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Abstract: Waste Electric and Electronic Equipment (WEEE) is a prominent and increasing waste
stream for which the Commission of the European Union has put in place ambitious recycling targets.
However, these targets can only be achieved by ensuring that both industry and governments develop
adequate infrastructure and policies for recycling plastics in an economically and technically optimal
manner. Unfortunately, a quantitative overview of WEEE plastics covering the composition of waste
streams down to the product component level and describing polymer and additive concentrations,
is currently lacking. This hinders policymakers and recyclers in making strategic decisions regarding
WEEE plastics recycling. Therefore, a novel method is proposed in this paper combining experimental
results with findings from prior literature in order to provide sound quantitative insights into
the volume and characteristics of the plastics content of WEEE collected in the European Union.
The provided overview was obtained through a combination of proprietary experimental data
and a statistical data integration method. More specifically, over 3800 samples awere analysed
through manual composition analysis, FTIR, and XRF. The obtained results were integrated with
data from prior literature through a novel data integration methodology based on linear opinion
pools. The obtained results confirm that distinct plastic types can be found in different product
categories and that flame retardants are only found in high concentrations in specific waste streams
or components thereof. Hence, the presented analysis provides a quantitative substantiation for the
separate collection and treatment of specific waste streams in order to reduce the complexity of the
mix of plastic types and allow for the more cost-efficient and higher quality recycling of plastics.

Keywords: WEEE; e-waste; plastics; recycling; data integration

1. Introduction

Waste Electric and Electronic Equipment (WEEE, or e-waste) is a substantial and
increasing waste flow. An estimated 4.0 million tonnes of WEEE was collected in the Euro-
pean Union (EU), including associated Nordic states and the United Kingdom, in 2018 [1].
The proportion of plastics in WEEE varies by category, with estimates typically in the
15–20% range [2]. With WEEE recycling goals predominant in global policymaking, WEEE
metals and rare-earth elements fractions have received notable academic and industrial
attention. However, the ambitious recycling targets and the non-negligible plastic presence
in WEEE require that plastics recycling is taken into consideration.

Unfortunately, the complexity of the WEEE plastics fraction imposes a challenge for
Material Recovery Facilities (MRFs) [3]. While WEEE metals have large recycling rates,
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most WEEE plastics today are directed to energy recovery [2–4]. WEEE plastics recycling is
further challenged by recently-imposed legislation restricting the presence of hazardous
substances [5–7] in recycled plastics.

Unfortunately, a robust quantitative overview of WEEE plastics covering the composi-
tion of waste streams down to the product component level and describing polymer and
additive concentrations is currently lacking. While results often rely on Eurostat [1], WF-
Reptool [8], or Prosum [9] databases (e.g., [10–12]), these results are based on self-reporting
by EU Member States or recycling facilities, a methodology that lacks transparency, is not
reproducible, and is likely based on estimates rather than empirical evidence. Further-
more, this data collection methodology is not void of conflicts of interest, and the resulting
databases are not publicly available. This data are aggregated to the level of incoherent
large collection categories (e.g., “large equipment” or “small equipment + small IT and
telecommunication equipment”) which are too coarse for the needs of decisionmakers at
the level of the individual product.

The lack of scientific data on a finer level hinders policymakers and recyclers in strate-
gic decision making regarding WEEE plastics recycling. Therefore, a method is proposed
herein to systematically map the most crucial characteristics of the WEEE stream from
a plastics recycling perspective. This paper’s contribution is threefold. First, it provides
a systematic methodology for data collection and plastic waste stream analysis. Second,
it provides a systematic method for integration of (prior) research on waste composi-
tion. Third, it provides the results of large-scale plastic sampling analysis and a complete
quantitative overview of the WEEE plastics (WEEEp) stream in the European Union at
collection through the adoption of the presented analysis and data aggregation methods.
The overview is of direct and practical use for policy makers and recyclers targeting the
increase of recycling rates through better informed management of input streams, as well
as to other industrial value chains aiming to take recyclability into account in best practices
requiring better mapping of complete material streams.

2. Background: Waste Electric and Electronic Equipment Plastics in the European Union
2.1. The WEEEp Value Chain

WEEE collection and treatment is formally the responsibility of original equipment
manufacturers (OEMs), distributors, and Member States. In practice, WEEE collection is
delegated to non-profit or commercial institutions as joint initiatives for extended producer
responsibility. These institutions either organize further treatment or organize tenders in
which they negotiate the conditions for the treatment of WEEE with third parties, commonly
referred to as preprocessors. By gathering information about collected WEEE, preprocessors
facilitate synergies between waste collection sites and recycling facilities. Preprocessors
generate income through extended producer responsibility agreements with OEMs and
through their role in facilitating information exchange [11,13–15].

In turn, material recycling facilities (MRFs) are companies that gather specific waste
streams. Subsequently, they apply sequences of liberation and sorting steps in order to
harvest raw materials from each waste stream [13,15–18]. Various preprocessors and MRFs
specialize in WEEE plastics [11,15,18] and treat electronic shredder residue (ESR) from
different MRFs after the removal of non-plastics. Those MRFs specializing in WEEEp
engage in more specialized plastic sorting and compounding processes, producing specific
polymer compounds that are modified, granulated, and prepared for resale to OEMs.

2.2. International Regulations

The Basel convention [19,20], of which the EU Member States are signatories, prohibits
the export of waste containing hazardous substances. Its prime objective is limiting the
transit of hazardous substances from developed to less developed nations. While the
convention came into effect in 1992, its most recent revision took place in 2019 [19] and
covered plastics containing hazardous substances. Roughly 45% of all globally plastic
waste collected between 1992 and 2018 [21] was exported to China. Due to China’s rapid
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development, local industrial demand for WEEEp became saturated with local supply of
recycled plastics. Furthermore, imported waste plastics were typically poorly decontami-
nated, resulting in environmental burdens [22]. For these reasons, a Chinese import ban on
waste came into effect in January 2018 [21]. Naturally, the introduction of the ban requires
European Union Member States to implement policies to enhance domestic recycling and
reduce waste generation in order to achieve their existing circularity targets.

Within the European Union, the electric and electronic equipment (EEE) and WEEE
value chains are regulated through a number of transnational legal works. Directive
2012/19/EU [23] is commonly referred to as the WEEE directive. In addition to introducing
a WEEE categorization system and recycling and recovery targets per category, the direc-
tive imposes operational constraints. These constraints can affect product categorization;
for instance, certain product types may require specific detoxification steps after collection.
Specifically, the WEEE directive requires that either 65% of the electric and electronic equip-
ment (EEE) put on market in the three preceding years is recycled, or 85% of the WEEE
generated in a particular year. These targets are difficult to reach, as it is estimated that
only 33% of WEEE was properly collected in 2020 [24]. The remaining WEEE is disposed
of improperly (ca. 5%; e.g., in waste bins), collected outside of the formal WEEE industry
(ca. 18%), or unaccounted for (ca. 44%).

Hazardous substances in the EEE value chain are regulated by two directives in-
troduced by the European Commission, both of which have been revised in numerous
amendments. Directive EC 1907/2006 [25] is known as Registration, Evaluation, Authoriza-
tion and restriction of Chemicals (REACH). REACH provides guidelines for the production,
import, and use of hazardous materials in the EU. Directive 2002/95/EC [5] is commonly
referred to as Restriction of Hazardous Substances 1 (RoHS 1). This directive introduces
concrete restrictions on the concentrations of a set of substances in EEE that are hazardous
for humans or the environment. While REACH prohibits the use and trade of plastics
with hazardous content, the Basel convention prohibits their export. In consequence,
non-RoHS-compliant plastics are typically incinerated for energy recovery.

RoHS 1 was implemented in 2006 and contains restrictions on the concentrations of six
hazardous substances (cadmium (Cd): max. 100 ppm; lead (Pb), mercury (Hg), hexavalent
chromium (Cr VI), polybrominated biphenyl (PBB), and polybrominated diphenyl ether
(PBDE): max. 1000 ppm). It has been updated in Directive 2011/65/EU [6] (RoHS 2);
RoHS 2 came in effect in 2013 and restricts the presence of the same hazardous substances
as RoHS 1, while placing a heavier burden of proof on OEMs. The most recent implementa-
tion is RoHS 2, augmented by restrictions on four additional substances as mandated by
Amendment 2015/863 [7] (DEHP, BBP, DBP, DHBP: 1000 ppm). This amendment came
into effect in July 2019. The substances introduced in the amendment are not prevalent in
WEEE plastic fraction [26].

2.3. Quantifying WEEEp Collection and Recycling

The quantities studied from different perspectives in this paper are visualized in
Figure 1. Ideally, all of these quantities would be easily estimated. This would allow policy
and the recycling industry to avoid mixing different waste categories involving plastics
that are distinct and difficult to separate mechanically, enabling optimized recycling, as the
plastic compositions of particular streams could be taken into account in devising recycling
treatment strategies. Likewise, if it were possible to identify waste streams in which certain
additives have a significant presence, the risks of hazardous substances in recycled plastics
could be substantially reduced.

The uncertainty resulting from latent variables and lack of documentation on WEEEp
streams is clearly reflected in the scientific literature. WEEEp statistics differ significantly
from one source to another. Even the definitions of collected WEEE streams can vary
between studies. A substantial number of papers do not report WEEEp statistics for
individual products, only for categories as a whole. This information is included in this
document, as it can augment the more specific data, particularly as the latter are rare
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and many WEEE streams are mostly comprised by only a small number of products.
The United Nations University has repeatedly proposed subdividing the WEEE categories
into 54 specific harmonized product classes (indexed by “UNU-keys”) [27,28]. To date,
these standardized categories have yet to be widely adopted in the scientific literature.
Most of the quantities outlined here are discussed in [11,12] from a unilateral perspective.

Figure 1. Structure of properties to be quantified.

3. Materials
3.1. Sample Collection

Our results were obtained through a combination of prior data integration and pro-
prietary experiments. For the latter, a total of 3607 samples were provided by the Italian
WEEE management consortium Erion [29]. Samples were supplied in two formats: in the
form of disks with diameters of 55 mm and as electronic shredder residue (ESR) in the form
of flakes. ESR samples were taken from a stream of mixed plastics originating from one
product type or one component of a product after the removal of non-plastics. While the
size of ESR flakes varied, most flakes were thinner than 5 mm, with minimum width up
to 60 mm and surfaces of around 800 mm2 on average. ESR samples were either analysed
directly or analyzed after further size reduction. Samples in the latter case are referred to
as size-reduced flakes, and are roughly 27 mm3 in volume, with little variance. Figure 2
shows examples of collected samples in the three configurations.

Each of the three sample configurations has advantages and disadvantages. Disks
are difficult to collect, and sampling campaigns to obtain them hinder a recycling facility’s
normal operations. However, the metadata that can be gathered about disks are much
more detailed than that from ESR, as while ESR is obtained from a large stream of WEEEp
originating from a common WEEE product, each disk is taken individually. As such,
information such as the sampled product component, manufacturer, and model of the
sample is available. This is relevant information, for instance, in the evaluation of added
value of disassembly steps during treatment. In most cases, this makes it possible to retrieve
the location and year of development, which helps in exposing temporal and geographic
trends in product design.
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(a)

(b)

(c) (d)

Figure 2. Different configurations of collected samples. (a) Refrigerator; a disk was taken from
the door. (b) Disk obtained from refrigerator. (c) ESR flakes. (d) ESR flakes after size reduction.

ESR originates from a stream of shredded products. As such, metadata on the individ-
ual product level were unavailable for this sampling configuration. However, compared
to disks, ESR flakes are easier to acquire in large quantities. In addition, the more ran-
dom method of sample taking may avoid sources of bias that are present when taking
disk-shaped samples; For instance, one disk was taken from each product (or a component
thereof), disregarding the underlying mass proportionality. After manual composition anal-
ysis, a subset of ESR flakes was taken. Samples were labeled and the different subsequent
analyses were performed.

Size-reduced ESR flakes have the advantage that each flake is of roughly the same size.
This removes potential biases when taking subsamples, as the probability of selecting any
one size-reduced flake at random becomes more uniformly distributed (cf. the section on
subsampling). Furthermore, the small size of size-reduced flakes reduces weight differences
between samples that can arise due to differences in density. This allows for statistical
experiments in which the number of samples is representative of sample size, rather than
of the total analyzed mass, which in turn allows for more robust data gathering. However,
size-reduced flakes cannot be labeled and stored individually, meaning that individual
data points cannot be reanalyzed. This complicates the application of multiple analysis
methods, such as the combination of spectroscopy with density measurements.

3.2. Analysis

Samples were analyzed by a combination of manual composition analysis (MCA),
Fourier-Transform Infrared Spectroscopy (FTIR), and X-ray fluorenscence (XRF). Composi-
tion analyses were conducted manually. Base polymer composition analysis was conducted
through FTIR using a Thermo Scientific™ Nicolet™ iS™ instrument (Thermo Electron
Scientific Instruments LLC, Madison, WI, USA, ISO certified) with the associated OM-
NIC™ [30] software. Presence of hazardous substances was measured through XRF using
an OXFORD™ X-MET3000 TXR+ instrument (Oxford Instruments, Abingdon, UK) and
customary interface. This instrument had detection limits of 5 ppm for Br; 40 ppm for Cd;
14 ppm for Hg; 24 ppm for Pb and 16 ppm for Ni [31].
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The Omnic® software is equipped with a collection of built-in plastic reference libraries.
These were augmented by 86 custom reference spectra. These custom spectra were either
provided by project partners or were obtained from waste samples and analyzed using laser-
induced breakdown spectroscopy (LIBS), density, FTIR, and/or XRF systems. The custom
and manually verified spectra allowed for the identification of materials more specific to
WEEE, such as PP with significant concentrations of fillers. Table 1 provides an overview
of the spectra, showing the status (virgin or recyclate), origin, and number of samples
indicated per base polymer type.

The XRF setup was tested on a set of ten reference spectra, of which the bromine
concentration was known in advance. The set-up consistently overestimated the actual
bromine presence with small but significant margins. The discrepancy between the actual
bromine level and the overestimation became more pronounced for larger concentrations.
The measurement results can therefore be interpreted as conservative estimates. Similar
behavior was observed for the other five RoHS substances.

Table 1. Custom FTIR spectra added to OMNIC™ built-in reference library.

Material Status Origin #Samples

PS Virgin Nova Innovone
FR6140 2

Virgin Styron 71, type 454 2
Virgin Styrolution 454 2

HIPS Virgin Kumho 425N 2
Recyclate LCD TV back covers 4

Recyclate Refrigerators, corona
treated 2

Recyclate Refrigerators, not
surface treated 2

HIPS br Virgin LCD TV back covers 4

HIPS-PPE Recyclate LCD TV back covers 4

ABS Virgin Styrolution Novdur
P2H-AT 2

Recyclate LCD TV back covers 3

ABS Br Recyclate LCD TV back covers 3

ABS-PMMA Recyclate LCD TV back covers 4

PC-ABS Virgin Babyblend T65HG 2
Virgin SABIC Cycoloy C6200 3

Recyclate LCD TV back covers 3
Recyclate Mixed WEEE 3

ASA Virgin BASF Luran S 3

PC-ASA Virgin SABIC Geloy
HRA222F 3

HomoPP Virgin Moplen 400R 3

CoPP Virgin INEOS SAOS PKAE 4
Virgin SABIC PHC 31-81 6

PP CaCO3 (40%) Recyclate Dishwashers 12

Recyclate Washing machine
drum housing 4

PP Talc (40%) Recyclate Refrigerator drawers 4

Total 86
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4. Methods
4.1. Data Integration

In prior research, statistics were not presented in the form of point-estimates.
Furthermore, metadata (number of samples, number of sampled sites, potential biases,
latent variables) are scarce or absent. For these reasons, classical meta-analysis methods
fall short. Therefore, treating source material as expert opinions to be leveraged is con-
sidered more appropriate; in particular, we adopted an axiomatic approach. Contrary to
behavioral approaches and Bayesian approaches, the axiomatic approach is applicable to
waste composition data, where metadata are scarce, results are not reported in the form of
point-estimates, and the reliability of references cannot be empirically examined (see [32,33]
for an overview of conditions under which each integration method is most appropriate).

In particular, we computed a weighted average of results from multiple sources.
Weights in the computation are indicators of references’ relative reliability. An obtained
weighted average is referred to as a linear opinion pool [33]. The most challenging factor
in obtaining a reliable linear opinion pool is the calibration method, that is, evaluating
the weights.

For calibration, a set of criteria was identified in order to gain insight into each
reference’s reliability. These criteria were based on metadata from the references. In case
data in a source were obtained from prior research endeavors, the metadata of the original
publication were taken into account. Concretely, the following criteria were taken into
consideration:

1. Conventionality/scientific scrutiny: data points published in peer-reviewed scientific
documents (papers, books or chapters therein, theses) with reproducible experimental
setups should be assigned more weight than data points from less formal sources
(self-reporting, opaque integrations, etcetera). Common academic metrics (average
number of citations per year, impact factor of journal) may be taken into account
as well.

2. Age: recent data sources should be assigned more weight than older references.
The increase in reliability of more recently published data should be non-linear, such
that the most recent data sets are allocated a proportionally significantly larger weight.

3. Methodology: references are weighted based on the estimated reliability of their data
analysis methodologies, sample sizes, number of locations sampled, and provided
estimates of generality.

Additional methods were adopted to integrate sub-factors of each criterion and to
obtain an overall opinion pool; these are detailed below.

The conventionality coefficient was evaluated as follows. If a reference was not peer-
reviewed, its impact factor was set to zero. Scores were then assigned proportionally to
impact factors in the ranges of zero through seven and over five numeric classes, with
values ranging from zero to one. The average number of citations per year was then
computed for each reference. By taking this average, the effect of accumulated citations
over a long period of time can be evened out. The resulting number was again subdivided
into five numeric classes ranging from zero to one. The resulting two scores were added
and divided by two, producing the overall conventionality indicator. By taking the sum
rather than the product, a large number of citations can compensate for a reference not
being peer-reviewed. The overall computation method is illustrated in Figure 3. Proprietary
data were assigned a conventionality score of zero in order to avoid bias.

The age coefficient was computed in a similar manner. References that were at least
ten years old were assigned an age score of zero. Increments between four other numeric
age classes were then not constant. This places more emphasis on relatively recent data,
as older references are discounted proportionally to their age. This reflects that data
become increasingly less reliable over time, as waste streams are continuously changing in
composition. The concrete computation method is provided in Figure 3.
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Figure 3. Computation of reference scores.

Finally, the methodology coefficient was computed based on four attributes. The num-
ber of facilities sampled was again evaluated on a five-tier scale. The score for the number
of samples was allocated more leniently. Each reference with at least 100 samples was
considered reliable in this regard and assigned a score of one. One metric was used to infer
the reliability of measurement equipment and the statistical conclusions of each reference.
The default value of this metric was one if the reference reported experimentally-obtained
data. If the data were obtained through self-reporting or integration of prior studies,
the value of the metric was set to zero. For polymer composition statistics, spectroscopic
analysis methods were considered the most reliable. If other methods were used in a
particular reference, such as pyrolysis in [34], the metric was discounted to 0.9. This is
illustrated in Figure 3.

A weighted average of the conventionality, age, and methodology coefficients pro-
vided a score for each reference. These scores then served as weights in linear opinion
pools. For the purposes of this paper, we simply take the arithmetic mean of the coefficients.
It should be noted that more involved weighted averages could balance the underlying
importance of the different factors. Here, each reference was assigned a score in this manner,
and the scores played a role in computing the linear opinion pools.

Suppose a linear opinion pool is computed for a particular characteristic of the
WEEE(p) stream. Suppose k references r1, r2, . . . , rk are available. Let si be the score
of reference ri, i = 1, . . . , k. Furthermore, let pi be the quantity of interest, as reported
in reference ri. Suppose further that a subset R of references provides statistics on this
characteristic. Then, the integrated quantity p̄ is computed using Equation (1). In order
to quantify the uncertainty, the weighted standard deviation can be computed according to
Equation (2).

p̄ := ∑i∈R si · pi

∑i∈R si
(1)

sp :=

√√√√∑i∈R si(pi − p̄)2

|R|−1
|R| ∑i∈R si

(2)

The overall method is visualized in Figure 3. Data obtained from proprietary data anal-
ysis were taken into consideration with the following parameters: zero for conventionality;
one for age; and one for methodology. The specific scores are provided in Table 2.
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Table 2. References, metadata, and scoring. “#cit.”: number of citations; “IF”: impact factor; “#facili-
ties”: number of distinct sites at which samples were collected; “#samples”: number of samples taken
(in [14], three containers were selected at random and the frequency of products was measured by
wt%); “Meth.”: methodology; “Exp.”: proprietary experimental data.

Reference #Cit. IF Year #Facilities #Samples Meth. Score

[1] 0 0 2020 0 0 0 0.333
[2] 112 1.97 2014 0 0 0 0.292
[35] 8 0 2014 0 0 0 0.167
[11] 0 0 2019 0 0 0 0.250

[11](a) 0 0 2019 0 0 0 0.250
[11](b) 0 0 2019 0 0 0 0.250
[11](c) 0 0 2019 0 0 0 0.250

[18] 0 0 2016 0 0 0 0.167

[13] 0 0 2018 0 0 0 0.25
[36] 3 0 2017 0 0 0 0.208
[37] 117 1.97 2012 1 53 1 0.431
[24] 5 0 2020 0 0 0 0.417

[14] 0 0 2019 1 3
containers 1 0.500

[17] 0 0 2017 0 0 0 0.167
[28] 1369 0 2017 0 0 0 0.333
[34] 15 5.45 2016 9 4861 1 0.750

[38] 0 0 2020 0 0 0 0.333
[39] 5 0 2010 0 0 0 0.083
[40] 141 5.45 2012 1 3417 1 0.625
[41] 203 5.45 2008 0 0 0 0.292

[42] 11 0 2014 0 0 0 0.208
[43] 93 1.97 2000 0 0 0 0.208
[44] 5 0 2018 0 0 0 0.333
[45] 182 9.04 2009 3 111 1 0.639

[46] 185 5.45 2009 16 731 1 0.625
[47] 77 7.25 2017 8 4704 1 0.833
[48] 0 0 2017 0 0 0 0.167
[49] 18 0 2015 0 0 0 0.292

[50] 78 5.45 2013 3 1796 1 0.681
[51] 28 0 2006 1 90 1 0.306
[52] 57 3.8 2015 1 1500 1 0.667
[53] 51 5.45 2014 1 100 1 0.625

[54] 4 9.04 2020 1 882 1 0.792
[55] 22 6.55 2018 1 239 1 0.792
[56] 45 5.45 2015 3 4604 1 0.764
Exp. 0 0 2021 1 3607 1 0.583

4.2. Subsampling

Subsamples of the flake and size-reduced flake samples were taken in order to retain a
sufficient amount of flakes for archiving and future research endeavors. The samples were
transported and stored in plastic bags. This likely resulted in an uneven distribution of
flakes in the bag, in which small flakes with larger densities were concentrated in the lower
half of each bag. Likewise, larger and less dense flakes would tend to end up in the upper
half. Therefore, the design of a reliable subsampling protocol was paramount. The subsam-
pling protocol adhered to was based on [57–59], and consisted of the following steps:

1. Spread out all the flakes on a flat surface;
2. Stir the flakes by hand for at least two minutes;



Sustainability 2022, 14, 7054 10 of 20

3. Arrange the flakes in a square (ideally, this square is “flat” in the sense that no flake
ends up on top of any other flake);

4. Use rope and a ruler to superimpose a regular grid on the square of flakes;
5. Label the cells in the grids with labels 1, 2, ..., # cells;
6. Blindly draw one sample from each cell in the assigned cell order;
7. Repeat Step 6 until a subsample of the desired size is obtained.

The outlined protocol is illustrated in Figure 4. The selection of the grid sizes was left
to the researcher, as it depended on the size of the square. The optimal grid size satisfies
the condition that each grid is sampled exactly the same number of times exactly when
the selected subsample reaches the desired mass. While this was hard to anticipate fully, it
provided a heuristic for grid size selection.

(a) (b)

Figure 4. Subsampling protocol illustrated for size-reduced flakes. (a) Samples arranged in a
homogeneous square. (b) Grid superimposed over the samples.

Following this procedure, the selection probability of each flake was not affected by
its density. The square being flat removes the risk of lighter samples being located on
top of heavier samples. Thanks to the stirring, heavier samples that were centered to the
bottom in a storage configuration were distributed equally over the square. Furthermore,
in the event of samples with certain characteristics being cohesively concentrated, the
grid-based selection procedure removes bias towards disproportionate selection. Due to
the homogeneous flake size, each flake in a grid has the same selection probability. For these
reasons, the outlined sampling procedure generates a reliable random sample.

5. Results and Discussion
5.1. Proprietary Data Collection

Experimental results for polymeric compositions through FTIR are provided in Table 3.
Note that the second column indicates the sample type (disk, flake, reduced flake). The re-
sults corroborate findings that compositions of cooling and freezing equipment are highly
concentrated in polystyrene. Furthermore, the complexity of compositions is substantial
in small equipment. In particular, this latter stream is much richer in relatively valuable
plastics such as a PC/ABS blend. In the table which is extended with statistics from prior re-
search, note that professional coffee makers and domestic coffee makers have substantially
different plastic compositions. They differ in most common base polymers, with profes-
sional coffee machine plastics consisting mainly of PC/ABS blends and domestic ones of
more inexpensive styrenics. This indicates a strong correlation between application and
plastic composition.
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Table 3. Polymeric compositions of WEEE product components at collection from proprietary
experiments. Percentages are rounded. For styrenics, the ABS percentage is indicated in parentheses
and the remaining percentage is PS. The abbreviation “F” indicates results obtained using ESR
flake samples, “RF” indicates size-reduced ESR flake samples, and “D” indicates disk samples.
Polyurethane foam is not included in plastic weight percentages. For television sets and monitors,
all samples were taken from back covers. Under PP, additives are indicated in parentheses in the
following order: wt% pure PP, wt% PP + CaCO3, PP + talc, PP + glass-fibre.

Device,
Component

Sample
Type Styrenics PA PC PC/ABS PE PP Other #Samples

Refrigerator
entire

device RF 92% (18%) 1% - 2% 1% 3% 1% 199

drawer
(white) RF 84% (0%) - - - - 15% (0%, 8%,

7%, 0%) 1% 121

drawer
(transparent) RF 92% (0%) - 4% - - - 4% 219

drawer
(dark

transp.)
RF 99% (0%) - 4% - - - 1% 93

drawer D 95% (0%) - - - - - 5% 39
interior D 100% (2%) - - - - - - 40

freez. comp. D 89% (0%) - - - - - 11% 19

Freezer
entire

device D 83% (7%) - - - - - 17% 30

Washing
Machine

entire
device F 9% (3%) - - - - 84% (10%, 74%,

0%, 0%) 7% 105 (251.4 g)

entire
device RF 15% (15%) - - - - 84% (7%, 68%,

9%, 0%) 1% 239

drum
housing RF 1% (1%) - - - - 99% (0%, 67%,

10%, 22%) - 138

drum
housing D - - - 7% - 93% 15

front cover D 100% (95%) - - - - - - 20

Dishwasher
front panel D 92% (92%) - - - - - 8% 13

CRT TV D 86% (7%) - - 3% - 3% 8% 384
Br: 7% phosphor: 2%

LCD TV D 59% (9%) - - 25% - - 16% 777
Br: 16% phosphor: 24%

CRT monitor D 65% (61%) - - 31% - - 4% 146
Br: 56% phosphor: 16%

LCD
monitor D 80% (59%) - - 15% - - 5% 158

Br: 1% phosphor: 15%

Vacuum cl. F 57% (7%) 2% 2% 0% 2% 30% 7% 101 (428.2 g)

RF 36% (36%) 6% 0% 3% 0% 43% (29%, 5%,
9%, 0%) 12% 105

Coffee m. F 61% (35%) 8% 0% 3% 0% 13% (11%, 0%,
2%, 0%) 15% 115 (772.6 g)

Professional F 20% (18%) 0% 0% 54% 0% 0% 26% 146 (692.1 g)

Professional RF 26% (18%) 5% 4% 44% 0% 13% (12%, 1%,
0%, 0%) 8% 164

Domestic RF 61% (35%) 8% 0% 3% 0% 13% (11%, 0%,
2%, 0%) 15% 115 (772.6 g)

Printer F 83% (8%) 0% 0% 8% 9% 0% 0% 117 (811.3 g)
RF 55% (15%) 1% 2% 30% 0% 0% 11% 104

Mixed SHA F 83% (8%) 0% 0% 8% 9% 0% 0% 117 (811.3 g)
RF 55% (15%) 1% 2% 30% 0% 0% 11% 104

Table 4 contains the results of XRF analyses for detection of hazardous substances
from RoHS 1 and 2. The table indicates the number of samples and weight percentages of
substances possibly exceeding RoHS 2 thresholds per polymer for each product analyzed
in the format of reduced flakes. The RoHS directive restricts specific brominated flame
retardants (polybrominated biphenyl or PBB and polybrominated diphenyl ether or PBDE).
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However, the specific flame retardant could not be determined in the provided experi-
mental setup. Therefore, the bromine concentration is provided instead as a proxy for the
more specific restricted substances. Numbers reported in the figure indicate the weight
percentages and number of samples for which the bromine concentration exceeds the RoHS
thresholds for PBB and PBDE (1000 ppm), except where indicated with an asterix (*) for
excessive cadmium levels. The results show that bromine concentrations are particularly
challenging in styrenics from TVs and monitors (with the exception of liquid chrystal
display (LCD) monitors), professional coffee machines, and printers. In professional coffee
machines, they may prevail in PC/ABS as well. Note, however, that printers are relatively
rich in PC/ABS, which was not significantly contaminated according to the experiments.
Note further that small weight percentages of significantly contaminated fractions occur
regardless of base polymers in SHA products. This again indicates the relative complexity
of the WEEE SHA plastics stream. The strong presence of bromine in the television and
screen waste category and its presence in traces in other categories is corroborated by prior
research (see [26,35,56,60–62]).

Table 4. Weight percentage (number of samples) of disks (TV/monitor) or ESR flakes (other products)
exceeding the RoHS threshold per product and per material. Example: 9.12 wt% (two samples) of
all pure PP flake samples from washing machines exceeded the RoHS threshold. Percentages with
an “*” indicate that the product exceeded the cadmium threshold. All other percentages exceeded
bromine thresholds. See Table 3 (under “Exp. (F)” and TVs and monitors under “Exp. (D)”) for the
total number and mass of samples.

Product ABS HIPS PA PC/ABS PP PP CaCO3 PS Other Total

Wash. mach. - - - - 9.12 (2) 1.43 (1) - 17.3 (1) 3.10 (4)

CRT TV 24.3 (7) 6.57 (20) - - - - - - 7.03 (27)
FPD TV 39.1 (26) 26.0 (101) - - - - - - 16.4 (127)

CRT monitor 88.9 (80) 19.9 (1) - - - - - - 55.9 (81)
FPD monitor 1.00 (1) 0.00 (0) - - - - - - 0.630 (1)

Coffee mach. 25.2 (6) 27.5 (1) - 19.6 (17) - - - 37.9 (14) 25.0 (38)
(prof.) -

Coffee mach. 1.28 * (1) - 10.6 (1) - - - - 6.36 (1) 2.16 (3)
(dom.) -

Vacuum - - - - 3.04 * (1) - 2.22 * (1) - 4.00 (2)
cleaners -
Printers 24.4 (2) 3.48 (1) - - - - 3.72 (3) - 4.61 (6)

5.2. Data Integration

Total WEEE collection mass is based on [1]. Several sources were available for estimat-
ing the relative mass proportions of collection categories. An overview of these sources
and the corresponding integrated quantities is provided in Table 5. Note that while the
WEEE directive commenced a new classification system for WEEE in August 2018, most
available literature on WEEE categorization predates this change. Thus, the statistics here
are reported in accordance with either the old classification system or the more specific
classifications adhered to in practice. The post-August 2018 WEEE directive more closely
resembles this latter classification system. However, televisions and screens are not a
distinct collection category in the directive, though they are typically collected as a distinct
category in practice. Relative masses per product in these streams, as well as the mass
percentage of plastics therein, are detailed in Table 6. Polymer compositions recorded in
prior literature are provided in Table 7. In Figure 5, these results are integrated with the
proprietary empirical data (Table 3), providing an overall depiction of WEEE (plastics) at
collection in the European Union.
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Table 5. Distribution of WEEE categories at collection. Integrated results are documented in the
format “mean (standard deviation)”. Outliers in gray typeset were too plant-specific and were thus
excluded.

Category [1] [11](a) [11](b) [11](c) [28] [17] [2] [39] [41] Integrate

LHA 51.8% 53.5% 59.1% 99.0% 37.4% 65% 47.2% 56.1% 58% 52% (19%)
Temp.
Exch. - 19.5% 27.1% 39.2% 17.0% - - - - 22%

Other - 34.0% 32.0% 59.8% 20.4% - - - - 30%

ITE 14.6% - - - 23.5% - 21.7% 8.4% 7% 13% (8%)
TV/screen - 15.8% 22.8% 0.1% 14.8% - - - - 8%

Other - - - - 8.7% - - - - 5%

SHA 10.2% 30.7% 18.1% 0.9% 37.6% 20% 6.2% 8.3% 14% 17% (12%)

CE 14.8% - - - - - 19.4% 21.7% 21% 19% (3%)

Table 6. Product and plastics compositions; “int.”: integrate weight percentages. Outliers indi-
cated in gray typesetting, which were excluded from integration, may nonetheless provide insights
into proportionality.

Product wt% Product in Stream wt% Plastics in Product
[34] [46] [47] [14] [11] [44] int. [34] [46] [48] [35] [24] int.

Printer 12% 12% - 8% - - 11% (2%) - 34% 20% 46% - 32% (10%)
Desktop PC 11% 17% - - - - 14% (4%) - 4% 10–12% 16% - 7% (5%)

Radio 8% 3% - - - - 6% (4%) - 42% 30–40% - - 40% (4%)
Iron 7% 3% 10% - - - 5% (3%) 33% 37% - 46% - 36% (5%)

Vacuum
cleaner 6% 7% 50% 4% - - 6% (4%) 52% 56% 40-50% 52% - 53% (4%)

DVD player 6% - - - - - 6% (0%) - - - 12% - 12% (0%)
Coffee
maker 4% 3% 15% 3% - - 3% (1%) 68% 64% 20% 66% - 59% (19%)

Toaster 3% 2% - - - - 3% (1%) - 28% 20% 24% - 26% (4%)

Speaker 3% 1% - - - - 2% (1%) - 21% - 10% - 19% (6%)

Washing
machine - - - - 72% - 72% (0%) - - - 7% 27% 21% (13%)

Dishwasher - - - - 12% - 12% (0%) - - - 13% 39% 32% (17%)
Kitchen - - - - 9% - 9% (0%) - - - - - -

Microwave - - - - 1% - 1% (0%) - - - 10% - 10% (0%)
Dryer - - - - 1% - 1% (0%) - - - 16% - 16% (0%)

Refrigerator - - - - 93% 76% 83% (12%) - - - 40% 17% 24% (15%)
Freezer - - - - 6% 21% 15% (11%) - - - 32% 19% 23% (8%)

Airconditioner - - - - 1% 3% 2% (1%) - - - 16% 20% 19% (3%)

CRT TV - - - - 71% 53% 60% (12%) - - - 23% - 23% (0%)
CRT

monitor - - - - 19% 14% 16% (3%) - - - 19% - 19% (0%)

FPD TV - - - - 8% 15% 12% (5%) - - - 24% - 24% (0%)
FPD

monitor - - - - 2% 3% 3% (1%) - - - 36% - 36% (0%)

The colors in Figure 5 indicate the most prevalent base polymer type of each fraction.
Refrigerators, freezers, air-conditioners, printers, cathode-ray tube (CRT) TVs, and flat-
panel display (FPD) TVs are rich in (high-impact) polystyrene (HI)PS. Of these products,
both CRT and FPD TVs have a significant risk of being contaminated by bromine content
(possibly PBB or PBDE, restricted under RoHS). Note that refrigerator and freezer plastics
are primarily white or light colored, while the other mentioned products are typically black
or dark colored. Keeping these two streams separated may lead to more value recovery,
as light (HI)PS recyclates are more valuable.
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Table 7. Polymeric distributions of small household appliances at collection. For styrenics, the ABS
percentage is indicated in parentheses and the remaining percentage is PS. The abbreviation “Exp.”
indicates experimentally obtained results; “F” indicates results obtained using ESR flake samples,
while “RF” indicates size-reduced ESR flake samples.

Source Styrenics PA PC PC/ABS PE PP Other/n.d.

All WEEE [36] 57% (27%) 2% 7% - 1% 3% 30%
(total stream) [49] 55% (30%) 3% 10% 9% - 8% 15%

[2,37] 50% (25%) 3% 2% 8% 3% 16% 18%
[18] 54% (27%) - 6% 6% 1% 5% 28%

SHA [9,11] 54% (39%) - - - 1% 15% 30%
(total stream) [34] 29% (29%) - 5% - 21% 43% 4%

[52] 55% (29%) 1% 3% 5% - 22% 14%
[2] 17% (n.d.) 19% 3% - 3% 43% 15%
[40] 49% (38%) 1% 3% 1% - 26% 20%
[45] 56% (37%) 1% 5% - - 29% 10%

Refrigerator [11] 45% (3%) - - - - 12% 43%
[24] 66% (7%) - - - 1% 11% 22%
[11] 63% (5%) - - - 1% 8% 28%
[24] 66% (6%) - - - 3% 13% 18%

Washing
Machine [11] 20% (17%) - - - 1% 60% 19%

[24] 13% (13%) 2% 2% - 1% 54% 28%

Dishwasher [11] 14% (11%) - 2% - 1% 61% 22%
[24] 8% (6%) 1% 1% - 1% 54% 35%

CRT TV [11] 23% (23%) - 2% - - 13% 62%

LCD TV [11] 24% (15%) - 6% - - 1% 69%

CRT monitor [11] 18% (5%) - - - - 3% 78%

LCD monitor [11] 23% (20%) - 3% - - - 73%

Printer [9,11] 61% (38%) 0% 6% 0% 1% 1% 29%

Desktop PC [9,11] 39% (34%) 0% 5% 0% 1% 0% 55%

[46] 100%
(100%) 0% 0% 0% 0% 0% 0%

Radio [11] 69% (54%) 0% 3% 0% 0% 2% 26%

Iron [34] 5% (5%) 0% 3% 0% 0% 53% 39%
[46] 11% (11%) 0% 0% 33% 0% 56% 0%

Vacuum cl. [9,11] 29% (25%) 0% 2% 0% 2% 13% 54%
[34] 40% (40%) 3% 0% 0% 1% 49% 7%
[46] 95% (95%) 0% 0% 0% 0% 5% 0%

Coffee m. [34] 1% (1%) 0% 0% 0% 0% 98% 1%
[46] 2% (2%) 0% 0% 0% 0% 98% 0%

Toaster [9,11] 20% (17%) 1% 6% 0% 1% 42% 30%

Speaker [9,11] 74% (49%) 2% 3% 0% 1% 3% 17%

Cellphone [9,11] 21% (16%) 1% 9% - - 1% 40%
[53] 1% (1%) 3% 30% 42% 5% - 19%

Table 6 indicates that the SHA/CE stream is largely constituted by a limited number
of products; 56 wt% of the stream is constituted by only nine product types. Corroborating
the empirical findings, the literature indicates that these product types often have fairly
homogeneous polymeric compositions, as evident from Table 7. In certain cases, they are
constructed primarily out of polymers that can be separated mechanically with relative
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ease (such as ABS and PP; see [13,16,18,63]). Recall that the collected WEEE fraction in
the European Union represents roughly 33% of generated WEEE in this area, with low
collection rates disproportionately affecting the SHA/CE category [44]. Efforts towards
improved collection and recycling in this category could thus significantly increase WEEE
recycling rates. Regarding LHA, targeting product components in isolation is a promising
strategy to increase the purity of recycled plastics.

For a significant fraction (roughly 34 wt%) of small household appliances and con-
sumer equipment (SHA/CE) products, ABS is the polymer present in the largest concen-
tration. This includes desktop PCs, vacuum cleaners, radios, DVD players and speakers.
While prior studies indicate that cadmium may have a significant presence in the ABS
content of the SHA/CE stream, proprietary XRF experiments of ABS from WEEE vacuum
cleaners did not indicate cadmium presence. While CRT and FPD monitors are rich in ABS,
both the prior literature and the proprietary results indicate a strong bromine presence in
their plastics.

Washing machines, dishwashers, and various SHA/CE products (clothing irons,
coffee machines, toasters, combined roughly 11 wt% of SHA/CE) are primarily composed
of PP. The concentrations of additives involved vary widely, with washing machines
primarily consisting of calcium carbonate-filled PP, while most PP in SHA/CE products
is unfilled. While plastics from end-of-life (ELV) vehicles are known to be rich in PP [64],
the generally dark color of ELV vehicle plastic streams versus the light color of the outlined
WEEE products provides an argument against blending these PP streams for optimal
value recovery.

Table 8 includes available data on the presence of hazardous substances in specific WEEE
streams. For SHA, these studies are limited to the overall stream and provide no insight on the
level of specific products or components thereof. Prior studies indicate that cadmium content
may be a difficulty when processing SHA and televisions and screens. The prior literature
indicates that lead may pose a challenge in the television and monitor category [35].

The stream of small household appliances is dominated by a small number of products
with relatively homogeneous polymeric composition. Furthermore, treating particular
components of large household appliances in isolation may increase the quality of the
output polymer. The correlation between plastic type and application is again stressed.
Such correlations may be present for geographical location of waste collection as well,
with geographical, cultural, and socio-economic differences affecting waste concentrations
in different areas.

Table 8. Presence of RoHS substances in WEEE plastics documented in prior research: “6” means a
substance is present in concentrations not exceeding RoHS limits; “66” means a substance is present in
concentrations exceeding RoHS limits; percentages indicate the weight percentage of samples exceeding
the RoHS limits.

Substance Stream ABS (HI)PS PP Not specified

Cd SHA 66 [60] 66 [60] 66 [35], 6 [60]
66 [45]

Temp. Exch. 66 [60] 6 [60]
TV&Screens 66 [35]

Pb SHA 6 [45,60]
Temp. Exch. 6 [45,60]
Other LHA 6 [60]
TV&Screens 66 [35]

Br Temp. Exch. 6 [60] 6 [60] 6 [60]
Other LHA 6 [60] 6 [60]
TV&Screens 66 [60] 66 [60] 66 [26,35,61,62]

TV 15% [56]
monitor 47% [56]

SHA 6 [54,65]
Vacuum cleaner 1% [54]

Printer 18% [54]

Hg TV&Screens 6 [35]

CR-VI All 6 [60]
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Figure 5. WEEE(p) in tonnes at collection in the European Union.

6. Conclusions

This paper has presented a method of systematically quantifying the characteristics
of WEEE that are pivotal from a plastics recycling perspective. The presented method
integrates empirical experiments and the results of prior studies.
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Three sample preparation methods for experimentally obtaining the latter two quanti-
ties are subsequently provided. The merits of each of these methods is detailed, as there
were differences in efficiency, statistical scope, and access to important metadata; subsam-
pling and sample analysis techniques are described as well, and a novel data integration
method for intelligently leveraging available insights is provided. We applied experimental
methods were to proprietary samples; these are embedded in the data integration method
along with results from prior studies. This culminates in a structured overview of WEEE
(plastics) composition at the collection stage of the value chain in the European Union.
The obtained overview is of great value for both policy makers and recyclers in establishing
and fulfilling WEEE recycling targets through informed treatment of WEEE plastics.

The crucial quantities of the WEEE stream for plastics recyclers are identified. These
include the mass distributions of WEEE categories at collection, products in these categories,
plastic content in these products, particular polymers among these plastics, and risk of
contamination with hazardous substances.

The main limitation of this work is the scarcity of data. Particularly for very specific
products, only a small number of studies were available, providing limited insights in the
presence of fillers or actual plastic content. This made it difficult to obtain a full overview
of all relevant quantities, although we are confident that the main plastic waste stream has
been correctly mapped with the presented methodology.

Future research and policy steps should target the establishment and maintainenance
of a transparent and reliable monitoring framework for WEEE and WEEE plastics collected
in the European Union. From a policy point of view, this could mean a requirement that
recyclers systematically test WEEE streams and make the results accessible. From a research
point of view, it means acquiring primary data more frequently and relying less on outdated
references. Should additional (meta)data become available, the incorporation of location in
the described data integration method would represent an important refinement. Likewise,
the description of the proposed WEEE characteristics at the level of the UNU-key would be
an important step towards standardizing research results.
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