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Introduction.
Before we will be able to enter into any debate about proposals for Low POP Content (LPC) levels
for Deca-BDE within the SIWG, we should have a quality debate about the impact that the
definition of a low POP content might have in the recycling of WEEE and ELV’s.
The reason is that the Stockholm Convention defines that wastes with a “high” POP content (above

the LPC) must be “disposed of in such a way that the POP content is destroyed or irreversibly
transformed so that they do not exhibit the characteristics of POPs or otherwise disposed of in an
environmentally sound manner when destruction or irreversible transformation does not
represent the environmentally preferable option or the POP content is low.
Furthermore the low POP content of the Stockholm Convention is independent from any
determination of hazardous waste made under the Basel Convention.
And furthermore it is defined that “wastes consisting of, containing or contaminated with a POP
below the defined low POP content should be disposed of in accordance with pertinent national
legislation and international rules, standards and guidelines, including the specific technical
guidelines developed under the Basel Convention.”

Current Recycling Processes for ELV’s and WEEE in Europe
Plastics with Brominated Flame Retardants (BFR’s) can be found in both ELV’s and in WEEE in
various parts that are often located near heat sources (engine, electric and electronic parts,
connectors, cables, interior parts etc). By nature these plastics cannot be accessed easily.
During the last COP 2017 EERA and EuRIC have been present with a stand to show the COP
participants how the recycling processes of WEEE and ELV’s take place
(Ctrl+Click to see films):

These processes are standardized recycling processes that have developed on the basis of this
definition by the European Union (this is the guidance from the TAC from WEEE):
“Substances, preparations and components may be removed manually, mechanically or
chemically, metallurgically with the result that hazardous substances, preparations, and
components and those mentioned in Annex II are contained as an identifiable stream or
identifiable part of a stream at the end of the treatment process. A substance, preparation or
component is identifiable if it can be (is) monitored to prove environmentally safe treatment.”
This has resulted in a recycling process with the following steps:

The plastic recycling process takes place at the end of the recycling processes of WEEE and ELV’s.
The result of these recycling processes is on the one hand REACH and/or RoHS compliant PostConsumer Recycled plastics that have reached End-of-Waste status and a fraction of nonrecycled plastics, which include the plastics with the brominated flame retardants and hence is
the highest in POP content. In Europe the latter fraction is incinerated and by this incineration
process the POP content is destructed.

Plastics from WEEE and the content of POP’s.
The mix of plastics in WEEE and ELV’s is highly complex. In order not to complicate this paper
too much, we will concentrate on the mix of plastics from WEEE and particularly on the solid
plastic waste fraction.
The composition of this mix consists of some 65 % of recyclable content, mainly Styrenics (ABS
and HIPS, Polyolefin (mainly PP) and PC and PC-ABS. The remainder of this solid plastic waste
fraction consists of a wide variety of plastics that to date are not recycled. These plastics include
the solid plastics with brominated flame retardants. In the average mix of solid plastics wastes
coming out of the WEEE recycling processes, only an average of 5 – 7 % consist of plastics with
flame retardants.
The breakdown of the plastic composition and types of Flame Retardants used is shown in two
graphs on the next page.

Of the fraction that contains
BFRs (i.e. the 5 % in the previous
graph), the POPs with defined
LPC levels (octa- and penta-BDE
and HBCDD) represent not even
10% of the plastics containing
flame retardants and this can
be explained by the fact that
these have been phased out
since deca-BDE replaced these
substances. Deca-BDE has been
phased out in electronics with
the introduction of the RoHS
directive, which explains that
we have seen large reductions
over the last couple of years.

The environmental Aspects of Recycling ELV and WEEE plastics.
The environmental benefits of the recycling of solid plastics wastes from durable products such
as WEEE and ELV’s are impressive. This is a logic consequence of the production chain of virgin
plastics, which starts with the extraction of crude oil, which subsequently is transported to
refineries and these refineries produce monomers, which are subsequently “knitted” together in
long polymer chains by large plastic manufacturers.
The recycling of plastics keeps all this energy input in the polymer chains, which are basically reused after the separation and recycling processes. EMPA has performed two Life-Cycle Analyses
comparing the recycling process of MBA Polymers Austria (now MGG Polymers) to the

production of virgin plastics and one other one comparing the recycling process to the
incineration of this plastics mix.
The result of this Life Cycle Analysis is that the recycling process is that the MGG Polymers process
is clearly superior to the alternatives considered in this study from an environmental perspective,
both with regard to the performance of post-consumer recycled plastics and the performance of
the recovery and disposal routes for plastics-rich shredder residues originating from dismantling
/ mechanical processing of WEEE.
For instance on Global Warming, the results of studies show that per ton of produced recycled
PCR plastics 4.8 t of CO2 emission savings are made compared to the production of virgin plastics.
The water and energy consumption for the recycling of plastics are only a fraction of those
needed for the production of virgin plastics.

Discussion and conclusion:
The total amount of plastics used in Automotive and Electronic applications in Europe amounts
to some 6.5 Mio Metric Tons per annum. Only a small percentage of these plastics contain POP
BFRs, which are embedded in a structure of solid plastics. This clearly results in a completely
different risk profile compared to POP substances that are not embedded in a solid structure.
The recycling technology of these complex durable products has developed to become a
mechanical recovery treatment, whereby the plastics with substances of concern such as BFRs
are separated into an identifiable fraction that is monitored to prove environmentally safe
treatment. These plastics are incinerated to destruct the embedded BFRs.
In other words, recycling processes and technologies have been developed and are available to
separate plastics with legacy substances such as POP BFRs.
The Stockholm Convention quite rightly makes the distinction between the use of POPs in new
products and materials and as legacy substance in used material. Priority is to stop the
production of materials and products with POPs, which RoHS and REACH provided for. The
stockpile of the new POP BFRs has been largely reduced over the last 10-15 years, as studies
show.
What we expect is a recognition that the advantages of recycling E-Waste plastics into PostConsumer Recycled (PCR) materials, that are fulfilling the current levels of REACH and RoHS
compliant plastics, outweigh by far the risks of recycling.
We therefore argue that any discussion around the issue of LPC levels should:
1. Keep the recycling option open, allowing these recyclable plastics to be transported
across borders in order to transport these recyclable materials to appropriate recycling
plants and

2. Not be lowered beyond those that are in place today for the recycled materials i.e. current
REACH and RoHS values.
It would be an environmental disaster if the recycling option for plastics from WEEE and ELV
would cease to exist as a consequence of thresholds set too low.
Furthermore, the recycling targets of WEEE and ELV’s set within the EU would not be able to be
met.
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a b s t r a c t
Plastics play an increasingly important role in reaching the recovery and recycling rates deﬁned in the European
WEEE Directive. In a recent study we have determined the life cycle environmental impacts of post-consumer
plastics production from mixed, plastics-rich WEEE treatment residues in the Central European plant of a
market-leading plastics recycler, both from the perspective of the customers delivering the residues and the
customers buying the obtained post-consumer recycled plastics. The results of our life cycle assessments,
which were extensively tested with sensitivity analyses, show that from both perspectives plastics recycling is
clearly superior to the alternatives considered in this study (i.e. municipal solid waste incineration (MSWI)
and virgin plastics production). For the three ReCiPe endpoint damage categories, incineration in an MSWI
plant results in an impact exceeding that of the examined plastics recycling facility each by about a factor of 4,
and the production of virgin plastics has an impact exceeding that of the post-consumer recycled (PCR) plastics
production each by a factor of 6–10. On a midpoint indicator level the picture is more differentiated, showing that
the environmental impacts of the recycling options are lower by 50% and more for almost all impact factors.
While this provides the necessary evidence for the environmental beneﬁts of plastics recycling compared to
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existing alternatives, it can, however, not be taken as conclusive evidence. To be conclusive, future research will
have to address the fate of hazardous substances in the outputs of such recycling systems in more detail.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Since the 1980s the mass share of plastics in electrical and electronic
equipment (EEE) has continuously increased (APME, 2001). For waste
electrical and electronic equipment (WEEE), the average mass share of
plastics has been estimated to amount to about 21% by weight
(Huisman et al., 2008; Ongondo et al., 2011), with great differences
among the WEEE categories. According to Wäger et al. (2010), the plastics mass share varies between 3% in lighting equipment and up to 73%
in toys, leisure and sports equipment; large household appliances,
which constitute the most relevant fraction of WEEE with about 28%
by mass in 2008, have a plastics mass share of about 19%.
At the same time, with the recast of the European Directive on waste
electrical and electronic equipment (WEEE Directive) (European Union,
2012), which in particular aims at reducing the disposal of waste and to
contribute to the efﬁcient use of resources by re-use, recycling and other
forms of recovery of such waste, the recycling targets will increase by
August 15, 2015. Consequently, plastics play an increasingly important
role in reaching the recovery and recycling rates deﬁned in the
European WEEE Directive.
However, plastics recycling itself is associated with a number of
environmental issues. In particular, plastics from WEEE may contain
substances considered harmful for human health and environment
that should not be kept in a recycling loop but directed towards safe
ﬁnal sinks (Brunner, 2010; Buekens and Yang, 2014; Kral et al., 2013).
Such substances are e.g. polybrominated diphenyl ethers listed in the
Stockholm Convention on persistent organic pollutants (POPs)
(Stockholm Convention, 2009a,b; UNEP, 2013a,b) and regulated in the
Directive 2011/65/EU of the European Parliament and of the Council
of 8 June 2011 on the restriction of the use of certain hazardous substances in electrical and electronic equipment (RoHS Directive)
(European Union, 2011). Several studies have shown that substances
of concern may be found in plastics from WEEE at levels that exceed
maximum concentration values for new products deﬁned in the
European RoHS Directive. This includes substances that have deliberately been introduced into the plastics matrix during primary production as well as substances accidentally introduced into the plastics
fraction through cross-contamination during pre-treatment of WEEE.
Cadmium used in pigments (Schlummer et al., 2007) or commercial
polybrominated diphenyl ethers (PBDE) like c-pentaBDE, c-octaBDE
or c-DecaBDE used as ﬂame retardants (Morf and Taverna, 2004; Morf
et al., 2005; Peeters et al., 2014; Schlummer et al., 2007; Vyzinkarova
and Brunner, 2013; Wäger et al., 2012) are examples for deliberately introduced substances, lead from printed circuit boards (Schlummer
et al., 2007; Wäger et al., 2012) is an example for an accidentally introduced substance. Accordingly, the production of post-consumer plastics
from WEEE requires a separation of these substances and/or of the plastics containing these substances to a level that is compliant with legal
requirements (Sindiku et al., 2014; Wäger et al., 2012).
In this paper we present and discuss the results of a recent study that
exhaustively investigated the life cycle environmental impacts associated with the production of post-consumer plastics from WEEE treatment
residues in the Central European plant of a market-leading plastics recycler. The plant, which is located in Austria, treats material from all over
Europe and includes numerous proprietary and patented processes.
These allow the separation of the polymeric material from the other materials in the delivered plastics-rich WEEE treatment residues and the
obtainment of post-consumer plastics sorted by type (ABS, HIPS, PP)
for re-use in speciﬁc applications, such as consumer electronics (MBA
Polymers, 2015). The processes include removal of non-plastics
(metal, rubber, wood, glass, ﬂuff, foam, textiles, dirt etc.), washing and

preparation (clean plastics and remove non-target plastics), polyoleﬁn
puriﬁcation, styrenics puriﬁcation (cleaning-sorting of ABS and HIPS)
and formulation, blending and compounding (MBA Polymers, 2012).
The life cycle environmental impacts were determined with a life
cycle assessment (LCA) approach. In the last few years, many LCA studies related to waste management in general (Laurent et al., 2014a,b) and
plastics recycling in particular (Lazarevic et al., 2010; Rajendran et al.,
2012, 2013) have been performed. The recycling of plastics originating
from WEEE treatment, however, only has been addressed in one study
with a simpliﬁed representation of the recycling processes (Wäger
et al., 2011).
2. Methodology
Life cycle assessment (LCA) is a method to assess the potential environmental impacts and resource consumption throughout a product's
life cycle, i.e., from raw material extraction to waste management, including the production and use phases. LCA is generally seen as the
most established and well-developed method in this area (see
e.g. (Ness et al., 2007)). The related ISO 14040 standard (ISO, 2006) distinguishes four main steps within an LCA study: goal and scope deﬁnition, inventory modelling, impact assessment, and ﬁnal interpretation
phase. In the ﬁrst step, the boundaries of the study are deﬁned — as a
study is always established relative to the objectives that are to be
achieved (for a more detailed description see e.g. (Rebitzer et al.,
2004)). The second phase is often the most time-consuming part, as
the input and output values of each process within the boundaries
have to be collected here, before the totality of all these material and energy ﬂows is assessed in the third step based on ecological criteria.
2.1. Goal & scope
The goal of the study was to perform an in-depth life cycle assessment of the recycling of mixed, plastics-rich residues from WEEE treatment in an operational, state-of-the-art plastics recycling plant. In order
to do so, two different perspectives were applied, which are reﬂected in
the following two research questions:
1. How do different recovery and disposal routes for plastics-rich WEEE
treatment residues originating from the mechanical treatment of
WEEE perform from an environmental point of view?
2. How do post-consumer recycled (PCR) plastics originating from the
investigated plastics recycling plant perform in comparison to the respective virgin plastics production from an environmental point of
view?
While research question 1 allows taking into consideration the perspective of recyclers producing this type of waste fraction, research
question 2 addresses the perspective of customers purchasing plastic
granulates to manufacture plastic parts for their products.
The LCAs performed in this study can be considered to be of the accounting type, as they focus on the comparison of an existing recycling
process with alternatives producing a similar reference ﬂow of materials. Regarding research question 1, the environmental impacts of the
recycling process were compared with the impacts of a “ﬁnal disposal”
of the same residual material through incineration in a state of the art
European Municipal Solid Waste Incineration (MSWI) plant. Landﬁlling
has not been considered, as legislation is not encouraging this type of
“ﬁnal disposal” any more for organic fractions (European Union,
2012). Regarding research question 2, the environmental impacts of
the plastics recycling process were compared with those resulting
from primary production of an identical amount of (plastics) material.
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Attributional LCA models using a common “basket of products” through
system expansion were used in both cases (ISO, 2006). Such a “basket of
products” approach makes the evaluated treatment and production
pathways comparable by extending each of them in such a way that
they cover a common set of products and services (Fleischer, 1994).

2.2. System boundaries and functional unit
In order to answer the two research questions, appropriate system
boundaries and functional units were deﬁned for each of them. For research question 1, a functional unit1 of 1 tonne of plastics-rich WEEE
treatment residues was deﬁned, which is equivalent to the reference
ﬂow2 for the calculation. As the actual collection/separation of the
WEEE devices is identical for both treatment options (i.e. plastics
recycling vs. MSWI), the corresponding processes have not been included in the systems represented. In view of having an identical product
output or basket of products, respectively, the systems were each expanded with additional processes where necessary. The related system
boundaries are shown in the upper part of Fig. 1.
For research question 2, a functional unit of 1 tonne of a deﬁned mixture of plastics has been considered, which again is equivalent to the reference ﬂow for the calculation and addresses the complete treatment
chains for both options investigated (PCR plastics production vs. virgin
plastics production). The contribution of collection/separation of
WEEE devices to the production of plastics from plastics-rich residues
has been determined by economic allocation between the different output fractions from the WEEE treatment activities. The related system
boundaries are shown in the lower part of Fig. 1.
The “basket of products” for research question 1 include more products than the basket of products for research question 2, because incineration in the MSWI plant is part of the examined system, which results
in the production of a certain amount of heat and power (see Fig. 1,
upper part). For both research questions the combustion of the plastics
fraction directed to the cement kiln could not be addressed, because the
existing cement kiln model in ecoinvent does not include bromine and
heavy metals transfer coefﬁcients. Alternatively, it was assumed that
the plastics fraction going into the cement kiln is replacing a 50:50
mix of heavy fuel and coal with an energy content similar to the plastics
fraction. Regarding the substitution of virgin plastics with PCR plastics,
we assumed a 1:1 replacement.

2.3. Inventory analysis
In this study, primary and secondary data from different sources
have been used. Primary data, i.e. direct information about material
and energy ﬂows as well as material compositions related to the plastics
recycling process were obtained from the company running the
recycling plant. In all cases where actual, i.e. measured numbers for
the process were not available, we made estimations based on the inputs of the company representatives and veriﬁed these assumptions
with sensitivity analyses. For secondary data we referred to the database ecoinvent v2.2 (ecoinvent Centre, 2010), which includes average
European data for most existing materials and energy supply processes
and/or services (such as transport or waste treatment). The consideration of a possible recovery of metals in the MSWI process would have
required establishing new data models, which was not possible in the
frame of this study. Table S1 in the Supporting information compiles
the data used to model the four different systems shown in Fig. 1.

1
According to ISO (2006), the functional unit is the “quantiﬁed performance of a product system for use as a reference unit”.
2
According to ISO (2006), the reference ﬂow represents “measure of the outputs from
processes in a given product system required to fulﬁl the function expressed by the functional unit”.

2.4. Impact assessment
The impact assessment was performed with one of the most recent
and up-to-date LCA methods, the ReCiPe method (Goedkoop et al.,
2009), both on the mid- and end-point levels. Addressing both levels allows getting a comprehensive view of the examined processes; the use
of the same method for mid- and end-point levels is considered to be
more consistent. On the mid-point level, the following commonly
used categories were included in this study: terrestrial acidiﬁcation potential (TAP), global warming potential (GWP), freshwater eutrophication potential (FEP), photochemical oxidant formation potential (POFP),
ozone depletion potential (ODP), fossil depletion potential (FDP), freshwater ecotoxicity potential (FETP), marine ecotoxicity potential
(METP), human toxicity potential (HTP), and terrestrial ecotoxicity potential (TETP). The relevance of these midpoint indicators was further
examined by applying a normalisation step, based on the situation in
Europe. With regard to the end-point level, the default (European H/A)
perspective from ReCiPe was used, taking into account the actual
geographical situation of the recycling plant, which treats postconsumer material originating from various European WEEE treatment
facilities. In addition to the aggregated total, the three damage categories “Human Health”, “Ecosystem Diversity” and “Resource Availability”
are shown and discussed individually as well. It has to be kept in mind,
however, that such results represent potential and not actual environmental impacts.
3. Results and discussion
3.1. Comparison of treatment options for plastics-rich residues
Fig. 2 shows the results of the various mid-point indicators from
ReCiPe for the two treatment options recycling and incineration in an
MSWI plant. The upper part of the ﬁgure shows the total values relative
to the option with the higher impacts, while the lower part addresses
the split into the individual process steps that belong to each of the
two options.
With two exceptions, the incineration in an MSWI plant results in
impacts that exceed those of recycling by a factor of 4 and more. The exceptions are the factors “FEP” (freshwater eutrophication potential),
with a difference of only factor 2 between the recycling and the MSWI
option, and “ODP” (ozone depletion potential), with a recycling impact
exceeding the corresponding score for the MSWI option by about 25%.
70% of this impact are due to the additional “heat & power production”
(caused to a large extent by Halon 1211 and Halon 1301 releases in the
fossil fuel supply) required to establish the common basket of products.
Similarly, in the case of the FEP impact, the additional “heat & power
production” contributes to the overall impact with about 50%; caused
by phosphorus emissions into ground water (related mainly to the copper production chain). In the case of GWP and FDP the processes for the
additional “heat & power production” contribute to about 70% of the
overall impact of the recycling option; but in both cases the overall impact of the recycling option nevertheless stays about 4 times lower than
the incineration in an MSWI plant. The high impact of the MSWI option
is due to the virgin plastics production and the incineration process itself (GWP, caused by CO2 emissions) and the primary metal production
(FDP — caused by consumption of fossil fuels in whole metal supply
chain), respectively. In case of TAP and POFP, the additional “heat &
power production” contributes to about 50–60% of the recycling option, again resulting in an about 4 times lower impact than for the
MSWI option. In both cases, virgin plastics and primary metals production are responsible for about 80% of the impact of the MSWI option (which in the case of TAP are dominated by the releases of
sulphur dioxides along the supply chains). The four toxicity impact
factors (FETP, HTP, METP, and TETP) show a clearly different picture,
especially for the MSWI option. In all four cases, the impacts of the
MSWI option are largely dominated by the actual incineration of
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Fig. 1. System boundaries for the comparison of different treatment options for plastics-rich WEEE treatment residues (research question 1, upper part) and of PCR plastics with virgin
plastics (research question 2, lower part). The bold arrows represent the corresponding reference ﬂows.

the plastics-rich WEEE treatment fraction (65% for HTP, 95 and more
% for the three other toxicity factors, mainly caused by direct emissions of copper (FETP, METP), bromine (TETP), and antimony
(HTP) in the incineration step). As a consequence, the overall result
for the MSWI option is up to almost 400 times higher (FETP) than
for the recycling option. The process steps related to the actual
recycling activities (i.e. transport to the plant and all subsequent separation, pre-treatment and recovery processes, summarized as “plastics recycling process” in the ﬁgure) only contribute to about 5
(TETP) to 15% (METP) of the total impact of the recycling option.
All further impacts are due to the additional processes taken into account here in order to establish a common basket of products.
Fig. S1 in the Supporting information shows the normalised ReCiPe
midpoint indicator values for the two treatment options (recycling,
MSWI). Normalisation, which consists in weighing the scores of the impact factors for the examined system against the scores of the corresponding impact factors of a reference system (e.g. Europe), gives an
indication of the relevance of the impact factors addressed. The higher
a normalised impact factor, the more relevant it is. The highest normalised impacts were found for the categories FETP, HTP, and METP, followed by the category FEP and, with clearly lower values, the categories
FDP, GWP, TETP and TAP. As a consequence, environmental impacts

related to toxicity and eutrophication appear to be more relevant than
e.g. the global warming potential for the examined system.
On the level of the ReCiPe endpoint method, the comparison between the two systems results (on the level of the relative total values,
see Fig. 3) in a similar picture for all three damage categories and the
total impact: incineration in an MSWI plant results in impacts exceeding
those of the examined plastics recycling facility by a factor of about 4
(see Fig. 3). Again, the process steps of the actual recycling activity
(transport to the plant and the subsequent pre-treatment and recovery)
are only responsible for about 20% of the total impact from recycling;
the remaining impacts are again due to the expansion of the system required to establish the common basket of products. For the MSWI option, the damage categories “Ecosystem Diversity” and “Human
Health” are dominated by the actual disposal process (i.e. the incineration of the plastics-rich WEEE treatment fraction in an MSWI plant),
while the damage category “Resource Availability” is dominated by
the virgin plastics production.
3.2. Comparison between PCR plastics and virgin plastics
The comparison between PCR plastics and virgin plastics production,
which uses 1 tonne of produced plastics as the reference ﬂow, neither
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Fig. 2. Environmental impacts associated with the two treatment options (recycling, MSWI) for 1 tonne of plastics-rich WEEE treatment residues (upper part: total values, relative to the
option with the higher impacts; lower part: split into the individual process steps for each option). Shown are the ReCiPe mid-point indicators terrestrial acidiﬁcation potential (TAP),
global warming potential (GWP), freshwater eutrophication potential (FEP), photochemical oxidant formation potential (POFP), ozone depletion potential (ODP), fossil depletion potential (FDP), freshwater ecotoxicity potential (FETP), marine ecotoxicity potential (METP), human toxicity potential (HTP), and terrestrial ecotoxicity potential (TETP).

Fig. 3. Environmental impacts associated with the two treatment options (recycling,
MSWI) for 1 tonne of plastics-rich WEEE treatment residues (upper part: total values, relative to the option with the higher impacts/lower part: split into the individual process
steps for each option). Shown are the ReCiPe endpoint results for the damage categories
“Ecosystem Diversity” (ED), “Human Health” (HH), and “Resource Availability” (RA), as
well as the total impact.

includes the MSWI process nor the heat and power production steps
(see Fig. 1). As shown in Fig. 4, this results in much smaller differences
for the four toxicity categories than the previous comparison of the
treatment options for plastics-rich residues. For FETP, METP and HTP,
differences by about a factor of 3–4 can be observed between the production options (PCR, virgin), in comparison to a difference by a factor
of almost 400 between the treatment options (as discussed above). In
case of TETP, the impacts of the virgin plastics option only exceed
those of the PCR plastics option by about 25%. In all four cases the primary metals production is the main contributor for the impacts, being responsible for more than 80% of the impacts in case of the various
toxicity categories. The process identiﬁed to be the main contributor
in research question 1 (i.e. the actual incineration of the plastics-rich
shredder fraction) is not part of the system examined in research
question 2.
Compared to the outcomes for research question 1, an accentuation
of the difference between the two plastics production options (PCR
plastics vs. virgin plastics) can be observed for all the non-toxicity indicators. Even the ODP indicator now results in a clear advantage for the
PCR plastics option, i.e. a value that is less than half of the value for
the virgin plastics option. Still, however, the ODP results are dominated
by the plastics recycling process and the fuels production, respectively.
In case of the FEP results, the included metal processes (recycling and
primary production) are dominating the overall impact. All other nontoxicity factors in the virgin production option are dominated by the
primary production of the three different types of plastics (being responsible for 60% and more of the total impact).
Fig. S2 in the Supporting information shows the normalised ReCiPe
midpoint indicator values for the two plastics production options. The
picture is quite similar to Fig. S1, i.e. the highest normalised impacts
can be observed for the categories FEP, FETP, HTP, and METP, followed
by the indicators for FDP, TAP and GWP.
Fig. 5 shows the results for the ReCiPe endpoint method. The scores
for the three damage categories and the total impact in the upper part of
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Fig. 4. Environmental impacts associated with the production of 1 tonne of plastics from post-consumer recycling (PCR plastics) and primary production (virgin plastics) (upper part: total
values, relative to the option with the higher impacts; lower part: split into the individual process steps for each option). For an explanation of the abbreviations of the reported ReCiPe
midpoint indicators, see Fig. 2.

this ﬁgure show a similar pattern as the respective ﬁgure from research
question 1 (Fig. 3). Virgin plastics production has an impact exceeding
that of the PCR plastics production by a factor of 6–10. The process
steps of the actual recycling activity (i.e. WEEE treatment, transport
and the subsequent plastics recycling process) are responsible for
about 70% of the total impact of the PCR plastics system. Within the virgin plastics production system, the production of the primary plastics
accounts for 50–60% of the total impact. The remaining part is in both
cases largely dominated by the respective metal treatment process step.
3.3. Sensitivity analyses

Fig. 5. Environmental impacts associated with the production of 1 tonne of plastics from
post-consumer recycling (PCR plastics) and primary production (virgin plastics) (upper
part: total values, relative to the option with the higher impacts; lower part: split into
the individual process steps for each option). For an explanation of the abbreviations of
the reported ReCiPe endpoint indicators, see Fig. 3.

Despite a close collaboration with the plant owner, some parameters
used in this comparison are still based on assumptions only. In order to
evaluate the relevance and inﬂuence of these parameters, several sensitivity analyses were performed for each of the two research questions
by varying each of these assumed parameters. In both cases, only aspects directly related to the plastics recycling process have been examined. Possible inﬂuences due to variations in the processes of the
examined basket of products have not been taken into account; those
processes have been deﬁned in function of the actual situation of the examined recycling plant.
Table 1 gives an overview of the established sensitivity analyses and
the corresponding parameter settings for research question 1 (how do
different recovery and disposal options perform?).
Sensitivity analysis A addresses the actual composition of the input
material. The composition of the input material, which is subject to
changes over time due the varying composition of delivered plasticsrich WEEE treatment residues and ﬂuctuations in the supplier market,
has a direct inﬂuence on a variety of output fractions (plastics, metals,
fuel for clinker, etc.) and on the amount of heat/power that can be produced in the MSWI route. Sensitivity analysis B addresses the emission
pathways of impact-relevant substances, namely bromine, heavy
metals and NMVOC by assuming a worst-case scenario of releases into
the air (compared to no such emissions in the default case, due to a
lack of respective information from the plant owner). The assumption
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Table 1
Parameter settings for the sensitivity analyses regarding the investigated recovery and disposal options for plastics-rich WEEE treatment residues.
Sensitivity analysis

Parameter settings

A: composition of
delivered
plastics-rich WEEE
treatment residues

Default Data from recycling plant
A1
“High” metals content of 18% and low plastics
content of 77%
A2
Ecoinvent default data of treatment residues
with 93% plastics content
A3
High plastic content (96%) and low content of
other materials (2%)
Default Bromine (originating from the brominated ﬂame
retardants (BFRs)) and heavy metals leaving the
system as a part of the fuel
B
10% of the bromine (originating from the BFRs)
as “emissions to air” + 10% of all heavy metals
emitted as “emissions to air”. NMVOC emissions
to air correspond to 100% of the waste oil
fraction + 0.001% of the plastics fraction
(assumed worst case)
Default Data from recycling plant
C1
10% of plastics currently going into clinker
production as a fuel are also recycled
C2
25% of plastics currently going into clinker
production as a fuel are also recycled
C3
50% of plastics currently going into clinker
production as a fuel are also recycled

B: emission pathway
of impact-relevant
substances

C: increased amount
of recycled plastics

that 10% of the original bromine content is released into air during the
recycling of the plastics can be seen as a worst case situation — modern
clinker production sites show transfer coefﬁcients e.g. for chlorine or antimony of less than 0.1% (Bösch et al., 2009; Vermeulen et al., 2009),
which is 100 times lower than the factor used for bromine here. Finally,
sensitivity analysis C shows the effect of a higher plastics recycling yield
on the overall results. The inﬂuence of all these three sensitivity analyses on the investigated recovery and disposal options for plastics-rich
WEEE treatment residues is shown in Fig. 6 for the three damage categories of the ReCiPe endpoint method.
For sensitivity analysis A, the results clearly show that the actual
composition of the input material has no relevant inﬂuence on the overall result — independent of the changes in the composition that are

assumed. In case of sensitivity analysis B, the damage on the ecosystem
diversity is hardly inﬂuenced (change of less than 5%); however, these
bromine emissions have a signiﬁcant impact on the human health damage, resulting in about 160% higher impacts. But despite this high increase the MSWI option still shows a value that is about 2 times
higher. Finally, according to sensitivity analysis C, a higher recycling efﬁciency does not have a big inﬂuence on the overall impact for the
recycling option. This is due to the fact that the overall impact is dominated by the additional “heat & power production” (see Fig. 3). For the
MSWI option, the overall impact would increase by 10 to 12% if 50% of
the currently “lost” plastics fraction (i.e. the fraction going as fuel into
the clinker production) was recycled in addition. The higher impact
compared to the recycling option can be explained by the greater
amount of primary plastics that is taken into account. A higher recycling
efﬁciency could e.g. be achieved by including a solvent extraction process for the elimination of BFRs (Freegard et al., 2006; Schlummer
et al., 2012).
Table 2 gives an overview of the established sensitivity analyses and
the corresponding parameter settings for research question 2 (how do
post-consumer recycled plastics perform in comparison to the respective virgin plastics?).
The results of the four sensitivity analyses for research question 2,
again expressed via the three damage categories of the ReCiPe endpoint
method, are summarized in Fig. 7. It can be clearly seen that the inﬂuence on the overall results for the PCR plastics option is rather small.
For sensitivity analyses D and E, the production of 1 kg of PCR plastics
results in variations of the results for the PCR plastics option of 0.4 to
12%. Only in the case of sensitivity analysis F, which addresses the
split between the different recycled metals, an inﬂuence of up to almost
30% on the result for PCR plastics could be observed. The changes in the
metal split also affect the results for the “virgin plastics” option,
resulting in variations ranging from − 10 to +36%. Last but not least,
sensitivity analysis G is dominated by the amount of ABS that could be
recycled: the higher the amount of ABS, the higher the overall impact
of the virgin plastics option.
All in all, the four sensitivity analyses show that variations in the different parameters do not result in a change of the overall conclusion —
i.e. the PCR plastics option results in all cases still in a clearly lower impact compared to the virgin plastics option.

Fig. 6. Environmental impacts associated with the two treatment options (recycling, MSWI) for 1 tonne of plastics-rich WEEE treatment residues, including the inﬂuence of sensitivity
analyses A1 to C3.
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Table 2
Parameter settings for the sensitivity analyses regarding the investigated plastics production options.
Sensitivity analysis

Parameter settings

D: allocation factor of
the WEEE
separation step

Default 15%, based on an economic allocation
(plastics-containing fractions vs other parts)
D1
25%, mass-based allocation (plastics containing
fractions vs other parts)
D2
0% (as WEEE recycler has to pay for the
treatment in the plant)
Default Distance Switzerland to plant; i.e. an average
transport distance of 250 km
E1
Average transport distance of 50 km,
representing a local supplier structure
E2
Average transport distance of 500 km,
representing short European distances
E3
Average transport distance of 1000 km,
representing long European distances
Default Split between steel, copper & aluminium
according to plant information
F1
High share of steel (68%); copper & aluminium
having been reduced accordingly
F2
High share of copper (56%); steel & aluminium
having been reduced accordingly
F3
Inclusion of precious metals (gold, silver) —
keeping default values for other metals
Default Split between ABS, HIPS & polypropylene
according to plant information
G1
High share of ABS (55%), having 20% PP and 25%
HIPS
G2
High share of ABS (45%) and PP (40%), having
15% HIPS
G3
High share of PP (60%), having 30% ABS and 10%
HIPS

E: transport modes
and distances for
the input material

F: split between
recycled metals

G: split between
recycled plastics
types
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4. Conclusions
In this paper, we calculated the environmental impacts associated
with the recycling of shredded plastics-rich by-products created from
WEEE treatment activities. Hereby, we applied two perspectives, one
looking “downstream” of the plastics containing fractions to be
recycled, the other “upstream” of the secondary plastics produced out
of the same fractions.
Our approach allows the evaluation of the environmental beneﬁts
(or burdens) of recycling from the perspective of key stakeholders on
the level of interpretation (ISO, 2006). In the case of plastics recycling
from plastics-rich WEEE treatment residues, these key stakeholders
are the customers providing the feedstock for the recycling plant and
the customers purchasing the recycling product.
Applying multiple stakeholder perspectives to answer the question,
if plastics recycling from plastics-rich WEEE treatment residues is environmentally beneﬁcial, is a possible approach to better address the
complexity of socio-technical systems. In any case, a clear advantage
of the chosen approach is that the operators of the recycling plant will
be able to selectively address and inform their key stakeholders on the
environmental beneﬁts of the plastics recycling option.
With the exception of the review process, where only one reviewer
was involved, the study has been performed in accordance with the requirements of the ISO 14040 series for life cycle assessment. The study
also complies with most recommendations for a better LCA practice in
LCA studies of solid waste management systems recently presented
(Laurent et al., 2014b). In particular, much effort was spent in collecting
data for the foreground processes, which was done iteratively with the
representatives of the plastics recycling plant, and in performing extended sensitivity analyses to address uncertainties. Still, the limited
data availability did not allow to check mass balances for individual
waste components and to track waste and substance ﬂows with tools

Fig. 7. Environmental impacts associated with the production of 1 tonne of plastics from post-consumer recycling (PCR plastics) and primary production (virgin plastics), including the
inﬂuence of the sensitivity analyses D1 to G3.
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combining substance ﬂow analysis and LCA such as EASETECH or
ORWARE (Clavreul et al., 2014; Eriksson et al., 2002). This was further
accentuated by the fact that on the level of inventory data some processes in ecoinvent are not able to calculate substance speciﬁc emissions,
e.g. bromine in cement kilns. Nevertheless, it has to be emphasized
that the investigated recycling plant is committed to prevent hazardous
substances to enter the recycling loop and complies with relevant national and international legislations, e.g. the RoHS Directive (European
Union, 2011).
The results of our study show that the recycling of plastics from
plastics-rich WEEE treatment residues is clearly superior to alternative
disposal and production routes. This holds true both from a downstream perspective (research question 1), i.e. the perspective of the customer delivering plastics-rich WEEE treatment residues (with the
incineration of the residues in an MSWI plant as the alternative) and
the upstream perspective (research question 2), i.e. the perspective of
the customer purchasing the recycling product (with virgin plastics production as the alternative). For the ReCiPe endpoint assessment method, for example, the recycling of plastics-rich WEEE treatment
residues results in impacts that are about 4 times lower than those for
the disposal in an MSWI plant and 6 to 10 times lower than those for
the virgin plastics production. This outcome is indifferent to variations
in key parameters such as allocation factors in the WEEE separation
step, transport modes and distances, split of recycled metals and plastics
or the emission pathways of impact-relevant substances.
The results of our study are in line with other studies on plastics
recycling, which however mainly focus on other, mostly pure plastics
fractions (Lazarevic et al., 2010; Rajendran et al., 2012), and provide
the necessary evidence for the environmental beneﬁts of plastics
recycling compared to existing alternatives. Yet they cannot yet be
taken as conclusive evidence. Firstly, the technical data of the produced
PCR plastics do not exactly correspond to those for virgin plastics. Accordingly, the produced PCR plastics only can replace virgin plastics in
those cases, where they comply with the speciﬁcations of the customer
or where they can be modiﬁed with standard additives (such as impact
modiﬁers) to meet the desired speciﬁcations. Second, we could not systematically address the fate of hazardous substances in the outputs of
the plastics recycling plant. Future research will have to address the
fate of hazardous substances in the outputs of such recycling systems
in more detail to allow for a conclusive scientiﬁc evaluation of different
plastics recycling systems, including systems operating in a more informal context (Buekens and Yang, 2014; Sindiku et al., 2014). In particular, this will require further efforts in the compositional characterisation
of the outputs of such systems and the application of appropriate substance ﬂow analysis and risk assessment methodologies.
Acknowledgments
We are grateful to the representatives of MBA Polymers for their
support in the project and the provision of relevant data and information. Also, we would like to thank the critical reviewer of our life cycle
assessment study for his helpful comments and suggestions.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.05.043.
References
APME, 2001. Plastics — A Material of Innovation for the Electrical and Electronic Industry.
APME, Brussels.
Bösch, M.E., Köhler, A., Hellweg, S., 2009. Model for cradle-to-gate life cycle assessment of
clinker production. Environ. Sci. Technol. 43, 7578–7583.
Brunner, P.H., 2010. Clean cycles and safe ﬁnal sinks. Waste Manag. Res. 28, 575–576.
Buekens, A., Yang, J., 2014. Recycling of WEEE plastics: a review. J. Mater. Cycles Waste
Manage. 16, 415–434.

Clavreul, J., Baumeister, H., Christensen, T.H., Damgaard, A., 2014. An environmental assessment system for environmental technologies. Environ. Model. Softw. 60, 18–30.
ecoinvent Centre, 2010. Ecoinvent Data v2.2. Swiss Centre for Life Cycle Inventories,
Dübendorf, CH.
Eriksson, O., Frostell, B., Björklund, A., Assefa, G., Sundqvist, J.O., Granath, J., et al., 2002.
ORWARE — a simulation tool for waste management. Resour. Conserv. Recycl. 36,
287–307.
European Union, 2011. Directive 2011/65/EU of the European Parliament and of the
Council of 8 June 2011 on the Restriction of the Use of Certain Hazardous Substances
in Electrical and Electronic Equipment. (recast). Off. J. Eur. Union L174/88.
European Union, 2012. Directive 2012/19/EU of the European Parliament and of the
Council of 4 July 2012 on Waste Electrical and Electronic Equipment (WEEE). (recast). Off. J. Eur. Union L197/1.
Fleischer, G., 1994. Methodik des Vergleichs von Verwertungs-/Entsorgungswegen im
Rahmen der Ökobilanz. Abfallwirtsch. J. 6, 697–701.
Freegard, K., Tan, G., Morton, R., 2006. Develop a process to separate brominated ﬂame retardants from WEEE polymers. Final Report. The Waste & Resources Action Programme (WRAP), Banbury, Oxon.
Goedkoop, M., Heijungs, R., Huijbregts, M.A.J., de Schreyver, A., Struijs, J., Van Zelm, R.,
2009. ReCiPe 2008 — a life cycle impact assessment method which comprises
harmonised category indicators at the midpoint and the endpoint level. Report I:
Characterisation, First edition VROM — Ministery of Housing Spatial Planning and Environment, Den Haag (the Netherlands).
Huisman, J., Magalini, F., Kuehr, R., Maurer, C., Ogilvie, S., Poll, J., et al., 2008. 2008 Review
of Directive 2002/96 on Waste Electrical and Electronic Equipment (WEEE). United
Nations University, Bonn, Germany.
ISO, 2006. Environmental management – life cycle assessment – principles and framework. European Standard EN ISO 14'040International Standardization Organization
(ISO), Geneva (Switzerland).
Kral, U., Kellner, K., Brunner, P.H., 2013. Sustainable resource use requires “clean cycles”
and safe “ﬁnal sinks”. Sci. Total Environ. 461–462, 819–822.
Laurent, A., Bakas, I., Clavreul, J., Bernstad, A., Niero, M., Gentil, E., et al., 2014a. Review of
LCA studies of solid waste management systems — part I: lessons learned and perspectives. Waste Manag. 34, 573–588.
Laurent, A., Clavreul, J., Bernstad, A., Bakas, I., Niero, M., Gentil, E., et al., 2014b. Review of
LCA studies of solid waste management systems — part II: methodological guidance
for a better practice. Waste Manag. 34, 589–606.
Lazarevic, D., Aoustin, E., Buclet, N., Brandt, N., 2010. Plastic waste management in the
context of a European recycling society: comparing results and uncertainties in a
life cycle perspective. Resour. Conserv. Recycl. 55, 246–259.
MBA Polymers, 2012. Because Sustainabilty Matters. http://www.mbapolymers.com/
home/images/PDF/mba-corp-brochure.pdf (last accessed on: April 30, 2015).
MBA Polymers, 2015. MBA Polymers Austria Kunstoffverarbeitung GmbH. http://www.
mbapolymers.com/home/mba-polymers-austria-kunstoffverarbeitung-gmbh (last
accessed on: February 22, 2015).
Morf, L., Taverna, R., 2004. Metallische und nichtmetallische Stoffe im Elektronikschrott.
Stoffﬂussanalyse. Schriftenreihe UmweltSwiss Agency for the Environment, Forests
and Landscape, Bern, Switzerland.
Morf, L.S., Tremp, J., Gloor, R., Huber, Y., Stengele, M., Zennegg, M., 2005. Brominated
ﬂame retardants in waste electrical and electronic equipment: substance ﬂows in a
recycling plant. Environ. Sci. Technol. 39, 8691–8699.
Ness, B., Urbel-Piirsalu, E., Anderberg, S., Olsson, L., 2007. Categorising tools for sustainability assessment. Ecol. Econ. 60, 498–508.
Ongondo, F.O., Williams, I.D., Cherrett, T.J., 2011. How are WEEE doing? A global review of
the management of electrical and electronic wastes. Waste Manag. 31, 714–730.
Peeters, J.R., Vanegas, P., Tange, L., Van Houwelingen, J., Duﬂou, J.R., 2014. Closed loop
recycling of plastics containing ﬂame retardants. Resour. Conserv. Recycl. 84, 35–43.
Rajendran, S., Hodzic, A., Soutis, C., Al-Maadeed, M.A., 2012. Review of life cycle assessment on polyoleﬁns and related materials. Plast., Rubber Compos. 41, 159–168.
Rajendran, S., Hodzic, A., Scelsi, L., Hayes, S., Soutis, C., AlMa'adeed, M., et al., 2013. Plastics
recycling: insights into life cycle impact assessment methods. Plast., Rubber Compos.
42, 1–10.
Rebitzer, G., Ekvall, T., Frischknecht, R., Hunkeler, D., Norris, G., Rydberg, T., et al., 2004.
Life cycle assessment part 1: framework, goal and scope deﬁnition, inventory analysis, and application. Environ. Int. 30, 701–720.
Schlummer, M., Gruber, L., Mäurer, A., Wolz, G., Van Eldik, R., 2007. Characterisation of
polymer fractions from waste electrical and electronic equipment (WEEE) and implications for waste management. Chemosphere 67, 1866–1876.
Schlummer, M., Mäurer, A., Altnau, G., 2012. Recycling of high performance polymers
from electro(nic) scrap. Electronics Goes Green 2012+, Berlin.
Sindiku, O., Babayemi, J., Osibanjo, O., Schlummer, M., Schluep, M., Watson, A., et al., 2014.
Polybrominated diphenyl ethers listed as Stockholm Convention POPs, other brominated ﬂame retardants and heavy metals in e-waste polymers in Nigeria. Environ.
Sci. Pollut. Res. http://dx.doi.org/10.1007/s11356-014-3266-0.
Stockholm Convention, 2009a. Listing of hexabromodiphenyl ether and
heptabromodiphenyl ether. UNEP/POPS/COP.4/SC-4/14.
Stockholm Convention, 2009b. Listing of tetrabromodiphenyl ether and
pentabromodiphenyl ether. UNEP/POPS/COP.4/SC-4/18.
UNEP, 2013a. Proposal to list decabromodiphenyl ether (commercial mixture, c-decaBDE)
in Annexes A, B and/or C to the Stockholm Convention on Persistent Organic Pollutants.
UNEP, 2013b. Report of the persistent organic pollutants review committee on the work
of its ninth meeting. UNEP/POPS/POPRC.9/13.
Vermeulen, I., van Caneghem, J., Block, C., Vandecasteele, C., 2009. Comparison of the Environmental Impact of the Incineration of Caloriﬁc Industrial Waste in a Rotary Kiln
and a Cement Kiln in View of Fuel Substitution. KUL — Katholieke Universiteit
Leuven, Leuven (Belgium).

P.A. Wäger, R. Hischier / Science of the Total Environment 529 (2015) 158–167
Vyzinkarova, D., Brunner, P.H., 2013. Substance ﬂow analysis of wastes containing
polybrominated diphenyl ethers: the need for more information and for ﬁnal
sinks vyzinkarova and brunner SFA of wastes containing PBDEs. J. Ind. Ecol. 17,
900–911.
Wäger, P., Schluep, M., Müller, E., 2010. RoHS Substances in Mixed Plastics from Waste
Electrical and Electronic Equipment. Empa, St. Gallen.

167

Wäger, P.A., Hischier, R., Eugster, M., 2011. Environmental impacts of the Swiss collection
and recovery systems for waste electrical and electronic equipment (WEEE): a
follow-up. Sci. Total Environ. 409, 1746–1756.
Wäger, P.A., Schluep, M., Müller, E., Gloor, R., 2012. RoHS regulated substances in mixed
plastics from waste electrical and electronic equipment. Environ. Sci. Technol. 46,
628–635.

