting residues) cannot be recovered at later sorting
stages and (b) suboptimal pre-concentrate purities can lead to additional
material losses or suboptimal recyclates qualities in subsequent recy-
cling processes (Dehoust and Christiani, 2012; Knappe et al. 2021;
Picuno et al., 2021). Suboptimal recyclate qualities hamper the substi-
tution of primary plastics and thereby limit achievable environmental
benefits (Hahladakis and Iacovidou, 2018).

1.2. Research gap: real-world sortability of post-consumer plastic
packaging

Correct sorting of post-consumer plastic packaging in LWP sorting
plants and thus the overall recyclability of plastic packaging is influ-
enced by both the applied sorting technology (cf. Section 2.2) and the
packaging design (Feil et al., 2021; Pomberger, 2020; Knappe et al.,
2021; Stiftung Zentrale Stelle Verpackungsregister, 2023). Current as-
sessments of the recyclability of plastic packaging (e.g., Der Griine Punkt
- Duales System Deutschland GmbH, 2023; Bifa, 2019; Verpack, 2021;
cyclos HTP, 2023; RecyClass 2020; DIN EN ISO 14021, 2021) often focus
only on a theoretical assessment of the recyclability of individual
packages, which can differ significantly from the actual recyclability of
plastic packaging in real waste management systems (Pomberger,
2020).

In Germany, for example, the recycling of plastic packaging is
organized by the dual systems. In the spirit of product responsibility, the
dual systems are intended to provide manufacturers with incentives for
sorting and/or recycling-friendly packaging design.’ In accordance with
§21 VerpackgG, the basic recyclability is considered when calculating the
participation fees. To this end, the Zentrale Stelle Verpackungsregister
(central agency packaging register) in Germany publishes an annual
“Minimum standard for assessing the recyclability of packaging subject
to system participation pursuant to section 21 (3) VerpackG” (herein-
after referred to as minimum standard for packaging design). The mini-
mum standard for packaging design considers (i) the existence of a
sorting and recycling infrastructure, (ii) the sortability of the packaging,
and (iii) incompatibilities during recycling.

As shown on the example of the minimum standard for packaging
design, it is often assumed that there is a large potential for an improved
sorting and thus material circulation based on more recycling-friendly
packaging design (e.g., Hahladakis and Iacovidou, 2019). However,
since little data has been published on the real-world sortability of
post-consumer plastic packaging (cf. Picuno et al., 2021; Schmidt et al.,
2021), it is currently difficult to estimate how large this optimization
potential is and where exactly (e.g., for which packaging types) the
largest potential is to be found.

1.3. Research aims and questions

This publication therefore aims to quantify the real-world sortability
of post-consumer plastic packaging in LWP sorting plants and to deter-
mine the proportions of different packaging to derive optimization po-
tentials for improved plastic packaging recycling based on a more
recycling-friendly packaging design. The investigation will focus on
the process stage of sensor-based plastic-type separation (cf. Section 2),
which has the greatest influence on the overall sorting result of the LWP
plant (Feil et al., 2021). To achieve this goal, the following research
questions (RQs) shall be answered:

1 In the context of this paper, we will use the term “sorting-friendly” to
describe packaging and products that are designed in a way such that they can
be well sorted in real-world sorting plants and “recycling-friendly” to describe
packaging and products that are designed in a way such that they can be well
recycled in real-world processing plants. Sorting- and recycling-friendliness do
not necessarily correlate with each other.
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e RQ 1: What proportion do different packaging materials and pack-

aging types have in LWP?

RQ 2: Which packaging types are particularly often incorrectly sor-

ted in sensor-based sorting and for what reasons?

e RQ 3: How do these findings from RQ 2 correspond to current rec-
ommendations for recyclable packaging design (e.g., minimum
standard for packaging design in Germany)?

e RQ 4: What additional potential of recyclable materials could result
from better sortable plastic packaging designs?

2. Background
2.1. LWP sorting plants

There are about 39 LWP sorting plants in operation in Germany, with
plant capacities that vary between approx. 20,000 Mg/a to 200,000 Mg/
a and a total capacity of 3.3 million Mg/a. (Feil et al., 2021; INTER-
SEROH Dienstleistungs GmbH, 2022; Kuchta et al., 2023). In addition to
the plant capacity, the technical equipment of the plants differs, such
that a distinction is made between two groups, LWP sorting plants with
and without plastic-type separation (Dehoust et al., 2021).

At REMONDIS’ LWP sorting plant in Erftstadt, which will be the
focus of the presented case study, up to 120,000 Mg/a of LWP waste are
sorted annually (REMONDIS GmbH and Co. KG, 2023). The plant was
built according to the state-of-the-art. The collected LWP waste is
unloaded and temporarily stored in fully enclosed flat bunkers (Institut
cyclos-HTP GmbH, 2021). The plant is fed with a wheel loader or a
gantry crane (REMONDIS GmbH and Co. KG, 2023). Bag rippers at the
beginning of the sorting process are used for liberating the LWP articles
from the collection bags, such that the material is exposed and can be
sorted. Comminution and alteration of the article’s properties should not
take place (Feil et al., 2021).

First, the liberated material passes through four screening stages to
narrow down the particle size ranges. In the LWP sorting plant in Erft-
stadt, a screening drum and three vibrating screens are used for
screening (REMONDIS GmbH and Co. KG, 2023). In addition to the
separation of different particle sizes, screening has other functions: torn
open bags should be emptied and the volume flow should be homoge-
nized (Dehoust et al., 2021).

After screening, the material is wind-sifted by four wind sifters
(REMONDIS GmbH and Co. KG, 2023). Thin-walled and flat components
are separated here to condition the material flow for subsequent sorting.
The light-goods ejection takes place via rotary valves. The heavy fraction
is further sorted in the plant (Institut cyclos-HTP GmbH, 2021).

Overbelt magnetic separators are used to separate materials with
ferromagnetic properties (Fe). Beverage cartons (BC) are then sorted out
using near-infrared (NIR) sorters. This sorting step takes place before the
separation of non-ferrous metals (NF) by eddy current separators, as BCs
can have an aluminum coating and otherwise be separated into the NF
fraction (Feil et al., 2021; Dehoust et al., 2021; Institut cyclos-HTP
GmbH, 2021).

A NIR rougher sorts out the plastics contained in the material flow
and feeds them to the plastic type separation. During the plastic-type
separation, the plastic types of PP, high-density PE (HD-PE), PET bot-
tle, PS, and PET tray are sorted out. The material flow not sorted out by
the rougher is fed to a NIR sorter, which sorts out paper, paperboard,
and cardboard (PPC). In total, 21 NIR sorters are installed in the LWP
sorting plant in Erftstadt (REMONDIS GmbH and Co. KG, 2023; Feil
et al., 2021).

Two ballistic separators are used for further material conditioning
(REMONDIS GmbH and Co. KG, 2023). Flat 2D materials are conveyed
to the upper end by the upward-rotating paddles. Solid 3D materials are
separated by gravity at the bottom end. The 3D fraction is sorted in the
plastic-type separation (Kranert, 2017; Pretz et al., 2020).

Systematic false rejects from the various sorting steps mean that
manual product inspection cannot be completely avoided. Causes can lie
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in the product design or plant operation, for instance, material com-
posites or insufficient material separation. In addition, individual
products that cannot be sorted out using NIR sorting, such as silicone
cartridges made of PE, must be sorted out manually (Institut cyclos-HTP
GmbH, 2021).

2.2. Sensor-based sorting in plastic recycling

2.2.1. Fundamentals of sensor-based sorting

Sensor-based sorting (SBS) works according to the principle of single-
particle sorting. In SBS, a sensor measures various particle characteris-
tics without contact, such as material composition, color, shape, or
electrical conductivity. These particle characteristics are distinguished
with the help of various detection methods, such as NIR spectroscopy,
inductive sensors, or sensors in the visible light spectrum (VIS). Nowa-
days, a combination of different sensors is often found, such that several
material properties can be detected at the same time (Kranert, 2017).

A SBS unit is made up of several components. The material is passed
under a detection unit via an acceleration belt operated at typically 3 m/
s (up to 5 m/s with adjusted airflow management) (Kranert, 2017; Feil
et al.,, 2021). A halogen light source installed above the conveyor belt
illuminates the material and the radiation reflected from the object
surface is measured by the detector. A compressed air nozzle bar is
installed at the end of the acceleration belt. If a particle is detected and
classified as an eject fraction, the air nozzles are opened with coordinate
precision, and the particle is blown out via separation apex through a
blast of compressed air. The ejected material stream is called eject and
the unseparated material stream is called drop (Biinemann et al., 2011;
Kranert, 2017; Kroell et al., 2022a).

SBS units are often arranged in multiple stages. A rougher unit is used
as the first sorting stage, with a focus on the highest possible yield of
recyclables. Usually, all particles identified as valuable material are
sorted out at this stage, which is called positive sorting. The sorted
product stream is subjected to a cleaner unit, with a focus on generating a
high purity of the product stream through negative sorting. Here, all
impurities are sorted out of the material flow. The residual streams from
both sorting stages are fed to a scavenger unit to recover previously
incorrectly ejected recyclables through positive sorting (Chen et al.,
2023b; Kranert, 2017).

2.2.2. Near-infrared-based sorting of LWP

NIR spectroscopy is one of the most important detection methods in
the field of LWP waste sorting (Kroell et al., 2022a; Institut cyclos-HTP
GmbH, 2021). It works in the range of NIR radiation in a wavelength
range from approx. 780 nm to 2,500 nm, whereas in industrial SBS
applications, the wavelength ranges from approx. 1,000 nm to 1,700 nm
is used most often (Kroell et al., 2022a; Chen et al., 2023b). The NIR
radiation reaches a material-dependent penetration depth of up to 4
mm, such that the surface measurement technology is insensitive to
contamination to a certain degree (Bilitewski and Hardtle, 2013).
Nevertheless, NIR spectroscopy reaches its limits, for example when
sorting dark plastics colored with carbon black, since the light is largely
absorbed so that too little radiation is reflected to classify the material
(Knappe et al., 2021; Kranert, 2017). In addition, the detection of
reflective or metallic surfaces is not possible, as the NIR radiation is
reflected non-specifically (Pitschke and Kreibe, 2020).

For optimal SBS, the following requirements must be fulfilled:

(1) Presentation of the material to be sorted as a singled monolayer
(i.e., particles do not overlap or touch each other), to ensure that
the particles can be distinguished from each other (Kranert, 2017;
Kroell et al., 2022a).

(2) Particles must not perform any relative movement on the
conveyor belt so that the compressed air blast blows the particles
out correctly (Kranert, 2017).
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(3) Pre-conditioning of the material to a particle size of a maximum
of about 3:1, to be able to guarantee the detection and ejection
through compressed air blast in an article-selective manner
(Kranert, 2017).

(4) Separation of the fine grain fraction by upstream screening (Feil
et al., 2021; Kranert, 2017).

(5) Regular cleaning of the sensors and the blow-out device (Feil
et al., 2021; Kranert, 2017).

(6) Separation of two-dimensional components, such as films (Kra-
nert, 2017).

(7) Compliance with the capacitive limits of the sorting plant, as
overfilling can lead to disruptions in system operation (Feil et al.,
2021).

3. Material and methods

This investigation examines the sensor-based plastic-type separation
at the LWP sorting plant in Erftstadt. Based on a manual sorting analysis,
the real-world sortability of different packaging designs is assessed and
the causes of false ejections in SBS are discussed. Therefore, samples of
all product streams of the plastic-type separation are analyzed. First, the
product streams are sorted by material type (cf. Section 3.2.1). The PP,
HD-PE, and PET bottle items sorted out in the first stage are then cate-
gorized by product type and design in the second sorting stage (cf.
Section 3.2.2).

3.1. Sampling campaign

The sampling was conducted in October and November 2021. The
plastic-type separation of the LWP sorting plant was defined as the
balance sheet frame (system boundaries) for sampling (Fig. 1). Samples
were taken from all product fractions of the plastic-type separation: PP,
HD-PE, PET bottle, PS, PET tray, and mixed plastics hard (MP hard).
Sampling was conducted before the final manual sorting in the LWP
sorting plant to analyze the sorting quality of the NIR-VIS sorters and to
exclude possible effects of the manual sorters.

The sampling campaign has been conducted according to
Landerarbeitsgemeinschaft Abfall (LAGA) PN 98 (2023). The sample
size comprises n = 12 samples per fraction. Four sampling containers
with 90 L each were taken per sample. The material from two sampling
containers each was mixed and a sample division was carried out so that
one sample corresponded to about 180 L (resulting in an average sample
mass of 6.2 kg [min: 4.0 kg, max: 9.1 kg], see Table S1 in Supplementary
Materials).

To minimize the influence of various factors on the results, such as
the origin and composition of the input, the loading of the bag opener,
the condition of the plant, and the intervals between cleaning, three
samples were taken per day, spread over four days, resulting inn = 12
samples per fraction. The planned times for the samples were 8.00 a.m.,
10.00 a.m., and 12.00 noon. The samples for each time point were taken
quickly one after the other and in the same order, such that the influ-
encing factors for each time point are as constant as possible across all
samples. Plant operation was to be influenced as little as possible by the
sampling, which is why it was not always possible to adhere to the times.
If there were time shifts, care was taken to maintain a time interval of
about two hours between the individual samplings. Samples were taken
on 10/29/2021, 11/02/2021, 11/18/2021, and 11/19/2021.

3.2. Manual sorting analysis

3.2.1. First sorting stage

In the first sorting stage, the samples were sorted manually by ma-
terial type. For this purpose, a sorting catalog was created, which was
initially orientated towards the product flows of the LWP sorting plant
and supplemented by other fractions (Fig. 2a). The 12 samples per
fraction were sorted and analyzed separately.
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PET tray
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—— PET tray

| » MP hard

Balance sheet frame

Fig. 1. Overview sampling campaign and sorting procedure.

Expanded polystyrene (EPS) was sorted as a separated fraction, as it
is not suitable for recycling due to contamination. The ferrous and non-
ferrous metals were combined into a metals fraction, assuming small
quantities in the product streams of the plastic-type separation. Since
carbon-black plastics (i.e., plastics that contain carbon-black as a col-
oring agent) cannot be detected by the NIR sorters, they were sorted
separately.

The input of the plastic-type separation should ideally contain only
dimensionally stable 3D articles (rigid plastic packages). Therefore,
films were grouped as a separate fraction regardless of the material, and
these were only plastic films. Since aluminum-vaporized plastics can be
easily identified optically and are listed separately in the product spec-
ifications of Duales System Deutschland GmbH (DSD), they were sorted
as a separate fraction, for example, the product specification of the
sorting fraction polypropylene plus (Der Griine Punkt - Duales System
Deutschland GmbH, 2018a).

In addition, agglomerates and compounds were each defined as a
separate fraction. Here, a distinction was made between agglomerates
and compounds that were the same value as the recyclable material and
those that were not. In the context of this paper, compounds are defined
as different materials that were combined in the packaging design and
were not separated by the consumer before disposal, such as plastic cups
with paper wrapping. Foreign materials up to approx. 10 wt % were
ignored and not classified as compounds. For example, bottles including
lids, sleeves, or labels were considered bottles and not compounds.

Furthermore, trays including plastic film and, for example, yogurt
cups with plastic sleeves were not classified as compounds, as the sleeves
are plastic, and the films have a low mass proportion. Compounds of the
same value are, for example, PS yogurt pots with a paper wrapping, if
these were sorted into the PS product. If these were sorted into the PP
product, for example, they would be compounds of different values

because they do not contain any PP.

If two or more different materials or products were agglomerated by
the consumer or during collection in the collection vehicle, they were
counted as agglomerates. Up to approx. 10 wt % of foreign materials were
ignored and not classified as agglomerates. In addition, packaging with
more than approx. 25 vol % residual content was assigned to the ag-
glomerates fraction.

Furthermore, silicone cartridges were sorted separately. According
to the product specification of DSD of the PE sorting fraction, these must
not be contained in the sorted product because they contain residues of
silicone, which contaminate the material flow (Der Griine Punkt —
Duales System Deutschland GmbH et al., 2018b; Institut cyclos-HTP
GmbH, 2021).

During the sorting of the first sorting stage, it was found that black
plastics not colored with carbon black could be identified by the NIR
sorters, hereinafter referred to as non-carbon black plastics (Ampacet
Corporation, 2022; Henkel AG & Co. KGaA, 2019; Lifocolor Farben
GmbH and Co et al., 2021). These were therefore assigned to the cor-
responding plastic type so that the carbon black plastics fraction
(Fig. 2a) only includes those that cannot be identified by the NIR sorters.

3.2.2. Second sorting stage

As shown in Fig. 2b-e, a multistage sorting catalog was developed for
the second sorting stage, in which PP, HD-PE, and PET bottle fractions of
the first sorting stage were sorted in more detail. Both the correctly and
incorrectly sorted items were analyzed. The sorting products of the 12
samples from the first sorting stage were mixed and analyzed together
for each sorting fraction due to the low total mass of the corresponding
subfractions (cf. Fig. 2e).

First, a distinction was made between packaging and non-packaging
(Fig. 2b). Second, a distinction was made between food and non-food
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Fig. 2. Developed multi-stage sorting catalogue.
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(Fig. 2¢). Third, non-packaging was divided into the categories dimen-
sionally stable and soft (Fig. 2e). No distinction was made here between
food and non-food.

For food packaging, a distinction was made between bottles, trays,
other packaging, and coffee capsules’ (Fig. 2d). Non-food packaging
includes bottles, other packaging, and plant pots. The bottles were
subdivided into full sleeve, partial sleeve, glued label, and without
label/sleeve (Fig. 2e). Furthermore, the product types loose 2D lids,
loose 3D lids, non-carbon black plastics and tubes were introduced in the
packaging sector (Fig. 2d). In these fractions, assuming low mass pro-
portions and since it can be difficult to distinguish between loose food
and non-food lids, for example, food and non-food packaging were
sorted together.

Bottles with a sleeve content greater than approx. 80 % by area (a %)
were classified as full-sleeve bottles. If the sleeve content was between
approx. 5 a % and 80 a %, these were sorted as partial sleeve bottles.
Bottles with a glued-on plastic or paper label were assigned to the
product type bottle with a glued label. If the label or sleeve content was
smaller than approx. 5 a %, the label or sleeve was neglected, and the
bottle was assigned to the product type bottle without label/sleeve. Lids
that were attached to the bottles were ignored in all cases.

Other packaging is all packaging that cannot be assigned to any of
the other product types, for example, cups, trays, or buckets. Only loose
lids are to be assigned to the fraction lids. Lids that were attached to
bottles, bowls, or cans were ignored. Loose 2D lids are flat lids that have
almost a 2D shape (see Fig. S1 in Supplementary Materials). Tubes were
defined as tubes with a welded seam at the end of the tube. Products that
are not LWP, such as toys or lunch boxes, are misdirected into the LWP
waste and were therefore sorted separately as non-packaging.

If individual items or fragments of products could not be reliably
assigned to the food or non-food category, they were declared as non-
food. Items that could not be reliably identified as packaging were
assigned to the non-packaging fraction. An overview of the sampling
stages is shown in Fig. 2.

3.2.3. Mass balance and assessment

Based on the mass balance of the sorting plant, an average LWP input
composition was determined for the sampling period. Using this
composition and the results of the sorting analyses, an average compo-
sition for the input of the plastic-type separation was calculated. Based
on this calculation, 15.9 wt % of the plant input is fed into the plastic-
type separation. Assuming an annual input of 118,000 Mg/a into the
sorting plant, this corresponds to 18,762 Mg/a input into the plastic-
type separation. The determined composition serves as the basis for
further calculations. The results of the sorting analyses were extrapo-
lated to an annual input of 18,762 Mg/a into the plastic-type separation.
The plastic type separation is used as the balance sheet framework for
the calculation and the following results.

In the following, the composition of the input of the plastic-type
separation as well as the composition of PP, HD-PE, and PET bottle by
product type is presented. In addition, the yield (Y; share of correctly
sorted articles) of the materials in the input of the plastic-type separation
(see Eq. (1)) and the different product types per plastic grade are
described. The yield is calculated based on the ratio of the mass flow of
valuable materials contained in the target fraction (m; rarget fraction )
compared to the total amount of the respective valuable materials in the
inpl'It of the PlaStiC-t}’Pe SeParation (mvaluables, input plastic type separation ).

M, target fraction
Y, = - @

Myaluables, input plastic type separation

2 Although coffee capsules that are not completely empty are (in Germany)
legally classified as non-packaging, they are described and evaluated in this
paper in the same way as other packaging, as a high proportion of them must be
sorted accordingly.
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4. Results and discussion
4.1. Composition of material and packaging types

4.1.1. Composition input plastic-type separation

Based on the results of the sorting analysis of the first sorting stage,
an average composition for the input of the plastic-type separation was
determined (Fig. 3). Table S2 shows the results in more detail by dis-
playing the confidence intervals using the 2.5 % percentile and the 97.5
% percentile.

With about 27.5 wt %, PP is the most common fraction, followed by
PET bottles with about 17.3 wt %. HD-PE is represented with about
12.0 wt % and PET tray with about 11.8 wt %. Together with about
3.7 wt % PS, the pure plastic types account for a mass share of 72.3 wt %
of the input in the plastic-type separation. Agglomerates of equal value
are included with approx. 7.8 wt % and compounds of equal value with
approx. 2.6 wt %. In addition, 1.7 wt% other plastics, 0.5 wt % EPS, and
0.4 wt % silicone cartridges are included.

Foreign materials that would ideally not enter the plastic-type sep-
aration, such as PPC, BC, metals, others (residues), carbon black plastics,
film, aluminum-vaporized plastics, compounds of different values, and
agglomerates of different values, make up a mass fraction of about
14.7 wt %, of which 9.7 wt % are films. If only the non-plastics PPC, BC,
metals, others (residues), compounds of different values, and agglom-
erates of different values as well as the carbon black plastics are
considered, they account for a mass share of about 3.7 wt %.

4.1.2. Composition of PP articles

Table 1 shows the composition of PP articles contained in the input of
the plastic-type separation, classified by product type. With 51.1 wt %,
more than half of the PP is allocated to the food category, compared to
25.9 wt % of non-food items. 23.0 wt % are allocated to the mixed
category food and non-food.

The main application of PP in the packaging sector is other pack-
aging, such as cups, trays, buckets, and cans. It includes 36.3 wt % other
packaging food and 13.7 wt % other packaging non-food. This results in
a total of 49.9 wt % of PP being other packaging. The third largest
fraction of PP articles are trays with 12.8 wt %.

Only 9.9 wt % of the PP articles are bottles. Non-food bottles are
represented with 8.2 wt %. At 7.3 wt % bottles with glued labels non-
food, such as shampoo and detergent bottles, make up the largest
share of PP bottles.

Plant pots (4.1 wt %) and plastic coffee capsules (0.3 wt %) are
predominantly made of PP. Furthermore, lids are often made of PP.
There are 7.8 wt % loose 2D lids and 1.9 wt % loose 3D lids included in
the PP fraction. 11.7 wt % of the PP are non-packaging dimensionally
stable.

4.1.3. Composition of HD-PE articles

In total, 69.0 wt % of the HD-PE articles are allocated to the category
non-food, 18.1 wt % are allocated to the mixed category food and non-
food, and only 12.9 wt % are allocated to the category food. 68.5 wt % of
the HD-PE are bottles. Most of the bottles are bottles with a glued label
(49.4 wt %). 9.0 wt % are bottles without a label/sleeve, 8.3 wt % are
bottles with a full-sleeve and only 1.9 wt % are bottles with a partial
sleeve.

The main area of application for HD-PE in the packaging sector is
bottles with a glued label non-food (42.9 wt %), such as bottles for
personal care products, detergents, and cleaning agents. The second
largest product type is other packaging non-food with 13.2 wt %, which
are mainly canisters. In addition, 8.7 wt % are non-packaging dimen-
sionally stable. The products bottle with glued label food, bottle full
sleeve non-food, bottle without label/sleeve non-food and tubes food &
non-food are each represented with between 5.5 wt % and 6.5 wt %. The
composition of HD-PE by product type is shown in Table 1.
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Fig. 3. Composition of the input of the plastic type separation in weight percent [wt %].

Table 1
Composition of PP, HD-PE, and PET bottle fractions [wt %].

Product type / Product material PP HD-PE PET bottle
Bottle full-sleeve food 05% 21% 11.7%
Bottle partial sleeve food - 1.3% 252%
Bottle glued label food 05% 65% 11.1%
Bottle without label/sleeve food 07% 28% 95%
Bottle full sleeve non-food 02% 61% 40%
Bottle partial sleeve non-food 01% 06% 84%
Bottle glued label non-food 73% 429% 23.6%
Bottle without label/sleeve non-food 05% 62% 24%
Tray food 128% - -
Other packaging food 36.3% 02% 26%
Coffee capsule food 03% - -
Loose 2D lid food & non-food 78% 04% -
Loose 3D lid food & non-food 19% 05% -
Non-carbon black plastics food & non-food 03% 1.7% 03%
Tube food & non-food 01% 55% -

Other packaging non-food 13.7% 13.2% 0.9%
Plant pot non-food 41% - -
Non-packaging dimensionally stable food & non-food 11.7% 8.7 % 0.4 %
Non-packaging soft food & non-food 12% 13% -

4.1.4. Composition of PET bottle articles

60.0 wt % of the PET bottle fraction was assigned to the food cate-
gory and 39.3 wt % to the non-food category. 0.3 wt % are non-carbon
black PET bottles food & non-food. In addition, 0.4 wt % are non-
packaging dimensionally stable, such as reusable beverage bottles. It
should be noted that there is a deposit return system for PET beverage
bottles in Germany. The PET bottles contained in the LWP are therefore
PET bottles for other applications such as ketchup or cleaning agents.

The PET bottles contain a total of 95.8 wt % packaging bottles. At
34.7 wt %, most PET bottles have a glued label, followed by 33.5 wt %
bottles with a partial sleeve. Only 15.7 wt % are bottles with a full-
sleeve. At 11.9 wt %, the fewest bottles are without a label/sleeve.
The composition of PET bottles by product type is shown in Table 1.

4.1.5. Comparison of the composition of PP, HD-PE, and PET bottle

When comparing the three materials PP, HD-PE, and PET bottle, it is
observed that PP (51.1 wt %) and PET bottle (60.0 wt %) are predom-
inantly used in the food sector. HD-PE (69.0 wt %), on the other hand, is
mainly used in the non-food sector. PP is used by 49.9 wt % for other
packaging and only 9.9 wt % for bottles. In contrast, 68.5 wt % of HD-PE
is used to produce bottles, and 13.4 wt % for other packaging.

4.2. Sortability with SBS

4.2.1. Yield of materials that enter the plastic-type separation

Table 2 summarizes the results of the first sorting stage as a confusion
matrix using mean values. Table S3 shows the results in more detail by
displaying the deviations using the 2.5 % percentile and the 97.5 %
percentile.

PP has the highest yield, with 94.4 wt %. With 89.2 wt %, the second-
highest yield is for PS, followed by PET tray with 85.5 wt % and HD-PE
with 83.1 wt %. With 73.6 wt % yield, the sorting result for PET bottle is
poor.> Other plastics are correctly sorted at 64.4 wt %. The plastic types
PP, HD-PE, PET-bottle, and PS are sorted into the MP hard with between
4.9 wt % and 14.8 wt % yield.

The different yields of the plastic types are most likely caused by a
combination of operational influences (e.g., material flow composition
and occupation density per SBS unit [Kroell et al., 2024]) and
material-specific product designs. Regarding the influence of
material-specific packaging designs, it can be noted that PP articles are
rarely combined with other materials and are frequently printed. Simi-
larly, despite paper wrappings (which are assigned to the category of
composites of equal value), PS articles are rarely combined with other
materials, which could thus explain the high yield of PP and PS.

3 In the context of this paper, sorting results are described as follows: > 95 %:
“very good”; 95 % - 90 %: “good”; 75% — 50 %: “poorly”; < 50 %: “very
poorly”.



M. Jakobs and N. Kroell

Resources, Conservation & Recycling 207 (2024) 107599

Table 3
Yield of different product types [wt %].

Table 2
Yield of materials that enter the plastic-type separation [wt %].

Product type / Output PP HD-PE  PET PS PET MP

fraction bottle tray hard

PP 94.4% 0.2% 0.2% 0.1 % 02% 49%

HD-PE 0.6 % 83.1% 01% 0.3% 12% 148%

PET bottle 3.5% 0.1 % 73.6% 0.7% 80% 141%

PS 1.2% 0.2 % 0.7 % 89.2% 0.4% 83%

PET tray 1.7 % 0.2 % 9.8 % 0.9 % 85.5% 1.9%

Other plastics 5.0 % 152% 94 % 31% 29% 64.4%

EPS 1.4 % 0.5 % 5.2% 4.3 % 1.3% 87.3%

PPC 125% 0.5% 26.1% 0.6% 57% 54.6%

BC 0.0 % 0.7 % 0.4 % 0.2% 10.3% 88.4%

Metals 305% 1.1% 105% 1.4% 0.3% 56.3%

Others (residues) 255% 0.5% 21.5% 1.0% 15.7 % 35.8%

Carbon black plastics 8.8 % 1.7 % 7.0 % 0.2 % 50% 77.3%

Film 25.4% 6.7% 0.5 % 1.9% 33% 621%

Aluminum-vaporized 512% 0.3% 3.2% 0.7 % 6.3% 382%
plastics

Agglomerates of equal  31.3% 0.4 % 0.9 % 4.8 % 26.2% 36.5%
value

Compounds of equal 37.6% 26% 0.0 % 9.8 % 289% 21.2%
value

Compounds of different 12.6 % 4.7 % 702% 1.5% 78% 33%
value

Silicone cartridges 0.0 % 67.7% 0.0% 0.0 % 00% 323%

Agglomerates of 6.1 % 6.6 % 66.4% 3.4% 17.5% 0.0 %

different value

In contrast, HD-PE or PET bottles are often combined with sleeves or
labels made from different materials, which can make the SBS classifi-
cation more difficult and thus explain the lower yields. Additionally, the
German LWP contains HD-PE bottles with a metallic gloss that results in
an unspecific NIR reflection. Therefore, HD-PE bottles with a metallic
gloss are therefore difficult to be correctly classified and sorted (Fig. S8).
Further, it should be noted that no distinction is made between opaque
and clear PET bottles in the manual sorting process. As opaque PET
bottles without full sleeves are to be sorted into the MP hard by the NIR
sorters, this leads to a deterioration in the yield shown for PET bottles.

All other materials contained in the input of the plastic-type sepa-
ration, which cannot be assigned to any of the recoverable plastic types
PP, HD-PE, PET bottle, PS, and PET tray are to be sorted into the MP
hard. With more than 77.0 wt % yield into the MP hard, there is a good
sorting result for EPS, BC, metals, and carbon black plastics. Aluminum-
vaporized plastics are sorted into the PP at 51.2 wt % due to aluminum-
vaporized films that are sorted into the PP, as up to 10.0 wt % films may
be contained in the PP product (Der Griine Punkt - Duales System
Deutschland GmbH, 2018a).

Regarding operational influences, it can be seen, for example, that
the false ejections are influenced by the SBS cascade design, i.e., the
order in which the different polymers are to be sorted. For example,
false-ejections of HD-PE in the PP product with 0.6 wt % are three times
more likely than false ejections of PP in the HD-PE product, as PP is
sorted before HD-PE in the investigated SBS cascade (cf. Fig. 1).

4.2.2. Yield of different types of plastic bottles

The first half of Table 3 summarizes the influence of the product
design of different bottles based on the sorting results of the different
bottle categories and materials. Bottles without label/sleeve non-food
have the best yield with an average of 91.5 wt % across all materials.
Bottles with glued label non-food and bottles with partial sleeve food are
correctly sorted at 87.8 wt % and 87.4 wt % yield, respectively. Bottles
with a glued label food and bottles without a label/sleeve food are sorted
at 83.7 wt % and 82.8 wt %. Bottles with partial sleeves non-food are
correctly sorted at an average of 78.7 wt %. The worst sorting result
across all materials is for bottles full sleeve food with 65.9 wt % yield,
followed by bottles full sleeve non-food with 72.1 wt %.

PET bottles partial sleeve non-food are sorted very poorly with only
39.7 wt % correct output. This is most likely due to the large surface area

Product type Product material

PP HD-PE PET bottle Average
Bottle full-sleeve food 80.5% 43.3% 73.9% 65.9 %
Bottle partial sleeve food - 94.8% 80.1 % 87.4 %
Bottle glued label food 100.0% 75.2% 75.9% 83.7 %
Bottle without label/sleeve food 100.0% 64.6% 83.9% 82.8 %
Bottle full sleeve non-food 723% 77.7 % 66.2% 721 %
Bottle partial sleeve non-food 100.0 % 96.3% 39.7 % 78.7 %
Bottle glued label non-food 97.4% 92.6% 73.5% 87.8 %
Bottle without Label/Sleeve non-food 98.1% 93.2% 83.3% 91.5 %
Tray food 98.7% - - 98.7 %
Other packaging food 979 % 629% 745% 78.4 %
Coffee capsule food 68.4% - - 68.4 %
Loose 2D lid food & non-food 99.2% 88.6% - 93.9 %
Loose 3D lid food & non-food 65.1% 61.5% - 63.3 %
Non-carbon black plastics food & non-food 62.6 % 83.1 % 67.5% 71.1 %
Tube food & non-food 82.7% 532% - 67.9 %
Other packaging non-food 956 % 784% 43.1% 72.4 %
Plant pot non-food 87.8% - - 87.8 %
Non-packaging dimensionally 80.1% 80.4% 100.0%  86.8%
stable food & non-food
Non-packaging soft food & non-food 983% 553% - 76.8 %

of the sleeves of fabric softener bottles and poor detection of areas where
the sleeve is loose (see Fig. S2). If the sleeve does not fit tightly, the
sleeve is detected first and foremost, and the bottle can hardly or not at
all be detected. On the other hand, partial sleeve food bottles often have
a smaller sleeve so that the bottles can be detected better. This is re-
flected in the yield of 80.1 wt % yield of PET bottles partial sleeve food.
In addition, the PET bottle partial sleeve non-food category contains
shiny fabric softener bottles that are to be sorted into the MP hard
category. These were not recorded separately in the second sorting stage
and can therefore not be deducted from the results.

Furthermore, HD-PE bottles full sleeve food are sorted very poorly
with only 43.3 wt % yield. This is due to bottles of the “Fresubin” brand,
which are similar designed to the bottles of the “Viss” brand, which are
bottles full sleeve non-food (see Fig. S3 and Fig. S4). These bottles have a
PET sleeve such that the NIR sorters need to assign a mixed spectrum of
HD-PE bottle and PET sleeve correctly (Chen et al., 2023a). The yield of
64.6 wt % for HD-PE bottles without label/sleeve food is due to
mayonnaise bottles of the “Luvat” brand (see Fig. S5). Those bottles
often still contain residual contents, which can influence the NIR spec-
trum so much that the bottle is no longer detected correctly. In addition,
residual contents lead to a higher weight of the bottles, so the com-
pressed air blast may be too weak to eject the bottle over the separating
apex in the case of high residual contents.

The best sorting result is 100.0 wt % correct output for PP bottles
with glued label food, PP bottles without label/sleeve food, and PP
bottles with partial sleeve non-food. It must be considered that the re-
sults are based on the materials contained in the samples and that false
outputs can occur with an infinitely large sample quantity. Partial sleeve
food bottles were not included in the samples of the PP sorting product.

Irrespective of whether the bottles are food or non-food, a mean
value calculation shows that 87.2 wt % of bottles without label/sleeve
are correctly sorted out, followed by bottles with a glued label (85.8 wt
%), bottles with partial sleeves (82.2 wt %) and full sleeve bottles (69.0
wt %). When comparing bottles with labels or sleeves to bottles without
labels/sleeves, it becomes clear that bottles without labels/sleeves result
in the highest yield. In relation to bottles without labels/sleeves, bottles
with full sleeves are sorted about 20.9 % worse, bottles with partial
sleeves are sorted about 5.7 % worse, and bottles with glued labels are
sorted 1.6 % worse. In summary, the analysis of various bottles shows
that the smaller and tighter the sleeve, the better the bottle recognition.

4.2.3. Yield of other product types per plastic type
The yields of all other product types distinguished in the second
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sorting stage are compared in the second half of Table 3. Trays, coffee
capsules, and plant pots contained in the samples were exclusively made
of PP. It should be noted that these products can also be made from other
materials, such as PE or PS. With 98.7 wt % yield, the sorting result for
trays is very good. Coffee capsules are correctly sorted by 68.4 wt %. The
reason for this is that the back of the coffee capsules is better detected
compared to the front (see Fig. S6). The coffee capsules usually have a
foil-like lid made of aluminum or plastic. Because of the distance be-
tween the foil and the capsule, the NIR radiation is not sufficient to reach
the PP capsule and recognize it. The proportion of false rejects is
therefore due to the position of the coffee capsules on the conveyor belt.
In addition, similar to round lids, they can perform relative movements
on the conveyor belt if they hit the belt borders.

In the area of other packaging, clear differences can be seen in the
yield. Other packaging made of PP is sorted very good at 97.9 wt %
(food) and 95.6 wt % (non-food). In contrast, only 74.5 wt % (food) and
43.1 wt % (non-food) of other PET packaging is correctly sorted. It is
important to note that other packaging made of PET is contained in LWP
in a significantly lower amount compared to PP (cf. Table 1). Therefore,
individual packages design of other packaging in PET have a stronger
influence on the overall yield of other packaging compared to PP.

Further, loose 2D lids are sorted better with an average of 93.9 wt %
yield than loose 3D lids, which are correctly sorted at an average of 63.3
wt % yield. As a result, loose 3D lids are sorted about 32.6 % worse than
loose 2D lids. The cause of this is probably due to a relative movement of
the loose 3D lids on the conveyor belt. The loose 3D lids are predomi-
nantly round lids, which can perform a relative movement depending on
their position on the conveyor belt. The loose HD-PE 2D lids are also
often round. In contrast, the loose PP 2D lids contain round lids as well
as square or oval lids, which are very flat and can therefore perform
fewer relative movements on the conveyor belt. The different shapes of
PP and HD-PE 2D lids could lead to loose PP 2D lids having a higher
yield. It can be assumed that some of the loose lids contained in the plant
input are already sorted out before entering the plastic-type separation.
Since some of the loose lids are small, they can be screened into the fine
material (see Section 2.1). In addition, it can be assumed that especially
loose round 3D lids are incorrectly ejected at the plastic NIR sorter due
to relative movement on the conveyor belt and are not fed to the plastic
type separation.

On average, only 71.1 wt % of non-carbon black plastics are correctly
sorted. This shows that some dark materials, even if they are colored
without carbon black, are still poorly sorted. Further, the yield differs
between different polymers due to polymer-specific product designs. For
example, non-carbon black PP and PET are sorted correctly to 62.6 wt %
and 67.5 wt % correct, respectively. In contrast, non-carbon black HD-
PE is sorted with 83.1 wt % yield, which could be caused by non-
carbon black HD-PE detergent bottles of the “Perwoll” brand, which
can be sorted very well (see Fig. S7).

PP tubes are sorted with 82.7 wt % yield. It must be considered here
that PP tubes were included in the samples in very small numbers and
the results are associated with a statistical uncertainty. HD-PE tubes are
sorted at 53.2 wt % yield. This sorting result is because tubes can be
made from HD-PE and LD-PE. Since the HD-PE sorter should only sort
out HD-PE and differentiation between HD-PE and LD-PE is complex,
this often results in false rejects.

In the area of non-packaging, clear differences can be seen in the
yield. Non-packaging dimensionally stable made of PP and HD-PE show
similar yield with 80.1 wt % and 80.4 wt % yield. In contrast, 100.0 wt %
of non-packaging dimensionally stable made of PET is correctly sorted.
It must be considered that the result is based on the products contained
in the samples and that false ejections can occur with an infinitely large
number of products. 98.3 wt % of non-packaging soft made of PP is
correctly sorted, whereas only 55.3 wt % made of HD-PE is correctly
sorted. Since the fractions of non-packaging can contain a large variety
of products, it is often (currently) not possible to include NIR reference
spectra of all products into the NIR classifiers to avoid these false rejects
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completely.

4.3. Validation of the minimum standard for packaging design

Based on the results from Sections 4.1 and 4.2, guidelines for a
sorting and/or recycling-friendly packaging design such as the mini-
mum standard for packaging design (Stiftung Zentrale Stelle Verpack-
ungsregister, 2023) can be compared with our results on the real-world
sortability of post-consumer plastic packaging in the plastic type sepa-
ration in LWP sorting plants (RQ 3).

4.3.1. Sleeves and labels

The minimum standard for packaging design states that applying
labels with foreign material over a large area (> 50 a %) or full-sleeve
labeling can have a negative impact on the sensor-based sortability
and therefore requires a case-by-case assessment (Stiftung Zentrale
Stelle Verpackungsregister, 2023). Our findings confirm this statement
under real-world sorting plant conditions, as we have shown that the
correct sorting of plastic decreases with increasing sleeve area from 87.2
wt % for unlabeled/-sleeved bottles to 69.0 wt % for full-sleeved bottles
(Section 4.2.2). As discussed in Section 4.1 (Table 1), about 87 wt %" of
all plastic bottles contain labels or sleeves and between 7 wt % (PP) to 16
wt % (PET) of all plastic bottles are full-sleeved. Thus, a significant room
for improved sortability is given around sleeved bottle designs.

Based on our results, if sleeve are used, it is recommended that they
should cover as small of an area of the bottle as possible and should be
applied as close-fitting as possible. Further, sleeves should be designed
in such a way that the NIR sensors can detect the bottle below the sleeve,
i.e., the sleeve should neither be black on the inside nor aluminum-
vaporized (cf. Chen et al., 2023a). From a sorting perspective, ideally,
the sleeve should be made of the same material as the bottle, however,
different requirements might exist from a recycling perspective.

4.3.2. Composites

The minimum standard for packaging design states that packages
made of different polymer types on the front and back side of the
packaging require a case-by-case assessment (Stiftung Zentrale Stelle
Verpackungsregister, 2023). This corresponds with our findings, as we
have shown that composites result in significantly lower yields (Section
4.2.1). For example, it was shown that only 68.4 wt % of coffee capsules
are sorted correctly due to different materials on the front and back side
of the packaging (cf. Section 4.2.3).

Based on our results, it is therefore recommended, to avoid com-
posites or to design them in such a way that the individual components
are automatically separated from each other when the product is used. If
this is not possible, the individual components should be easily detached
from each other. Composites should bear a notice for the consumer that
the components should be separated from each other and disposed of
separately into the corresponding waste stream.

4.3.3. Color

The minimum standard for packaging design states that coloring
using carbon-black pigments and metal pigments (> 50 a %) require a
case-by-case assessment (Stiftung Zentrale Stelle Verpackungsregister,
2023). While carbon-black polymers cannot be sorted by plastic type
using NIR spectroscopy (cf. Section 2.2.2) and thus already lead to
material losses before the plastic type separation in the investigated LWP
sorting plant (cf. Sections 2.1 and 3.1), our study validates the influence
of color on the real-world sensor-based sortability. First, it was shown
that glossy and highly reflective colors (e.g., induced by metal pigments)
results in a non-specific reflection of the NIR radiation and lead to false
ejections. Second, it was shown that besides carbon black, dark colors

4 Macro-average over the material classes PP, HD-PE, and PET bottle (cf.
Table 1)
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should be avoided in general as it was shown that non-carbon black
plastics are sorted correctly at only 71.1 wt % and thus worse than other
colors (cf. Section 4.2.3). Furthermore, to enable high-quality recycling,
products should be produced that are as transparent as possible; this is
particularly important in PET bottle recycling. The focus of PET bottle
recycling is currently on transparent bottles, so there are no recycling
options for opaque PET bottles (Institut cyclos-HTP GmbH, 2021;
Pitschke and Kreibe, 2020).

4.3.4. Shape

An additional aspect that has become apparent in our investigations
is the packaging shape. It was shown that rolling packaging (i.e.,
packaging that tends to roll on fast-moving acceleration belt due to their,
e.g., round or cylindrical geometry) results in considerably lower yields
compared to less rolling packaging due to relative movements on the
acceleration belt of SBS units. For example, a comparison between 2D
and 3D shaped lids (Section 4.2.3) showed that round 3D lids are sorted
about 32.6 wt % worse than loose flat 2D lids. Therefore, it could be
important to consider also the packaging shape in the sortability
assessment.

4.4. Estimate for improvement potentials

To estimate what additional potential of recyclable materials could
result from better sortable plastic packaging designs (RQ 4), we
extrapolated our results to the 2.92 million Mg/a of LWP in total in
Germany (cf. Section 1.1). Here, the simplified assumption was made
that the results of this investigation can be transferred to all other 38
LWP sorting plants in Germany to give a first estimate on the improve-
ment potential despite the limited data availability (cf. Section 1.2).
Further, these potentials only address the plastic-type separation and
valuable plastics mis-sorted into other product fractions such as BC or
PPC or the sorting residues are not considered. Regarding plastic type
separation, these estimates represent a theoretical maximum due to the
inherently technically limited efficiency of SBS units (cf. Kroell et al.,
2024). Composites and agglomerates of equal value as well as carbon
black plastics and films are not included in this estimation.

The results of the extrapolation show that, under the above as-
sumptions, about 48,300 Mg/a5 (95 % confidence interval [CI]: 25,900
Mg/a — 78,500 Mg/a) of valuable 3D plastics, such as PP, HD-PE, PET
bottles, PS, and PET trays, are estimated to be incorrectly sorted annu-
ally in Germany. About 28,800 Mg/a (95 % CI: 20,100 Mg/a — 44,100
Mg/a) of these plastics are estimated to be sorted into the MP hard
(mixed plastics) and are estimated to be (currently) fully sent for energy
recovery instead of recycling. The remaining about 19,500 Mg/a (95 %
CI: 5,800 Mg/a — 34,400 Mg/a) of valuable plastics are estimated to be
mis-sorted into other plastic fractions. Depending on the downstream
recycling process, these can be partially recovered. A total of about
287,000 Mg/a (95 % CI: 271,300 Mg/a — 301,300 Mg/a) of the above
plastics are estimated to be correctly sorted in LWP plastic type sepa-
rations. Through better sorting results in the plastic type separation
alone, the amount of the above plastics could be theoretically increased
by about 16.8 % to 335,300 Mg/a (95 % CI: 297,200 Mg/a — 379,800
Mg/a) pure 3D plastics PP, HD-PE, PET bottle, PS, and PET tray, when
not considering material losses prior to the plastic type separation.

5. Conclusions

Since LWP represents the largest post-consumer plastic waste mate-
rial flow, the correct sorting in LWP sorting plants is crucial for the
overall material circulation. Packaging design and the applied sorting

5 Results in Section 4.4 are rounded to multiples of 100 Mg/a to reflect the
high uncertainty of the extrapolation due to the extrapolation from one LWP
sorting plant to all LWP sorting plants in Germany.
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technology influence the correct sorting strongly. As current assess-
ments often focus only on a theoretical assessment of the recyclability of
individual plastic packaging, this publication aimed to quantify the real-
world sortability of post-consumer plastic packaging in LWP sorting
plants. Furthermore, the proportions of PP, HD-PE, and PET bottles by
packaging type are analyzed. Therefore, the sensor-based plastic-type
separation at the LWP sorting plant in Erftstadt was investigated based
on a manual sorting analysis. The sorting analysis can be divided into
two main sorting steps: (1) sorting by materials and (2) sorting by
product type and design.

The three most common polymers in the input of the plastic-type
separation are PP (27.5 wt %), PET bottle (17.3 wt %), and HD-PE
(12.0 wt %). PP contains 51.1 wt % food packaging. Most PP pack-
aging can be assigned to the category of other packaging (49.9 wt %),
such as cups and buckets. HD-PE contains 31.0 wt % food packaging.
Most HD-PE packages are bottles (68.5 wt %), of which most bottles are
bottles with glued labels (72.0 wt %). PET bottle contains 60.0 wt % food
packaging. Most PET bottles contain glued labels (34.7 wt %) or partial
sleeves (33.5 wt %). Only 11.9 wt % of PET bottles are bottles without
labels/sleeves. [RQ1]

In terms of the valuable polymer fractions sorted out in the plastic-
type separation, PP (94.4 wt %) showed the highest yield, followed by
PS (89.2 wt %), PET tray (85.5 wt %), HD-PE (83.1 wt %), and PET
bottles (73.6 wt %). Across all investigated polymers, the yield
decreased with increasing sleeve or label coverage. For example,
average yields decreased by 20.9 % when comparing plastic bottles
without labels/sleeves (87.2 wt %) with full-sleeved plastic bottles (69.0
wt %).

Further, composite materials are sorted more poorly than pure ma-
terials. This is clearly illustrated by the example of coffee capsules (68.4
wt % yield). The back of the coffee capsules, which is often made of PP,
can be detected well, whereas the front, which is often made of
aluminum or plastic film and is contaminated with coffee residues, is
poorly detected.

In addition, the sorting results were also influenced by the packaging
color and shape. Non-carbon black bottles were correctly sorted by only
71.1 wt %. Rolling material results in relative movement on the SBS
acceleration belt and thus decreased yield. For example, the yield was
reduced by 32.6 %, when comparing non-rolling loose 2D lids (93.9 wt
%) with rolling loose 3D lids (63.3 wt %). [RQ2]

Many of the sorting errors could be attributed to packaging design
that was, SBS’s point of view, not optimal. A comparison with specifi-
cations for sorting and/or recycling-friendly packaging design, such as
the minimum standard for packaging design (Stiftung Zentrale Stelle
Verpackungsregister, 2023), showed that the influence of sleeves and
labels, material composites and colors are considered in the specifica-
tions. However, the packaging shape has so far received less consider-
ation and based on our results, should also be included in the future as an
additional criterion for assessing the (sensor-based) sortability. [RQ 3]

Assuming that the results can be extrapolated to Germany, we have
shown that optimal sorting results at the sensor-based plastic separation
level alone could lead to up to 48,300 Mg/a (95 % CI: 25,900 Mg/a —
78,500 Mg/a) of additionally recovered pure plastics. This theoretical
potential results from up to 28,800 Mg/a (95 % CIL: 20,100 Mg/a —
44,100 Mg/a) of valuable plastics, such as PP, HD-PE, PET bottles, PET
trays and PS, which are currently mis-sorted into the MP hard fraction
and 19,500 Mg/a (95 % CI: 5800 Mg/a — 34,400 Mg/a) of valuable
plastics that are mis-sorted into other plastic sorting product streams (e.
g., PP packaging in HD-PE pre-concentrates). [RQ 4]

In future research, our investigations should be extended to the full
LWP sorting plant, such that, e.g., false ejection into the sorting residues
or false ejection of other materials, such as PPC or BC in the pre-
conditioning stage could be considered. Furthermore, it is vital to
compare our results with other LWP sorting plants due to the influence
of, e.g., different sorting equipment, process designs, and input mate-
rials. Furthermore, it could be analyzed how the sorting results are
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influenced by different SBS settings and how the product design and the
sorting programs of the SBS could be better aligned. Samples could be
analyzed before and after optimizing the sorting programs to determine
to what extent it is sufficient to adjust the sorting program and for which
product types this is not sufficient, and the product design needs to be
adjusted.

Ultimately, our research highlights the potential of an improved
alignment between product design and sorting technology for an
increased real-world sortability of LWP. By ensuring a good real-world
sortability of packaging items through a sorting-friendly packaging
design as well as a further technical development of today’s sorting
technology, more and purer plastic pre-concentrates can be sorted to-
wards the respective recycling path, ultimately resulting in higher
recyclate qualities and quantities and higher environmental benefits
through enhanced primary plastic substitution.
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