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Abstract: In recent years, the development of a circular economy of plastic products in the automotive
industry has been pursued by original equipment manufacturers (OEMs) not only due to strategic
premises by the European Commission but also due to an increasing demand by customers. To achieve
a circular economy, high-quality recyclates are needed. However, in the current situation, there is a
discrepancy between the low-quality recyclate that is available on the market and the high-quality
recyclate that is demanded by manufacturers. To increase the quality of recyclate on the market, a
standardized process to reward a ‘design-for-recycling” approach at the product development stage is
needed. This paper proposes an allocation method that takes into account material compositions and
common recycling processes and incentivizes the preservation of high-quality grades of recyclate
based on grade purity.
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1. Introduction

In recent years, the discussion about the environmental impact of plastic products has
increased sharply. In the automotive industry, as one of the largest plastic consumers, there
is a growing need for action to develop and implement effective material and component
concepts to optimize environmental, social, and governance (ESG) criteria [1,2]. Specifically
for plastic components in automotive engineering, various approaches are used to reduce
environmental effects, including increasing the quality to extend the lifecycle, reducing
energy used in the production stage, using low-emission materials and renewable materials,
and reducing material consumption and weight [3,4].

Currently, the demand to substitute the linear economy with a circular economy is
also being strengthened [5-7]. The European Commission sees considerable advantages in
the circular plastics industry through growth opportunities, the reduction of greenhouse
gas emissions, and lower dependence on imported fossil fuels [8]. To increase circularity in
the automotive industry, quotas for recyclates from end-of-life vehicles are proposed in the
end-of-life vehicles regulation [9].

There are various obstacles to establishing a circular economy for plastic components
in automotive engineering. This includes the low quality of recyclate due to contamination
and degradation of the polymers [10]. In addition, the exact compositions of the plastics are
unknown for many post-consumer recyclates [7,11]. In the current market situation, there
is no general lack in the availability of recycled material, but rather a discrepancy between
the available low-quality recyclate and the demand for limited, high-quality recyclate,
see Figure 1.
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Figure 1. Quality-related availability and demand on the recyclate market.

Another obstacle to a circular economy is the economic perspective. High-quality
recyclates can be even more expensive than primary materials and are subject to greater
uncertainties in the availability and reliability of the material source [10,12]. Multi-material
constructions, which are often used in automotive engineering, require additional dis-
assembly or recycling steps that increase the risk of contamination in the recycled mate-
rial [11,13,14].

In the automotive industry, many components are generally recyclable, but so far the
disassembly process has proven to be uneconomical in practice. In production, several
individual parts of different materials are welded, glued, or riveted together, resulting
in a module. For assembly and repair purposes, the individual modules are fastened
in higher-level assemblies using joints like snap fasteners or screws. A disassembly of
individual modules is therefore possible, but disassembling at the level of a single part is
associated with high effort and is, therefore, uneconomical. For this reason, only 3-4% of
the plastics from end-of-life vehicles are currently recycled [15].

In the recycling process, a tension arises between economic efficiency and quality, as
shown schematically for an interior door panel in Figure 2. Feeding entire components
into a recycling process results in low-quality recyclates, but sorting by type is hardly
feasible [16,17]. However, this process is economically interesting because the effort is
low, and no disassembly takes place. If all individual parts are completely dismantled, the
process is not economical, but an unmixed recyclate could theoretically be obtained.
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Figure 2. Representation of the quality and economic efficiency of a recycled material depending on
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the dismantling carried out.

Further obstacles to the establishment of a circular economy lie in the lack of infrastruc-
ture, which is indispensable for the economical and scalable recycling of plastic components
in the automotive industry [5]. At last, a circular economy requires the need to disclose
material compositions [5,11]. This aspect is usually subject to corporate secrets and, thus, is
in conflict with competitiveness.

In order to eliminate the strain on the recyclates market and to promote a circular
economy, the use of low-quality recyclates and the availability of high-quality recyclates
must be promoted. Economic incentives are needed to increase the recyclability of products
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and to promote the development of recycling infrastructure [18]. The consideration of
recyclability in product development must not be generalized but incentivized depending
on the quality grade of the recyclate. An effective tool for promoting recycling-friendly
product designs is economic incentives by giving CO;-eq credits.

The incentives given for recyclability and the use of recyclates strongly depend on the
allocation method used. Plastic components in the automotive industry lack a definition for
recyclability and, therefore, a standardized method for consideration in a life cycle analysis
(LCA). This paper gives an overview of common allocation methods and the incentives
given for recyclability. Furthermore, requirements to promote a circular economy are
discussed, and an allocation method to standardize the incentive for the recyclability of
plastic components in the automotive industry is proposed. This new allocation method
allows a quality-oriented classification of the recyclability of components in the automotive
industry, which previous allocation methods do not take into account, as they are either
general or tailored to the packaging industry. By linking recyclability and CO;-eq credit,
quality criteria become quantifiable and ultimately assessable in monetary terms.

2. Results
2.1. Overview of Common Allocation Methods

The execution of a LCA is described in DIN EN ISO 14040:2021-02 [19] and DIN EN
ISO 14044:2021-02 [20]. The standards outline the global process for creating a LCA, but
do not refer to different use cases. This means that only a framework is provided, but no
precise regulations for creating a LCA are specified. Depending on the choice of system
boundaries, functional units, databases, or allocation methods, an individual LCA may not
be comparable and may even yield opposite results.

The common allocation methods of cut-off, 50:50, disposal and extraction load, loss-
of-quality, and the regulation by the European Commission for the calculation of environ-
mental footprints (EC-EF) account for the recyclability to varying degrees. For a detailed
description of various allocation methods, please refer to [21-25]. The allocation according
to the cut-off method is exemplified in Figure 3 by color-coding the load distribution, L;, of
a chain of three producers and is calculated according to Equations (1)—(3).

Ll :V+P1 (1)
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Figure 3. Exemplary load distribution among three producers according to the cut-off allocation method.

Producer 1 uses primary material but produces a recyclable product and, therefore,
bears the costs, Lj, resulting from material production, V, and the component production
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process, P;. Producer 2 uses recycled material from process R; and also produces a recy-
clable component, thus has to bear the load, L,, which includes the preceding recycling
process, Ry, as well as the loads of its own production process, P». Producer 3 uses recycled
material from process Ry, but its product is not recyclable. It shall, therefore, bear the
loads, L3, consisting of the preceding recycling process, Ry, the production process, P3, and
disposal of the material, W. The calculations of other common allocation methods for the
given example in Figure 3 are presented in Table 1.

Table 1. Calculation of burden sharing for the chosen example of the production chain shown in
Figure 3 using different allocation methods.

Allocation Method Ly L, Ls
50:50 0.5-V + P, 4+ 0.5-R; + 0.5-W 0.5-Ry 4+ 0.5-Ry + Py 0.5-V + P34+ 0.5-Ry + 0.5-W
Extraction load V4+P+W Ri+ P Ry+ Ps
Disposal load P +Ry Ry + P, V+P+W
Loss-of-Quality PP+AQ(V4+R{+Ry+W) P,+AQ(V+R;+Ry+W) P3+AQ(V+R{+Ry+W)
EC-EF 0.55-V + Py +0.5-R, 0.5-R; +0.5-Ry + Py 045V +05Ry + Py + W

Depending on the allocation method, the use of recycled material and the recyclability
of a product are rewarded differently. If the user of the recyclate bears the burden of the
recycling process, the use of high-quality post-industrial recyclate is more beneficial to the
global warming potential (GWP) than the use of low-quality post-consumer recyclate. This
is due to the more complex and energy-intensive recycling process of post-consumer waste.

In the cut-off approach, the disposal load, the 50:50 method, and EC-EF, the disposal
step is borne entirely or at a general share of 50% by the last producer (Producer 3). An
incentive for recycling-friendly product designs is therefore only reflected by the elimination
of the load of disposal. However, the quality of the recycled material is not relevant.
Producers can, therefore, develop their products in such a way that only the minimum
criteria for the fulfillment of recyclability are met, which leads to low-quality recyclate or
high costs in the recycling process. In the extraction load method, the step of disposal is
already covered by the first producer (Producer 1), so the recyclability of a product does
not bring any benefits. The loss-of-quality method allocates the burden of disposal on a
proportionate basis to all producers according to the quality difference between input and
output material AQ. However, there are no clear guidelines for quantifying the quality.
Another feature of the methodology is the complete division of all recycling cycles. This
can work in a closed circuit, but in an open system, the number of recycling cycles is
unknown. None of the common allocation methods create a viable approach that maintains
the recyclate in the material cycle at a high quality for as long as possible.

The allocation method described in EC-EF takes into account the quality difference
between input and output material [25]. In particular, values defined for the packaging
and construction industry are given depending on the type of material and component. In
contrast to packaging and construction, the components of the automotive industry consist
of complex and diverse material and component assemblies that must first be dismantled.
The quality difference between input and output material, therefore, depends not only on
the material composition but also on the component periphery and the economic efficiency
of the disassembly process. To purposefully promote a circular economy, these factors must
be considered when it comes to the rating of recyclability and the rewarding of credits
ina LCA.

2.2. Requirements for an Allocation Method to Promote a Circular Economy

When developing an allocation method to promote the circular economy for plastic
parts in automotive engineering, the following aspects must be considered:

e provide a clear definition of recyclability;
e  put the responsibility for the recycling process on the producer’s side;
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e  allocate material production and disposal to all parties involved along the production chain;
e  define the quality difference between input and output based on circular capability.

Based on the presented allocation methods, a new allocation method is proposed that
implements these requirements to promote a circular economy for plastic components
in the automotive industry. This allocation method, according to Equation (4), is shown
schematically in Figure 4, where the shift of the load shares depending on AQ); is presented
by arrows.

L= Ri+ (V + W)-AQ; 4)
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Figure 4. Proportionate load distribution among Producers 1, 2, and 3 according to the proposed
allocation method.

The most important criterion for building a circular economy is the recyclability of
products. Criteria for recyclability must be precisely defined enough to ensure a uniform
understanding and a regulated allocation of loads. Recyclability cannot be related solely to
the homogeneity of the products; without the necessary infrastructure, like corresponding
collection stations, sorting facilities, and recycling options, no recycling can take place.
A product can only be classified as recyclable if the corresponding infrastructure and
logistics exist at the time of recovery and at the place of recovery. Based on the definition
of recyclability of packaging, credits for recyclability can only be given if the following
requirements are met at the time of disposal [26,27]:

There is existing infrastructure for collecting and sorting the relevant components;
Recycling incompatibilities are absent;
The material composition of the component is known.

Theoretical recyclability without the presence of an infrastructure is not to be classified
as recyclability.

There are various methods for assigning responsibility for the recycling process. How-
ever, the effort involved in the recycling process depends not only on the demanded quality
of the recyclate but primarily on the material composition and component structure. The
material composition can only be influenced by the previous producer. If the burden of
the recycling process is charged upstream to the producer of the component that needs to
be recycled, energy-efficient processes are beneficial and, thus, easily recyclable material
compositions are incentivized. In the proposed allocation method (Figure 4), the recycling
process (Recycling R;) is therefore assigned upstream to the distributor of a recyclable
product. In this example, this means that Producer 1 (Production P;) bears the load of
recycling process 1 (Recycling R;) and Producer 2 (Production P) bears the load of the
recycling process 2 (Production Ry).

Along the chain of producers 1-3 (Production P;), everyone benefits from the fact
that the material is produced and ultimately disposed of. The re-introduction of recycled
material into the technosphere through appropriate recycling causes proportional damage
to the material and results in a loss in quality. Even the first members of the recycling chain
must be given incentives to keep the material quality at a high level for as long as possible.
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In the proposed allocation method, material production V and disposal W is distributed
proportionately among all producers along the chain. The division is based on the delta of
defined quality criteria, AQ;, that consider the separability of materials.

Two conditions must be met for the recyclability of plastic components in end-of-
life vehicles: improvement of sorting systems to separate complex material compositions
and consideration of existing sorting and recycling technologies in material selection and
component development [15]. If the materials cannot be completely separated, residues
remain in the recyclate, resulting in a deterioration in quality. The incompatibility of
material compounds may be caused by chemical incompatibility or incompatibility of the
processing parameters. In addition to the incompatibility of the material composition, the
loss of properties is also influenced by the aging of the material.

In the analysis of recyclability, grade mixture, separability, and compatibility of input
material composition are crucial. A component consisting of only one material type offers
the highest quality. Separability and compatibility of material types in a component
are important criteria for obtaining high-quality recyclates. In the proposed allocation
method, the load to be borne for material production and disposal is set in proportion
to the difference in quality between the recycled material used and the recyclate made
from the component at the end of the product life. As a result, rewards are given for
providing easily recyclable components. The level of recyclability must, therefore, be
directly considered in the development of components. To achieve a high-quality level
of recyclate, a consideration between economically feasible dismantling and recyclable
material composition must be made.

If the material composition does not suffer any loss in quality due to the component
composition and subsequent recycling and, thus, remains at the same quality level of
homogeneity, a share of 10% is still to be counted to compensate for material aging. Plastic
is not infinitely recyclable and must be disposed of after structural degradation. Due to
an expense of 10%, the segregated material would be ecologically depreciated after nine
recycling cycles and can be removed from the technosphere. This value corresponds to
the factor of 0.9 that is currently required in the EU directive for the remaining quality of
polypropylene components over one recycling cycle [25].

The categorization of the recyclability of plastic components according to quality levels
is shown in Table 2. Quality level 1 here corresponds to the virgin material. Virgin material,
therefore, represents the highest quality level. Quality level 2 describes the segregated
material composition. Unmixed-grade recyclates (e.g., polypropylene (PP)) represent the
highest quality among recyclates. This category also includes commonly used polymer
blends such as polycarbonate/acrylonitrile-butadiene-styrene (PC-ABS) [28]. They have a
modified property profile due to the mixing of two or more types of plastic.

Table 2. Quality levels and credit assignment for categorization of material compounds in recycling.

Quality Level Credit Category Example
1 100% Virgin material -
2 80% Unmixed material PP, PC-ABS
3 60% Separable and compatible materials PC and ABS
4 40% Separable materials with limited compatibility =~ PP and PC-ABS
5 20% Non-separable but compatible materials PP + TPO
6 0% Neither separable nor compatible materials PP + PU + PVC

Separable and compatible material compositions represent quality level 3 and can be
separated into their individual material types. In this case, requirements for the sorting
technology are low because small remains of the other material do not have a negative
effect on the property profile (e.g., PP and ABS). In contrast to quality level 2, the recycled
material produced is not a plastic blend. The individual materials are, therefore, not
chemically matched with each other. However, due to the compatibility of the materials,
contamination does not have a negative impact on the property profile or processability.
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Quality level 4 comprises separable materials mixtures with limited compatibility (e.g.,
PP and PC-ABS). They place high demands on the sorting technology, as there is a risk of
incomplete separation of the materials and a deterioration in the property profile. However,
up to a certain degree of contamination, the recyclates can have high mechanical properties
similar to the primary polymer [15].

Quality level 5 represents non-separable but compatible materials (e.g., bonded PP
and thermoplastic polyolefin (TPO)). While the materials are not separable, they can
be processed together into new products. In the plastic industry, the presence of safe
sources and consistent qualities is essential. Material compositions that are inherently
compatible but not commonly available on the market do not provide a large-volume and
consistent source and can, therefore, usually only be reused in special applications. The
incorporation of such material compositions requires a high adaptation of the formulation
and is, therefore, of little interest.

The final stage, quality level 6, consists of material compositions that are incompatible
and inseparable (e.g., bonded PP with polyurethane (PU) and polyvinylchloride (PVC)).
They have to be used for incineration or for untypical applications.

3. Discussion
3.1. Exemplary Application of the New Allocation Method for Automotive Components

The proposed allocation method is explained in Figure 5, using three scenarios. Three
PP door carriers with 20% glass fibers (GF) are considered. Each carrier weighs 0.7 kg and
is made of virgin material, differing only in the component periphery and, therefore, the
recyclability. In scenario 1, a fully disassembled door carrier made of PP-GF is analyzed. In
scenario 2, the door carrier contains a cover made of PC-ABS that is welded on and cannot
be removed. In scenario 3, the basic door carrier is laminated with a TPO film.

Scenario 1: completely disassembled door carrier made of PP-GF;
Scenario 2: disassembled door carrier made of PP-GF, including a welded-on panel
made of PC-ABS;

e  Scenario 3: completely disassembled door carrier made of PP-GF with a laminated
TPO film.

PC-ABS PP-GF + TPO
D
PP-GF PP-GF
Scenario 1 Scenario 2 Scenario 3

Figure 5. Selected scenarios for the exemplary application of the proposed allocation method.

For better comparability, only the door carrier is considered in the LCA. The panel
and the laminated TPO film are not included in the balance sheet and are only used for
classification into a quality grade. The data used to calculate the LCA are shown in Table 3.

Table 3. Assumed values for the preparation of the LCA [29-32].

Nomenclature Symbol Value
Polypropylene GWPpp 1.63 kg COz-eq/kg
Glass fiber GWPgr 2.42 kg COy-eq/kg
Energy consumption in injection molding Epyj 1.2 kWh/kg
GWP of energy grid mix (green energy) GWPegm 0.0275 kg COz-eq/kWh
Energy consumption in recycling ERec 0.7 kWh/kg
Component mass m 0.7 kg
GWP of incineration GWPry¢ 3.14 kg COy-eq/kg

Energy reduction value ERV 0.6 kWh/(100 kg-100 km)
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The calculation of the LCA is performed based on the Equations (5)—(9). The calculation
of the use phase, U, is adapted for a battery-electric vehicle (BEV) based on the derivation
in [33] for a mileage of 200,000 km.

V= m'GWPpp,Gp = OgmGWPpp + OZTYZGWPG}: (5)
R= m'GWPegm‘ERec (6)

P = m-GWPegu-Eryj (7)

W = TH'GWPInc (8)

ERV

The balance of the incineration does not include energy recovery since the credit
benefit of energy recovery will be drastically reduced due to the substitution of fossil
energy sources for renewable energy sources.

For reference, a non-recyclable door carrier is considered, which has a total GWP of
3.26 kg CO,-eq, including material production V, component manufacturing P, use phase
U and incineration of the PP-content W. The glass fiber content cannot be incinerated. For
material production, component manufacturing, use phase, and incineration, the premises
and the calculations are equal in all scenarios. Only the rewards given for recyclability in
the balance of material production and disposal, i.e., incineration, differ.

In the ideal scenario 1, the door carrier can be completely dismantled and reused as
an unmixed recyclate with AQ; = 0.8, reducing the GWP to 0.87 kg CO,-eq. In scenario 2,
a removable door carrier with an inseparably applied panel made of PC-ABS is considered,
resulting in a classification of quality level 4 with AQ; = 0.4, which increases the GWP by
1.2 kg CO,-eq compared to scenario 1, to a total of 2.07 kg CO;-eq. In scenario 3, the door
carrier can be completely dismantled but is laminated with a TPO film and can therefore be
assigned to quality level 5 with AQ; = 0.2. This results in a GWP of 2.67 kg CO;-eq, which
still leads to an 18% lower GWP compared to the reference component. The detailed results
are shown in Figure 6.

> =326 ‘ ¥ =0.87 ‘ Y =207 ‘ ‘ Y =2.67 ‘
4 B Material Production
~_—0.01 0.01 0.01
3 m Component
1.74 1.74 1.74 1.74 manufacturing

_ 2 Use Phase
o
(j’l 0.2 0.02 0.23 0.02 0.23 0.02 0.23 0.02
© Incineration
E.)D 1.25 1.25 1.25 1.25
)
byl | B Material Production —
) [ —( 25 ]
=z -0.35 Credit for Recyclability
& d

-1 -0.70 Incineration — Credit for

Recyclability
-2 -1.41 B Recycling downstream
-3
Reference Scenario 1 Scenario 2 Scenario 3

Figure 6. LCA for the selected scenarios 1-3 using the proposed allocation method.

3.2. Assumptions and Limitations of the Proposed Allocation Method
We made the following assumptions when developing this allocation method:

e  The market for recyclates remains tense, and OEMs must push for the reuse of their own
plastic components from end-of-life vehicles out of self-interest or due to political demands;
e  Reducing the eco-balance in vehicle production remains a development goal;
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e Incentivizing recycling processes through CO; credits is an efficient method of pro-
moting the use of recyclates in new products;

e  The processing of plastic components into unmixed recyclates represents a major
challenge in the reuse of recyclate from end-of-life vehicles;

e Improving the recyclability of products through the preferential use of chemically
compatible plastic materials leads to the creation of economically interesting high-
quality recyclates;

o Different plastics allow a percentage comparison value to be derived for the quality
loss, which can be incorporated into the allocation method as the quality level of the
material. The recyclability of plastic products can be described meaningfully and
effectively with the help of quality levels and taken into account mathematically by
introducing a percentage quality reduction in LCA;

e  Redistribution of the burden for the recycling process and material disposal down the
production chain ensures increasing product responsibility for the respective producer
and creates additional incentives to use materials and material combinations with
high recyclability;

e The necessary data are generated and made available to the recycler.

When using this allocation method for the life cycle assessment of automotive compo-
nents, its limitations must also be taken into account. Some key points from the authors’
perspective are defined below:

e  Chemical recycling of plastics cannot be balanced with the proposed method;

e  If the required product quality cannot be achieved with chemically or physically
compatible and easily recyclable material combinations and makes the use of material
combinations that are unfavorable for recycling unavoidable, the new allocation
method is ineffective;

e  The proposed method allows quality grading in 20% increments. It is, therefore, not
possible to carry out a more detailed assessment within these quality levels;

o Different degrees of degradation of different types of plastic are not considered. Chem-
ically different plastics such as PP, ABS, PET, or PBT degrade at different rates and in
different ways as a result of recycling and reuse. In order to quantify this fact using the
allocation method, further quality gradations or correction factors must be introduced
depending on the type of material.

4. Conclusions

In contrast to common allocation methods, the new allocation method defines quality
criteria depending on material compositions and component periphery for the automo-
tive industry. The proposed allocation method offers an approach for quality-dependent
incentivization of recyclability and expands the methodology specified by the EU to in-
clude the classification of component groups in quality levels and the greater weighting of
the disposal phase. Since developing cycles in the automotive industry are fairly long, a
market-dependent factor cannot be considered.

If recyclability is already considered during component development, it is not only
possible to reduce the GWP in the long term but also to improve the availability of high-
quality recyclate. Recyclability must not be limited to individual components but must be
considered holistically, considering economic factors and common recycling processes. A
recyclable component that can only be reused due to a very high effort for disassembly
and separation does not represent an economically feasible procedure. If tailored bound-
aries of module groups are already drawn during component development, the actual
recyclability can be increased through efficient and targeted disassembly processes. The
relatively narrow limits of a one-door carrier in the scenarios considered can be extended
to other components of a door panel, such as the door center panel or the beltline. If entire
components are constructed of only a few but easily separable materials, simple recycling
processes, such as density separation, can be used.
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The proposed allocation method can be used for plastic components in automotive
engineering. For this purpose, further investigations must be carried out to describe
the quality categories more precisely. Due to the long development and usage times
of a vehicle, the credit calculated remains theoretical and cannot be calculated on the
basis of real material flows. However, the methodology provides incentives for recycling-
friendly design and can, therefore, influence the establishment of a circular economy in
the automotive industry. For the implementation of the allocation method, a database
is required to define guidelines on material compatibility and separation. A reliable,
consistent, and easily accessible database on the materials used is also essential for reuse in
order to select suitable recycling processes and minimize contamination [34].

The automotive industry has a worldwide aggregated demand for plastics of roughly
30 Mt/year, which accounts for 8% of the total plastic demand [35]. If the necessary
requirements considering the recycling infrastructure and data platforms are met and a
design-for-recycling approach is considered during the development of automotive plastic
components, the strain on the recyclate market can be loosened, which results in saving
fossil resources and drastically reduces the carbon footprint of the plastic industry.
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