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Treatment of Waste electrical and electronic equipment (WEEE) creates the opportunities to
reach the circular economy. Nevertheless, the WEEE plastic generation and the treatment of
this huge waste stream has not been applied successfully. Thus, to reach the circular
economy, managing the WEEE stream in a sustainable way is required. This plays an
important role in the treatment of the huge amount of valuable resources and materials. In
terms of plastics, the share of this material in the structure of the WEEE stream is
approximately 20 percent. Thus, considering the plastic recycling from WEEE stream is
vital. Nevetherless, the WEEE plastic streams carries out hazardous elements like
brominated flame retardant (BFRs) and it is important to recognize the BFRs among the
different polymers and eliminate them. The vision of this study is to aid the Finnish industry
to become a leader in the treatment of challenging stream of the WEEE plastic and via the
development of their strategies, change this challenge to novel business opportunities of the
plastic in Finland.

This study analyzes the environmental performance of WEEE plastics recycling
technologies via life cycle assessment (LCA) method to get to know the best option to apply

in the industry. Based on the results obtained from this study, material recovery through



mechanical recycling is the best treatment of WEEE plastic recycling. For WEEE plastic
recycling, as it obtained from the results of this study, the worst treatment is incineration.

The highest GWP is incineration (scenario 1) with 1530 kg CO2 eq./ tonne of WEEE plastics,
and the second highest GWP is pyrolysis (scenario 1V) with 297 kg CO: eq./ tonne of WEEE
plastics. And scenario 11 and I11 that stand for composite (Mechanical recycling I) with -1260
kg CO: eq./ tonne of WEEE plastics and granules (Mechanical recycling 1) with -940 kg
CO:2 eq./ tonne of WEEE plastics respectively, have the negative impact on GWP. These

negative values show the saving regarding the environmental loads.
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Symbol
eq equivalent
°C degree Celsius

Abbreviations

ABS Acrylonitrile butadiene styrene
BFRs Brominated flame retardants

CO2 Carbon dioxide

EEE Electrical and Electronic Equipment
EPR Extended Producer Responsibility
EU European Union

GHG Greenhouse gas

GWP Global Warming Potential
HBCDDs Hexabromocyclododecane

HDPE High-density polyethylene

HIPS High impact polystyrene

ISO International Organization for Standardization
Kt Metric kiloton

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
LDPE Low-density polyethylene

LLDPE Linear low-density polyethylene
LPB Liquid packaging board

LUT Lappeenranta-Lahti University of Technology
Mt Millions of metric tonnes

NIR Near Infrared

PBDEs Polybrominated diphenyl ethers

PC Polycarbonate

PCR Post-Consumer Recycled



PET
POPs
PP

PS
PVC
SDGs
uv
VTT
WEEE
XRF

Polyethylene terephthalate

Persistent organic pollutants
Polypropylene

Polystyrene

Polyvinyl chloride

Sustainable Development Goals
Ultraviolet (radiation)

Technical Research Centre of Finland
Waste Electrical and Electronic Equipment

X-ray fluorescence



1 INTRODUCTION

Proper treatment of the waste electrical and electronic equipment (WEEE) creates the
opportunities to reach the circular economy (Salhofer, 2017). Nevertheless, the WEEE
plastic generation and the treatment of this huge waste stream has not been applied
successfully. Thus, to reach the circular economy, managing the WEEE stream in a
sustainable way is a must, and this plays an important role in the treatment of the huge

amount of valuable resources and materials (Liu et al., 2022).

WEEE recycling is not only crucial from the circular economy side, but also from the climate
change, and the global warming side. And the undocumented of the WEEE steam and the
inappropriate recycling of this waste flow, put the environment and the human health at risk
(Ardolino et al., 2021; Menikpura et al., 2014). Therefore, the analysis of the possible
technique related to the treatment of WEEE can propose a novel way to tackle these

problems and decrease the greenhouse gas (Menikpura et al., 2014).

WEEE stream recycling plays an important role to provide valuable resources and move
forward to circular economy, not only for metals, but also for plastics (Meester et al., 2019).
Thus, considering the plastic recycling from WEEE stream is vital, particularly in terms of
the defined treatment rates via the European WEEE Directive (Wager and Hischier, 2015).

The amount of plastic using in the EEE (electrical and electronic equipment) structure is
growing from the 1980s, and plastics form approximately 20 percent of all WEEE stream
(Ardolino et al., 2021; Wager and Hischier, 2015).

It was estimated that there was an increase in the WEEE generation (between 20 and 25 Mt)
between the year 2009 and the year 2016 (Fiore et al., 2019). WEEE equipment is growing
globally, and the produced amount of WEEE in a year is 7.3 kilogram per year globally.
Asia has first place in WEEE generation with the 24.9 Mt annually, and this figure for
America, EU, Africa, and Oceania are 13.1, 12, 2.9, and 0.7 respectively. This needs to be
mentioned that the biggest share of WEEE production per capita belongs to the European

countries and this share is around 16 kilogram (Ardolino et al., 2021).



In the year 2016, from this huge amount of WEEE, just around 20% was sent to collection
phase. Nevertheless, the share directed to landfilling and incineration was around 47.5% and
6.2% respectively (Meester et al., 2019).

Therefore, the WEEE Directive focuses on the reduction of the disposal of this valuable
waste stream via recycling and reusing (European Commission, 2003).
In this study, the composition of the data is for WEEE plastics from small household

appliances. However, the study in general would be applicable also for other WEEE plastics.

However, plastic recycling from WEEE stream in not as easy as it seems since this waste
flow is complicated and challenging (Meester et al., 2019). The WEEE plastic streams
carries out hazardous elements as well as BFRs and it is important to recognize the BFRs

among the different polymers (Stubbings et al., 2021).

For all above the mentioned reason, the importance of WEEE recycling is growing. During
the recent years, several studies related to the life cycle assessment of plastic recycling have
been conducted. But they usually did not reach the same conclusion (Jeswani et al., 2021).

To reach the circular economy goal, not only the industry needs to be improved, but also the
environment needs to be protected via reduction of the environmental impacts of the industry
section. However, the large amount of plastics from WEEE fraction is gathered without

meeting the suitable treatment method (Stubbings et al., 2021).

It needs to be considered that the process of WEEE recycling consumes energy, thus this
recycling process produces emissions and effects on the GWP (Menikpura et al., 2014).
Thus, it is crucial to know which WEEE plastic treatment technique has the less impact on

the environment and produces less emissions.

This study is a part of a wider research project (PLASTin project) that helps the plastics
industry actors in Finland to develop their strategies related to the WEEE plastic treatment.
The vision of this study is to aid Finnish industry to become a leader in the treatment of

WEEE plastics and create the novel chances in the plastic industry in Finland.



This study analyzes the environmental performance of WEEE plastics recycling
technologies via life cycle assessment (LCA) to get to know the best option to apply in the
industry (more efficient with the less environmental impact). For example, the obtained
results from this study can affect the performance of WEEE plastic recycling that which

treatment way has the less environment impact with highest performance.

2 WASTE ELECTRICAL AND ELECTRONIC EQUIPMENTS

The production of WEEE is at a high speed (Baldé et al., 2017). Thus, not only thinking
about a good and effective solution to improve the circular economy of this WEEE stream
is important, but also creating recycling methods that are environmentally friendly
(reduction of the waste production and landfill disposal) is vital (Esther and Renter, 2020).
Due to the improvement of the electronic devices and their growing usage globally, WEEE
stream has become a vast challenge, in both of developed and the developing countries
(Mihai et al., 2019). There are explanations for the development of the technologies at a high
rate, such as complications and high cost of repair of these products that makes the customers

to buy the more advanced product (Esther and Renter, 2020).

The generated waste by WEEE, makes this waste stream so important due to the composition
that includes valuable materials such as metals, plastics, ceramics and glass, and also it needs
to be considered that WEEE is complicated to recycle because it includes various different
materials (Kyere et al., 2018).

WEEE waste streams not only carries valuable resources and materials such as, gold, plastic,

silver, aluminium and copper, but also hazardous materials (Salhofer, 2017).

Thus, other characteristics of WEEE stream are hazardous materials that make WEEE a
challenging material (Wagner et al., 2019) and this following the directive 2002/95/EC of

the European parliament and the council (European Commission, 2003).

Additionally, there is a vital need to manage the plastic waste fraction to reduce the
environmental impacts of the plastic on our planet (Belyamani et al., 2021). One of the
biggest produced waste stream around the world is plastics, and this waste stream stands for

around 10% of the all produced waste stream (Joseph et al., 2020).
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From the economical and the circular economy perspective, the goal is the optimization of
the usage of the resources through making possible the circular loop of products via material

recovery, reusage and recycling (Civancik-uslu et al., 2021).

2.1 Legislations and WEEE directives

Directive 2002/95/EC emphasises on the harmful elements reduction in the EEE and the
hazardous parts such as ozone depletion elements that will remain in the WEEE fraction for
several years. The harmful elements of the EEE are a vast and big challenge that needs to be
considered for the waste management of WEEE, and also lack of suitable WEEE recycling
methods causes losing valuable material sources. Therefore, the goal of the Directive
2012/19/EU of the European parliament and the council on WEEE, is moving towards the
generating and using in a sustainable way. Firstly, via reduction of WEEE, and secondly, by
material recovery, recycling and reusage. This results in the possibility of using the suitable

secondary raw materials (European Commission, 2003).

In terms of the WEEE shipping, the legislations are becoming harsher to prevent the
environmental risks (VTT, 2012). Based on the Directive 2002/C 110 E/01, at European
countries level, the manufacturer has the responsibility of the special stages regarding the
waste management process of the products, and it is called the Extended Producer
Responsibility (EPR). According to EPR, a location for returning WEEE without cost is
required. . And from WEEE treatment perspective, this is the responsibility of the Member
States to make sure that the manufactures make available the WEEE treatment and recycling.
Furthermore, the informing of the users regarding their part in the WEEE recycling system
needs to be considered (EEE, Copenhagen, 2002).

Regarding the Fire Prevention Plan accepted via the Environment Agency, the treatment of
the WEEE needs to be done in a place where is water-resistant, technologized with sealed
drainage system that is facilitated with leakage collection system. And the storage of WEEE
needs to be under certain conditions. The elements need to be separated, the residues
materials need to stock on a sealed area that has a sealed drainage system facilitated with
leakage collection system. And the elements of WEEE should be separated and then needs

to go to the storing stage. Therefore, the precise containers that are specified and categorised
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must be considered for harmful substances, element with liquids, lamps, batteries, and
capacitors.

Additionally, after applying shredding process and granulation process, the residues should
be kept in a sealed zone including sealed drainage system facilitated with leakage collection
system (Environmental Agency, 2016).

Based on the Directive 2012/19/EU, EEE are separated to 10 different groups. This study is
focused on the group 2 that is small household appliances (Baldé et al., 2017).
In table 1, information about the different groups in WEEE Directive can be found.

Table 1. The different groups in WEEE Directive (Baldé et al., 2017)

Number Category

1 Large household appliances

2 Small household appliances

3 IT and telecommunications equipment

4 Consumer equipment and photovoltaic panels

5 Lighting equipment

6 Electrical and electronic tools (with the exception of large-scale stationary industrial tools)
7 Toys, leisure and sports equipment

8 Medical devices (with the exception of all implanted and infected products)

9 Monitoring and control instruments

10 Automatic dispensers

2.2 WEEE and the Sustainable Development Goals

Increase volume of the WEEE fraction and leaving them without proper treatment,
landfilling and burning cause a big and serious impact on the human health and the
environment. This is in contract to the Sustainable Development Goals. To reach the goals
of the Sustainable Development Agenda, there is the need to gain more data related to the
WEEE and the recycling of this valuable waste stream. Therefore, the more data about the
WEEE recycling aids to the goals of the Sustainable Development related to the
environmental and health. And also improving the WEEE recycling helps to the growth of

the employment rate and economic, and entrepreneurship (Baldé et al., 2017).
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If the WEEE fraction is recycles properly, this process provides reaching the Goals of 3, 6,
8, 11, 12, 14 of Sustainable Development (Baldé et al., 2017). The figure 1 shows the SDGs
(Sustainable Development Goals) that can be improved through applying the suitable
treatment of WEEE.

peveLopvent GLIALS

8 'DEGENT WORK AND
ECONOMIC GROWTH

FE
1 seses
b

3 GOAL

Figure 1. Sustainable Development Goals (SDGs) (Baldé et al., 2017)

2.3 WEEE flows

Paying attention to the WEEE flow is crucial to assess the improvements during the time, as
well as moving towards sustainability and circular economy (Forti et al., 2020).

As it has already been mentioned, in the year 2016, around 44,7 Mt WEEE has been
generated globally. Nevertheless, only about 20 percent of this huge amount sent to the

collection and recycling process (Baldé et al., 2017).

Asia has been ranked as the first place for WEEE production and EU has been ranked as the
second place with 12.3 Mt in the year 2016. Therefore, in European countries the average
figure of the WEEE production for each citizen is around sixteen kilograms. On the other

hand, EU has the biggest share of WEEE collection, which is 35 percent.

In 2017, the number of countries implementing the legislation of the WEEE was 67, and this
figure increased in comparison with the year 2014 when 61 countries were applying the
WEEE legislations. In Asia, the biggest producer of WEEE fraction is India. In this country,
applying the WEEE legislation backs to the year 2016.

It needs to be considered that WEEE treatment not only benefits the environment, but also
plays an important role in economics. In the year 2016 it was predicted that the value of the
raw materials of the WEEE was around 55 Billion Euros (Baldé et al., 2017).
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In the year 2012, around 2.250 t transferred to outside of the EU and about 750 t ended up
in other waste streams (Bachér et al., 2017). The share of the WEEE streams collected in the
year 2012 and 2014 can be seen from figure 2, and as it has been shown, the share of the
unrecongnized flow reduced from 10.9% to 0% from 2012 to 2014.

2012
Large heusehold appliances: 43.0 %

S househoid appliances: 5.9 % l
Officially coliectad: 1000 %

1T and telecommunications equipment: 17.7 %

Consumer equipment: t&5$|

Lighting equipment: 0.6 %
Gas discharge lamps: 1.0 % =
Elestrical and electronic tools: 2.3 %

Toys, lesure and sports equipment: 0.5 % —
Mt devices: 0.2 %
Monitoring and control instruments: 0.2 %
Automabe dispensers: 0.6 %

Uncategorized: 109 % g]

Officially colected: 100.0 %

2014

Large household appliances: 48.2 %

‘Smal household appliances: 10.0 % I

IT and telecommunications equipment: 18.0 %

Consumer equipment: 17.0 % I

Lighting equipment: 0.8 %
Gas TsTnarge lamps o e
Electrical and electronic tools: 3.2 %
Toys, lesure and sports equipment: 0.7 % =
Medical devices: 0.3 %
Monitoring and control instruments: 0.3 % —
Automatic dispensers: 0.5 % —

Figure 2. Categorized collected WEEE flows in 2012 and 2014, in EU region (Bachér et al., 2017).

It has been estimated that by the year 2030 the produced WEEE will be reached around 74.7
Mt globally. This can be seen from figure 3.

100
B8O

&0 57.4

million metric 1
wn
8
a

a0

E-waste gene ation in million metric tons

2019 2020 2021 2022 2023 2024 2025 2028 2027 2028 2029 2030

Figure 3. The estimated of the WEEE streams by 2030 globally (Statista, 2022).
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2.4 Properties of WEEE

The WEEE is comprised of various materials, such as copper, iron, aluminium, valuable
metal (gold, palladium, silver), and plastics.

In a report of ARV research program in Finland (CLIC Innovation) carried out by Bachér
et al. (2017), the structure of different WEEE flows have been reported by their type. This

can be seen in figure 4.

o l
80 %

o -
. Small Houehold T and Consumer Electrical and Toys, leisure and

appliances telecommmunication equipment electronic tools sports equipment

mFe A mCu Other NF mSr mSn
BAg m7n ECr mNi W Plastics mGlass
Ca mBa Other Minor fractions

Figure 4. The structure of different WEEE flow, grouped type (Bachér et al., 2017).

As it can be obtained from figure 4, the biggest shares of WEEE elements belong to metals

and plastics.

2.5 Properties of WEEE plastics

In general, the share of plastics in different WEEE streams seems to vary, however the range
is between 10% and 30% approximately (Kousaiti et al., 2020; Maisel et al., 2020). But the
recognition of the different plastic fractions causes an overpriced cost. And there is also
another problem that is making this fraction challenging, that there is the competition
between the recycled WEEE plastics and virgin plastics. And regarding this issue, the
recycled plastic are not as interesting as the virgin plastics for the current market (Buekens
and Yang, 2014). There are a wide range of plastic types in WEEE. The different plastics of

the categorized WEEE stream are shown in figure 5.



15

Consumer

cation equipment

mPE mPP mPS mPCABS mABS mPE| mPPA mSAN BPC mPPA, SBC BPVC mPET mEPDM

Figure 5. The different plastics of the categorized WEEE stream (Bachér et al., 2017).

This study carries out research more precisely on small household appliances. And based on
the gathered data from the report of ARV research program in Finland (Malin, Tuominen,
2021), the composition of mixed WEEE plastics from small household appliances are 48%
black plastics, 15% ABS, 15% PS, 10% PP, 5% PC/ABS, 2% inorganic, and 5% other
polymers. Figure 6 shows the share of the mixed WEEE plastics for small household

appliances and consumer equipment.

Mixed WEEE Plastics
(small household appliances
and consumer equipment)

Inorganic PS

Figure 6. The share of mixed WEEE plastics in small household appliances (Malin, Tuominen, and
Kuusakoski Oy, 2021).

Regarding the components of the WEEE plastics, the hazardous components are coming
mostly from the metal oxides and sulphides. And their usages are in catalysts, fillers,

stabilizers, heat and UV, and flame retardants as the colourings and pigments. This needs to
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be considered that the most challenging parts are related to the toxicity of the materials and
the halogenated flame retardants. These halogenated flame retardants are mostly from the
BFRs (brominated flame retardants), and nowadays, using of them in the manufacturing of

products has become limited (Alassali et al., 2020).

Although the applying and usage of the brominated flame retardants are restricted, there are
many objects in the recycling process of the WEEE stream that still contain the BFRs. This
is about the POPs (persistent organic pollutants), and unfortunately the usage amount is
higher than the permitted level (Alassali et al., 2020). The existence of these limited
substance (mainly are in WEEE plastics) are visible in the black packaging and the trays in

the food packaging system (Turner, 2018).

Thermoplastics melt when they see the heat and they become hard when see the coldness,
and this characteristic can be alterable that the plastic can become melted and frozen several
times. The thermoplastics are, such as PS, PP, ABS, PC, PVC, PA (Polyamides),
Fluoropolymers, TPE (Thermoplastic elastomers), EPS (Expanded polystyrene), PMMA
(Poly methyl methacrylate), PSU (Polyarylsulfone), PET (Polyethylene Terephthalate), and
PE (Polyethylene) (PlasticEurope, 2018).

There also plastics that change chemically when they meet the heat. These plastics that called
thermosets are Polyurethane (PUR), Unsaturated polyesters, Epoxy resins, Melamine resin,
Vinyl esters, Silicone, Phenol - formaldehyde resins, Urea - formaldehyde resins, Phenolic

resins, and Acrylic resins (PlasticEurope, 2018).

3 WEEE RECYCLING AND RECOVERY

Nevertheless, from this huge amount, the share of the WEEE sent to the treatment process
was just 9.3 Mt (17.4% of the whole WEEE in 2019) (Forti et al., 2020).

The WEEE stream forms only two percent of the whole solid waste fraction, however the
contribution of this 2% to the hazardous waste flow is 70%. Although legislations and
directive do not give an assurance that the countries (that agreed to use them) recycle the

WEEE stream properly, this can be an index to monitor the amount of WEEE goes to the



17

treatment process. And the number of countries agreed the legislations about WEEE is 79 in
2019 (Alassali et al., 2020).

The figure 7 gives information about the amount of the WEEE recognized to be sent to the

collection and the recycling process accurately worldwide in 2019.

Americas 1.2
Oceania 0.06

Africa | 0.03

Figure 7. The amount of the WEEE recognized for collection and treatment worldwide in 2019 (Statista
2022).

3.1 WEEE recycling and recovery in EU

There are twenty-seven countries in EU that applying the WEEE directives. And based on
the WEEE directives, the minimum share of the collected WEEE should be 65% from the
average weight of the EEE in the market or 85% from all WEEE stream produced in the
country. The amount of the WEEE flow produced in all EU in 2019 was 12 Mt, but 5.1 Mt
of that fraction went to the collection and treatment process. And the collection and treatment
rate of the WEEE in European countries is about 42.5% (Forti et al., 2020).

Regarding the EU countries, the Extended Producer Responsibility (EPR) is applied.
Therefore, based on the EPR, since the expenses of the treatment has already included in the
primary cost for the customers, the manufactures have the responsibility of the end of life
phase and recycling Additionally, this motivates the manufacturers to manufacture their EEE

product so simple with less hazardous materials to make the recycling efficient. Moving
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forward to less complex EEE products, makes the recycling straightforward with less
expenses (Long et al., 2016).

Regarding WEEE plastic, the share of the plastics in the household appliances are big (Long
et al., 2016). In 2017, the amount of plastics consumed to manufacture EEE (Electrical and
Electronic Equipment) in EU was around 3.0 Mt. And the amount of this fraction that sent
to the treatment services to be recycled as Post-Consumer Recycled (PCR) plastics was 0,3
Mt. It needs to be mentioned that a huge share of this fraction (75%) transferred to outside
EU without clear information about their final destiny. Therefore, the inference from this
data can be that the share of the WEEE plastic recycling is so small, even though around 65

percent of the plastics have the possibility to be recycled (Alassali et al., 2020).

3.2 WEEE recycling and recovery in Finland

The amount of WEEE stream that was generated in Finland was 19.9 kilograms per capita.
This figure for the global scale is 7.3 and for EU is 16.2 (Forti et al., 2020).

Regarding the amount of properly gathered WEEE stream, it was around 63000 tons in the
year 2016, that for this stream, the recycling share was 89% and the reusing share was 1%,
and 2.9% went for the waste incineration. About 7.1% share of the collected WEEE there is
not clear information, but probably it was transferred to outside Finland. It has been predicted
that approximately 50% of the WEEE stream is not end up in the treatment system. In the
Helsinki Metropolitan, in 2016, around fifteen thousand tonnes of WEEE produced
(estimated). And this figure for Tampere and Turku were 5700 and 4700 tons respectively
(CircHubs, 2018).

Regarding the WEEE collection and transportation, the manufacturers and the distributors
(EPR) have this responsibility in Finland. And the responsibility of the WEEE transport and
delivery to the official WEEE collection spot goes to the customers. The mixed waste is not
including the WEEE stream. In terms of the WEEE that are abandoned in the wrong place,
they transfer to the right collection spots. There are around four hundred collection spots for
WEEE streams all around Finland (kierratys, 2021).

There are six big companies in Finland that are running the material recovery of the WEEE

stream. These companies are HFT Network Oy, Tervatulli Ltd, lisalmen Kerdysoljy Oy,
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Lassila & Tikanoja (L&T), Stena EK Oy, and Kuusakoski Oy. Regarding the big items, the
large share of end-of-life household appliances was sent to the recycling system, and this
system is the same for the valuable metal-based goods (such as mobile phones and circuit
boards from personal computers). This is due to their valuable metal that make the economic

system to recycle them (Yla-mella et al., 2014).

In Finland, a project has been operated from 2003 to aid the businesses to reach the details
of the directive implementation of WEEE. This project called AWARENESS, emphases on
the effects of the WEEE directives on the manufacturers of the EEE. Additionally, the other
objective of the AWARENESS projects is to optimize and enhance the WEEE treatment
process via the cooperation between manufacturers and companies to categorize the EEE
products (Yla-mella et al., 2014). The WEEE recycling rate in Finland from the year 2008

to 2018 are shown in figure 8.

60%

50% 4g.2% 19-2%

42.4% 45.2% 42.1%

40% 37.9% i

s 325
29.9%
Soms 28.7%

Recycling rate

10%

056

2008 2009 2010 201 2012 2013 2014 2015 2016 mz 2018

Figure 8. The WEEE recycling rate in Finland (Statista 2022).

3.3 Possibilities of WEEE plastic recycling

Regarding the environmental impact and boosting the circular economy, making the right
decision about the right technology to recycle the WEEE plastics is vital (Rene et al., 2021;
Schwarz et al., 2021). Nowadays the possible methods are the incineration (waste-to-energy)

of the WEEE plastic, and also recycling of them via mechanical recycling, and chemical
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recycling, however there are still countries relies on the disposal into landfilling. But in many
countries it has been agreed to move forward to stop the landfilling (Marino et al., 2021).

3.3.1 Mechanical recycling

Mechanical recycling is the technique that is mostly used for the material recovery of the
plastic waste stream, and it is in several steps that are sorting, washing, drying, crushing and
shredding, granulating and moulding. Sorting of the plastics is the categorization of the
plastics via their chemical structure, form, bulk and density, colour, and size. Crushing and
shredding is usually the first step which makes the following separation steps possible. And
the granulation is the process to make the granulate of the plastics. Depending on the type

of the plastic, the phases of the mechanical recycling can be different (Ragaert et al., 2017).

It needs to be mentioned that there might be some weaknesses in the material recovery of
the plastic via mechanical recycling that this might reduce the properties of plastics. This

leads to the products with less purity (Jeswani et al., 2021b).

To gain the information about the characteristics of WEEE, spectroscopic methods (direct
sampling) are commonly used. Thus, there are different methods, such as X-ray fluorescence

spectrometry, and near-infrared spectroscopy (NIR) (Fernandes et al., 2021).

In the mixed engineering plastic structure, BFRs are the main concern, which are recognized
to different groups of HBCDDs (hexabromocyclododecane), PBDEs (Polybrominated
diphenyl ethers), octa-BDE, and penta-BDE (Stubbings et al., 2021; Turner, 2017). And
some of the polymers forms the WEEE, contain the BFRs in order to fire safety regulations.
The examples for these kinds of polymers are mainly ABS (acrylonitrile-butadiene-styrene),
and HIPS (high impact polystyrene). Additionally, it is important to recognize the BFRs
among the different polymers (Stubbings et al., 2021).

In the consumer goods, the FRs are vital for the fire risk, and this is due to the fire safety
codes. In EEE, the most used FR are the BFRs and the are organobromine compounds.
Regarding the BFRs, they are toxic in nature. And when they meet the heat (during the

thermal degradation), the pollutants that are hazardous environmentally, produces via the
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Br. And if the WEEE plastics end up in the nature, they can cause leaching the toxic
substances to the environment. Thus, this is the reason that makes the removal of the toxins

from WEEE (before recycling) vital.

XRF is an effective technique to monitor the BFRs among the WEEE plastics. It has been
approved that the handheld XRF screens the plastics so fast, and makes it possible to make
the decision about the appropriateness of the WEEE plastic recycling (Aldrian et al., 2015;
Guzzonato et al., 2016), however, there might be some errors in XRF related to the thin

plastics (Guzzonato et al., 2016).

The NIR technology (near infra-red) has been used from 1990s to recognize the material that
are possible to be recycled, and this technology can be used for all categories of recyclable
element, such as paper, and plastics. This technology works via the reflection of the material,
between 1.100 and 2.100 nm wave length of light, and this range is different for each type
of material. This technology is applicable to identify different materials because they reflect
the light with different reflection profiles. For example the NIR technology can identify
different materials, such as paper, WEEE (consist of many materials), the waste fraction
from domestic section, plastic, package and vehicle (Beker, 2007).

Additionally, to reach the circular economy goal, recognition of the recyclable materials
plays an important role. Thus, it is vital to sort the waste fraction, particularly WEEE that is
one of the fastest growing waste streams. In terms of the WEEE plastics, the NIR technology,
(a fast developing technique) (Zhu et al., 2019) recognizes and categorizes different

polymers successfully and rapidly (Rani et al., 2019).

A study carried out by Bassey et al. (2021) shows that NIR is a reliable and appropriate
technique to recognize different polymers such as LDPE, PET, PP, PVC, PS, LLDPE, and
HDPE. Additionally, the results from this study illustrate that, the NIR method even without
some preparation process, such as washing, and in different circumstances is still successful
to separate different polymers.

There are other technologies to identify and classify the different polymers, such as infrared

spectroscopy, laser spectroscopy, Raman spectroscopy, x-ray fluorescence. It needs to be
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mentioned that the x-ray fluorescence, and laser spectroscopy technique are not suitable for
the new generation of plastics due to their depended on the minor elements that are existing

in the polymer (Bassey et al., 2021).

3.3.2 Chemical recycling

Chemical recycling can be done with pyrolysis which includes decompositions via thermal
energy. There are other terms for chemical recycling, such as thermal cracking, destructive
distillation, thermolysis, and dry distillation (Kantarelis et al., 2013).

The plastic recycling of WEEE via pyrolysis is an auspicious technique that makes the
material recovery of this waste stream possible. Therefore, obtaining the valuable material
such as oil, suitable fuels, chemicals, oligomers, monomers, and higher hydrocarbons is
doable. And they can be applied to manufacture the virgin-like plastic that is not interrupted
by quality reduction and the limitation on the application type (Jeswani et al., 2021b; Marino
etal., 2021).

The decomposition process in pyrolysis, applies in a condition without attendance of oxygen
with a temperature between 400 and 600 Celsius. And the yield (products) of pyrolysis are
oil, combustible gas, wax and char (carbonaceous-solid) (Marino et al., 2021).

To reach the similar quality as the virgin plastic, the sorting of the plastic and then the
purification via pyrolysis is essential. Nevertheless, pyrolysis technique for plastic is still on
the growing path. For example, there is one pyrolysis plant in Spain24.9 that works at the
commercial scale, and it is functioned through the Plastic Energy. This plant is working for

more than 10 years (Jeswani et al., 2021b).

3.4 The previous LCA studies

There are several LCA studies carried out research about the WEEE, and they are mostly
related to the management of the treatment system. For example in the literature (Biganzoli
et al., 2015), the focus of the LCA study is on the WEEE management system in a city in
Italy, that carried out research based on the outputs and the consumption of the energy in the
plants and the recovery rate of different WEEE categories via mechanical recovery. And the
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results is that recycling of the TV and monitors, and the lighting equipment is more beneficial
than other WEEE categories, regarding the environment and the health of the people.

The other example is research carried out regarding the comparison of the present and the
inventive choices to manage the WEEE plastics via an LCA study (Ardolino et al., 2021).
In this study, the current WEEE recycling options, (mechanical and thermal treatment)
compared to a new method (a new way of sorting, -catalytic pyrolysis,
dissolution/precipitation, and extrusion). And the results show that the rise in the amount of
the recycled polymers (390 metric kiloton (kt) per year to 530 kt per year), the reduction of
the burning of the residues (360 kt per year to 60 kt per year) improves the management of
the WEEE plastic from the sustainability point of view. Thus, more than 580% of the GW
decreases. This study is focused on polymers such as ABS, HIPS and PC (Ardolino et al.,
2021).

Another study carried out in Brazil that conduct the LCA research about the WEEE reverse
logistics that consist of collection, dismantling, transportation, plastic recycling, glass
recycling, metal recycling, PCB recycling and landfilling or co-processing. The obtained
results show that the WEEE reverse logistics (weighting) have more environmental
advantages in comparison to the other considered impacts related to the other process
(disassembly, collection, transportation, and treatment). In this study the compared methods
were mechanical recycling, landfilling, and co-processing. The result from this study claims
that regrading the WEEE nplastic, energy recovery, and using the elements in the new
manufacturing process (reusing) is better than mechanical treatment (Rocha et al., 2021).

There are some previous LCA studies compare the different material recovery technigues.
For example, literature (Wager and Hischier, 2015b) compares the LCA of the generating of
the post-consumer plastics from the residue of the WEEE (the mixed, plastics-rich) and this
study provides evidence that recycling of the WEEE residues that have the high share of
plastic are more efficient than municipal solid waste incineration regarding the
environmental impacts. The results show that the impact of recycling is 50% lower in the
impact categories including global warming potential, human toxicity potential (HTP),

freshwater ecotoxicity potential (FETP), ozone depletion potential (ODP), terrestrial
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ecotoxicity potential (TETP), freshwater eutrophication potential (FEP), fossil depletion
potential (FDP), marine ecotoxicity potential (METP), and photochemical oxidant formation
potential (POFP) (Wéger and Hischier, 2015b).

Some studies are focused on specific products and based on the previous studies life cycle
assessment of WEEE can be sensitive to the share of recycling. For instance, regarding
refrigerator, there is a problem that without the recovery of only few grams of this specific
appliance (refrigerator), all the GWP advantage becomes negative (regrading recovering of
the plastic and metals material). So, the results are sensitive to the recycling share. And also
this is the same for mobile phones that the results are sensitive to the regaining of the
valuable material that has a very small share (Baxter et al., 2016). And also based on the data
from literature (Park et al., 2020) it is clear that the main contributor to the GWP is the
recovery of the refrigerators in treatment plant in Korea.

Results from a study carried out in Switzerland (compares the environmental impacts of the
different methods related to the WEEE) approve this fact that WEEE landfilling is worst
option. And also regarding the environmental impacts, this study introduces the metals and
plastic recycling as the key contributor, and introduces the collection process and pre-
processing in the Swiss WEEE system (Wéger et al., 2011).

A study related to the recycling of WEEE in Austria compares the two different recycling
rates via gathered data from the industry section. The studied recycling rates were 80.5%
(present rate in the recycling system) and 62.5% (almost the same rate as the lowest legal
recycling ratio). This study shows the effect of recycling rate on the amount of the flow that
can be recycled. In that study, if the recycling share of the WEEE applies via the 80.5% rate,
the recovery is only possible for half of the input material, and this means that from all the
input recyclable materials, only half of it can be recycled properly. But if the recycling
applies via the legal goal that considers the recycling as 62.5%, the output of the recycling
is about 45% of the input. And in terms of the effects of the two different recycling rates on
the environment, recycling via the 80.5% aids to reduce at least 215 kg CO: eq./ tonne of
WEEE in comparison to the other WEEE treatment rate (Salhofer, 2017).



25

It needs to be considered that the WEEE treatment processes consume energy itself, thus
influences on the GWP. A study by Menikpura et al. (2014) that is focused on WEEE
recycling discusses the used energy during the WEEE treatment process. This study
concludes that this process consumes a huge amount of energy, particularly the processes,
such as melting and disassembly. Therefore, the most contributor to the GHG emissions are
the melting and disassembly of the washing machines, refrigerators, air conditioners and
televisions, with the share of 74%, 72%, 78% and 43% respectively (Menikpura et al., 2014).

Most of the earlier LCA studies are focused on the WEEE plastic recycling and disposal via
landfilling and incineration. And they mostly indicate that the replacement of virgin plastics
with the recycled plastics (mechanical recycling) is better in comparison to landfilling and
incineration. The previous LCA studies show that the effect of mechanical recycling on the
global warming potential impact category is between 440 and 980 kg CO> eq./ tonne input
material (Liu et al., 2022).

In a very recent study related to the WEEE plastic recycling in China, the obtained results
point out that there is a rise in WEEE plastic recycling from around 232 kt to around 566 kt
(from the year 2010 to the year 2018). This study indicate that this growth is with a rate
around 12% in each year, and the plastic types that have the highest share and plays an
important role in the formation of the structure of the WEEE plastics are ABS (acrylonitrile-

butadiene-styrene), PP (polypropylene), and PS (polystyrene) (Liu et al., 2022).

4 LIFE CYCLE ASSESSMENT OF WEEE PLASTIC RECYCLING

In this study the LCA methodology has been applied to define the environmental impacts of
the WEEE plastic recycling to help the main player in the plastic industry to move toward
to an improved and environmentally friendly technology of WEEE plastic recycling.
Through LCA methodology, the aim of this project is to support industry section related to
the plastic recycling located in Finland. And also helps Finland to be a leader in plastic
recycling industry and transform the problems into new commercial opportunities, and take

a big step to circular economy in WEEE plastic industry.
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4.1 The methodology of life cycle assessment

The LCA methodology illustrates the environmental effects of the system and the life cycle
of a product (from cradle-to-grave). The LCA studies apply the ISO 14040 and 1SO 14044
guidelines. Based on the 1SO 14040 and 14044, the LCA study is in four different stages that
are goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and
life cycle interpretation (Kiopffer and Grahl, 2014). This technique applied broadly in the
life cycle assessment studies because of its strength and the uncertainty is low in this
technique (Abdulkareem et al., 2021).

Thus, in this study, a LCA methodology has been applied and it has been performed with
GaBi software (version 10.6.0.110) by using the impact assessment method of ReCiPe 2016
v1.1 Midpoint (H). And the applied impact assessment method was Climate change, default,
excluding biogenic carbon. The representative unit used in this LCA study was kg CO: eq.
And the impact category assessed for the environmental performance is global warming
potential (GWP 100 years).

4.2 Goal and scope of the study

4.2.1 Goal of the study
The goal of this study is to compare the environmental influences of the WEEE plastic
recycling via four different WEEE plastic treatments. This study compares and identifies the

biggest contributors to the environmental impacts of WEEE plastic treatment.

To reach this study goal, four different scenarios have been investigated that are scenario |
(incineration), scenario Il (composite), scenario Il (granules), and scenario IV (pyrolysis).
In terms of material recovery through mechanical recycling of WEEE plastics, the study
identifies the environmental impacts of two different mechanical recycling (mechanical
recycling I and I1). Mechanical recycling | stands for composite and mechanical recycling Il
stands for granules. In terms of material recover through chemical recycling, the study

examines the environmental impacts of the WEEE plastic recycling via pyrolysis.
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4.2.2 Scope of the study

This LCA study follows the gate-to-gate approach, that the waste collection process is not
included, and the waste flow comes burden free, so there are no emissions related to that.
And then it ends at the gate and the production of the plastic product or use of it is not

included.

The functional unit was defined as one tonne of collected metal and trash free WEEE
plastics, and the metal and trash removal stage is excluded because it is the same in all the
scenarios. And the project is focused on the WEEE plastic from small household appliances
and consumer equipment.

The system boundary includes all the treatment processes can be seen from figure 9.

System boundary
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Figure 9. The system boundary of WEEE plastic recycling

As figure 10 shows, system boundary of this study includes four scenarios, scenario I,
scenario |1, scenario 11, and scenario 1V.

Scenario I: treatment of WEEE plastic via incineration (waste to energy)
Scenario IlI: treatment of WEEE plastic via composite (mechanical recycling I)
Scenario I1: treatment of WEEE plastic via granules (mechanical recycling I1)
Scenario 1V: treatment of WEEE plastic via pyrolysis (chemical recycling)
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In terms of the scenario I, the fraction goes to the waste to energy plant. The produced heat
and electricity are substituting average heat and electricity.

However, as the system boundary shows, to recycle the WEEE plastic via mechanical or
chemical treatment, firstly there is a requirement to separate the BFRs from the WEEE
plastic fraction via XRF technology. Through applying the XRF, 20% of one tonne of WEEE
plastic has been identified as bromine rich plastic that sent to the incineration. Therefore,
200 kg of the fraction goes to the waste to energy and the rest of the fraction, which is 800

kg (with lower bromine content), is treated via chemical or mechanical recycling.

Based on the system boundary of this study, the first step of the mechanical and chemical
recycling is washing and drying. The output water of the washing stage, sent to the
wastewater treatment plant and the output of this treatment that is material, goes to the

incineration.

In terms of the scenario Il (composite), the WEEE plastic fraction (with lower bromine
content that is washed and dried), goes to the crushing phase and then to the extrusion, and
finally to the compression moulding phase. The final product is the plastic composite made
of mixture of recycled thermoplastics including ABS, PS, PP, and PS. As it can be seen, the

plastic product substitution (mixture of ABS, PS, PP, and PS) has been applied.

In terms of the scenario Il (granules), the WEEE plastic fraction (with lower bromine
content that is washed and dried), goes to the separation stage via NIR technology to
recognize the different polymer fraction. And then to the crushing phase. To separate the
dust from the fraction, the fraction sends to the air separation stage and the dust residue is
sent to the incineration. As it can be seen from system boundary, in the scenario Ill, there
are three main polymers separated, namely ABS, PS, and mixed plastic (PP-PC). The ABS
fraction follows the same treatment path as the PS fraction follows. In terms of the ABS, and

PS, firstly, they go to the granulation phase.

In granulation phase, the pelletization and extrusion apply on the polymer fraction, and the

plastic impurities go to the incineration. Secondly, after granulation, the fraction goes to the
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injection moulding stage. And the plastic product substitution applies. However, the
treatment path for the mixed plastic fraction (PP-PC) is slightly different. That the fraction
firstly goes to the extrusion phase and then compression moulding, with applying the plastic

product substitution.

In terms of the scenario IV (pyrolysis), as it can be seen from the system boundary, the
WEEE plastic fraction (with lower bromine content that is washed and dried), goes to the
pyrolysis stage. Pyrolysis oil is directed to filtration and next to the pyrolysis oil distillation
phase. Then the pyrolysis oil meets the polymerization, extrusion, and the injection moulding
phases with the mentioned order. And the plastic product substitution has been considered
in the treatment via pyrolysis as well. In terms of the pyrolysis gas and char produced, they
were sent to the incineration phase and part of the produced heat used in the pyrolysis

process, and the rest of the heat substituted.

4.3 Life cycle inventory analysis

In this study the inventory data gathered from the academic background data (mostly
scientific literatures). Since this research is focused on Finland, the local sources and
industry data of Finland (Kuusakoski Oy) have been used. And the expert estimation was

applied to calculate the inventory data.

To conduct this study, part of the data gathered from a lot of meetings and discussions
between experts from different industrial partners of PLASTIn project, such as LUT
University, Kuusakoski Oy, VTT, and Tampere University. To model the life cycle
assessment of this study, GaBi database (Sphera database version 10.6.0.110) applied.

However, there were some lacks of information for some processes that in that case the
missing data was based on the literature values. To carry out the life cycle assessment
modelling through GaBi software, there were some processes that they were ready
beforehand. On the other hand, there were some unit processes that needed to be created and

modelled.
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In the LCA modelling of this study, the composition of metal and trash free plastic is mainly
ABS, PP, PS, and PC. And based on the gathered data from ARVI research program in
Finland (Malin, Tuominen, and Kuusakoski Oy, 2021), the composition of mixed WEEE
plastics from small household appliances are 48% black plastics, 15% ABS, 15% PS, 10%
PP, 5% PC/ABS, 2% inorganic, and 5% other polymers.

The share of bromine free plastic and the share of the bromine rich plastic were obtained by
laboratory tests and calculated by prof. Tiimo Karki from LUT University. Table 2
summarizes the composition of trash free plastics, bromine free plastics and the bromine
rich plastics that have been used for the LCA modelling of this study. These data obtained
from the test samples from Kuusakoski Oy and were calculated based on the laboratory tests
during the PLASTIn project.

Table 2. Composition of the different fractions of WEEE plastic in this study

Plastics Trash free (%) Bromine free (%) Bromine rich (%) Reference
ABS 51 50 58 Kuusakoski Oy, 2021
PP 15 16 10 Kuusakoski Oy, 2021
PS 17 17 15 Kuusakoski Oy, 2021
PC 16 16 16 Kuusakoski Oy, 2021
Total 100 100 100

4.3.1 Incineration

In the first scenario which is the incineration, 1 tonne of the WEEE trash and metal free
plastic goes to the waste-to-energy (WTE) plants. To conduct the LCA modelling of scenario
I, the unit processes of GaBi database have been used. In the modelling, the electricity and
heat substitution have been considered, they are based on the Finnish average electricity and
average district heat . The unit processes used in LCA modelling of scenario | are presented
in the table 3.
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Table 3. Background database used to conduct LCA modelling of Scenario | (incineration) and the incineration

of bromine rich plastics

Purpose in the studied
system

EU-28: Acrylonitrile-butadiene-

styrene (ABS) in waste Incineration of ABS plastic Sphera database
incineration plant

EU-28: Polystyrene (PS) in waste

Process name in GaBi Reference

L. . Incineration of PS plastic Sphera database
incineration plant
EU-28: Polypropylene (PP) in
. 'yp p_y (PP) Incineration of PP plastic Sphera database
waste incineration plant
EU-28: Polycarbonate (PC) in
y (PO) Incineration of PC plastic Sphera database

waste incineration plant
Fl: District heating in Finland Substitution of heat Khan M. H., 2021
Fl: Electricity grid mix

; . Substitution of electrcicty Sphera database
(production mix) ts

4.3.2 XRF and bromine rich plastic incineration

Before the material recovery through mechanical recycling or chemical recycling, XRF is
used to separate bromine rich fraction and bromine free fraction, since the bromine substance
is toxic. This needs to be considered that the bromine rich plastics are not going to the
material recovery, and they send to the waste-to-energy plants. The share of bromine rich
plastics after using the XRF is 20% and so this figure for share of the bromine free plastics
is 80% (Malin, 2021).

In the LCA modelling of bromine rich plastic incineration, the unit processes of GaBi
database have been used. The unit processes used in LCA modelling of bromine rich plastic

incineration are presented in the table 3.

The unit process of the XRF was modelled based on the interviews. Thus, the energy
consumption for the XRF line has been considered as 115 kWh per tonne of material
processed. This includes electricity needed for conveyors, XRF detection and blowing bar
(the air pressure for separating the identified removable particles). Energy consumption
varies slightly depending on the particle size and speed of the conveyors, but this is the

average consumption.
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4.3.3 Preparation for material recovery

To improve the quality of the WEEE plastic recycling, it is needed to wash and dry the
WEEE plastic fraction after applying the XRF. This helps to remove the dirt, dust or adhesive
residues (Bill et al., 2019). The washing stage is implemented by water. And after the
preparation stage, the WEEE plastic fraction goes to the material recovery by mechanical
recycling or chemical recycling.

Thus, in the LCA modelling of this study, the preparation of material recovery stage has
been considered as several different processes. The WEEE plastic recycling fraction goes to
washing and drying process and then the output water of the washing process goes to the
wastewater treatment. The unit process of the washing and drying was modelled following
the available data from (Alston and Arnold, 2011) and the total energy needed to wash and
dry 1 kilogram of WEEE plastic fraction is around 1.98 MJ. To supply the energy needed
for the washing and drying of the WEEE plastic fraction, electricity grid mix of Finland
applied. The wastewater treatment and the incineration of inert material unit processes were
modelled based on the GaBi database. The unit processes used in LCA modelling of the

preparation for the material recovery are presented in the table 4.

Table 4. Background database used to conduct LCA modelling of the preparation for the material recovery

Purpose in the studied

Process name in GaBi Reference
system
Treatment of output water from

Fl: Waste water treatment . Sphera database
washing phase

Fl: Waste incineration plant Incineration of waste material  Sphera database

Fl: Electricity grid mix Supply of the energy need for

. . Sphera database

(production mix) ts processes
Washing and then dryin the

FI: Washing and Drying WEEE plastic fraction before the M. Alston et al. 2011

material recovery

4.3.4 Mechanical recycling
As it has been already mentioned in the system boundary of in this study, for the material
recovery of WEEE plastic fraction via mechanical recycling, two different scenarios have

been considered that are composite (scenario 11) and granules (scenario I11).
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4.3.4.1 Composite

During scenario Il (composite), the WEEE plastic fraction goes to cutting and shredding,
where the big plastic parts cut to small flakes. And then the crushed WEEE plastics goes to
the extrusion phase to become plastic strands and then into the compression moulding phase
to generate a the plastic product (Lettieri and Baeyens, 2009). To carry out the LCA
modelling of the composite, the crushing process was modelled based on the available data
from (Hussain et al., 2021), and in the GaBi modelling, the figure for the energy needed for
crushing of 1 kilogram of WEEE plastics is around 0.17 MJ.

In term of the extrusion unit process, it was modelled through the available database of GaBi
software. And for the compression moulding unit process, it was modelled through the
obtained information from (Hussain et al., 2021), and in the LCA modelling the figure
applied as the energy consumption of compression moulding of 1 kilogram of WEEE plastic
is about 0.4 MJ.

It needs to be considered that the plastic product substitution with 100% ratio has been
considered. Regarding the properties of the plastics substituted, the mixture of
thermoplastics including ABS, PS, PP, and PC considered. The reason to choose the mixture
of these kinds of plastic for the substitution was that the plastic composite are usually made
of recycled thermoplastic. The commonly used thermoplastic to produce plastic composite
are PVC, PS, LDPE, PP, HDPE, and ABS (Bhaskar et al., 2021).

Thus, in this scenario, the recycled thermoplastics to produce plastic composite are the
mixture of ABS, PS, PP, and PC.

Additionally, it needs to be mentioned that to increase the resistance of plastic composite to
humidity or water, the wood fibres are commonly used. And this final product that is
environmentally friendly, can be used in the construction industry (Martinez Lopez et al.,
2022).

The study will discuss the sensitivity analyse of the different substitution ratio of plastic

product later in sensitivity analyse chapter.
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Table 5 gives information about the unit processes used in LCA modelling of the Scenario

I1 (composite).

Table 5. Background database used to conduct LCA modelling of the Scenario 11 (composite).

Process name in GaBi

Purpose in the studied
system

Reference

Crushing

GLO: Plastic extrusion profile
(unspecific)

EU-28: Lubricants at refinery

FI: Thermal energy from natural
gas

GLO: Compressed air 7 bar (high
power consumption)

Fl: Compression moulding

EU-28: Extruded polystyrene
(XPS) (EN15804 A1-A3)

Fl: Electricity grid mix
(production mix) ts

Crushing of the WEEE plastic
fraction

Extrusion of the crushed WEEE
plastic fraction

To supply the input of the
extrusion unit process

To supply the input of the
extrusion unit process

To supply the input of the
extrusion unit process
Compression moulding of the
extruded strands

The substitution of the plastic
product

Supply of the energy for the
processes that need the
electricity

Khan M. H., 2021

Sphera database

Sphera database

Sphera database

Sphera database

Khan M. H., 2021

Sphera database

Sphera database

4.3.4.2 Granules

Near-Infrared (NIR) analysis technology is appropriate to identify and classify plastic

polymers (Scott, 1995). NIR technology that is growing so fast globally, is one of the most

efficient technologies to identify different kinds of plastics and polymers (Zhu et al., 2019b).

In scenario 1l (granules), firstly, to identify the different polymers of the WEEE plastic

fraction and to detect every particle, the NIR technology has been applied. And then the

WEEE plastic fractions goes to the crushing phase and since there is the need to remove the

dust caused by crushing, the fraction goes to the air separation. The removed plastic dust by

air separation goes to the waste-to-energy plant and the electricity and heat substitution have

been applied as well (these data were obtained from discussions with specialists from

Kuusakoski Qy).
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As it has been mentioned earlier, in this study, the WEEE plastic fraction contains four main
plastics that are ABS, PS, PC and PP. So, in scenario Il (granules), after applying the air
separation, the WEEE plastics fraction separated to three plastic fractions. These plastic
fractions are ABS, PS, and mixed plastic (assumed as the mixture of PP-PC and also

including some residues of ABS and PS).

In terms of ABS and PS, the material recovery process is the same for both. But it needs to
be mentioned that material recovery process for ABS and PS, is applied in separated lines.
So, for ABS and PS, after the air separation, the material recovery process contains the
granulation and then injection moulding. The granulation process contains two processes

that are extrusion and pelletisation (Gu et al., 2017).

In terms of the mixed plastic (PP-PC), the material recovery process (after applying the air
septation), contains extrusion and then compression moulding. To perform the LCA

modelling of scenario 111 the following data and approaches have been followed.

To model the NIR unit process, after discussion with development engineers and a specialist
from Kuusakoski company in Finland, it has been agreed that the energy consumption of the
NIR can be assumed the same as the energy consumption of XRF, since there is no exact
facts here about the exact energy consumption. However, due to the wavelengths, the energy
consumption of the XRF might be a little more than NIR, and the main factor in the overall
energy consumption is the air pressure needed for separation. So, the energy consumption
for the NIR line has been considered as 115 kWh per tonne.

To model the crushing unit process, the crushing process was modelled based on the
available data from (Hussain et al., 2021) and in the GaBi modelling, the figure for the
energy needed for crushing of 1 kilogram of WEEE plastics is around 0.17 MJ. In terms of
air separation unit process modelling, it was modelled based on the available data obtained
from (Alston and Arnold, 2011), thus the amount of the energy consumption for the air

separation unit process in GaBi modelling is around 0.01 MJ per kilogram WEEE plastic.
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To do the GaBi model of the incineration of the dust removed from WEEE plastic fraction
by air separation, the available GaBi database applied, and the electricity and heat

substitution have been conducted that are based on the Finnish grid.

In terms of the extrusion unit process and injection moulding unit process, they were
modelled through the available data in GaBi. But to conduct the LCA modelling of the
pelletisation unit process, the information from (Gu et al., 2017) used, so the amount of
energy needed for this unit process considered as 0.54 MJ/kg WEEE plastic. And the plastic
product substitution has been considered in the LCA modelling of the Scenario I11.

The unit processes used in LCA modelling of the Scenario 111 (granules) have been showed
in table 6.



Table 6. Background database used to conduct LCA modelling of the Scenario 111 (granules).

Purpose in the studied

Process name in GaBi Reference
system
To identify the different
. polymers of .
Fl: NIR separation Malin, 2021

Crushing

Fl: Air separation

Fl: Plastics (unspecified) in
waste incineration plant
GLO: Plastic extrusion profile
(unspecific)

EU-28: Lubricants at refinery

Fl: Thermal energy from natural
gas

GLO: Compressed air 7 bar (high
power consumption)

Fl: Pelletisation PS

DE: Plastic injection moulding
part (unspecific)

EU-28: Tap water from surface
water

EU-28: Extruded polystyrene
(XPS) (EN15804 A1-A3)

FI: Electricity grid mix
(production mix) ts

FI: District heating in Finland
Fl: Electricity grid mix
(production mix) ts

the WEEE plastic fraction and to
detect every particle

Crushing of the WEEE plastic
fraction

To remove the dust caused by
crushing

Incineration of removed plastic
dust

Extrusion of the crushed WEEE
plastic fraction

To supply the input of the
extrusion unit process

To supply the input of the
extrusion unit process

To supply the input of the
extrusion unit process

The granulating of the extruded
WEEE plastic

Injecting of molten WEEE plastic
fraction into a mould

To supply the input of the
injection moulding unit process
The substitution of the plastic
product

Supply of the energy for the
processes that need the
electricity

Substitution of heat

Substitution of electrcicty

Khan M. H., 2021

M. Alston et al. 2011

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Guetal., 2017

Sphera database

Sphera database

Sphera database

Sphera database

Khan M. H., 2021

Sphera database

4.3.5 Chemical recycling
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In this study, material recovery of WEEE plastic through chemical recycling (pyrolysis)

stand as scenario IV. Pyrolysis occurs under the circumstance of non-appearance of oxygen.

During this process (thermal-chemical), materials decompose and break down via the high

temperature (Evangelopoulos et al., 2020). The products of applying pyrolysis to plastics are
solid residue (char), liquid (crude oil) and gas (Rieger et al., 2021), and these output of the

plastic pyrolysis can be utilized as the fuels and a source to generate energy (Yang et al.,
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2013). So, in this study, it has been considered that the gas yield and the char (solid residue)
yield of the pyrolysis of WEEE plastic fraction, goes to the incineration plant to generate
energy. Based on the literature (Jeswani et al., 2021), the heat energy needed for the pyrolysis
process calculated as 8960 MJ/tonne WEEE plastic. However, in this study, the produced
heat energy via the char and gas combustion was 17500 MJ/tonne WEEE plastic. And for

the excess produced heat energy, the heat substitution applied.

In the literature (Rieger et al., 2021), the yields of the process (thermo-chemical) for gas,
crude oil and char (solid residue), are 39%, 29%, and 32% respectively. Additionally, the
mentioned figures are so close to the results of the pyrolysis test carried out by the specialists
and engineers from Kuusakoski company, related to the PLASTin project. Based on that
pyrolysis test, the amount of char was above 30% and the yield of liquid product was around
40% that is low, and there was also some pyrolysis water, which is challenging. Therefore,
in this study, the figures that have been applied in the pyrolysis of WEEE plastics are 39%
gas, 29% crude oil, and 32% char (solid residue).

In this study, based on the data available in literature (Ardolino et al., 2021; Jeswani et al.,
2021b), the energy needed to perform the pyrolysis of 1 kg WEEE plastic is calculated. And
also, the used electricity for the execution of pyrolysis is 2330 kJ per kg of plastic waste.
Therefore, the amount of needed electricity is calculated as 2.3MJ/kg WEEE plastic.

There is some pyrolysis water that is problematic. In literature (Rieger et al., 2021), to solve
this problem and eliminate the aqueous phase and solids, the pre-treatment of crude oil
executed. This pre-treatment course applied through a process called filtration (Rieger et al.,
2021).

Consequently, in the LCA modelling of this study, the crude oil goes to the filtration stage
(pre-treatment). In this study, the shares of the removed material in the filtration unit process
have been calculated following the provided data in an article written by Rieger et al. (2021).
Therefore, the calculated mass fraction percentage for filtrated crude oil, solids, and the loss
are 79%, 7% and 14%. The removed materials through the filtration process (solids and the
loss) go to the incineration and the heat and electricity substitution have been applied (based
the Finnish grid).
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After the filtration phase, the filtrated crude oil (with the mass fraction 79%) goes the
distillation process (Jeswani et al., 2021b). Through applying the chemical distillation
process, attaining the styrene with a supreme purity is possible, therefore this makes the
material recovery of plastics that are styrene based reasonable and achievable (Santella et
al., 2016). In literature (Liu et al., 2000), the percentage of the purity and cleanliness of

styrene achieved via distillation process is 99.6%.

To perform the LCA modelling of chemical distillation in this study, the electricity and heat
demand applied based on the information obtained from the literature (Laitinen et al., 2021).
Therefore, to model the chemical distillation unit process the amount for the electricity
demand is 0.18 MJ per kilogram of oil. And the figure for the thermal energy demand is 2.1
MJ/Kkg oil.

After the distillation of crude oil, the oil composition is benzene 6.26%, toluene 22.05%,
ethylbenzene 8.39%, xylene 0.73%, styrene 26.63%, phenol 6.94%, alpha methyl styrene
3.9%, cresol 1.91%, naphthalene 4.65%, and other material 18.54% (Rieger et al., 2021).
And as it can be seen, the biggest share is for styrene (26.63 percent). Consequently, to
perform the LCA modelling of this study, it has been considered that the styrene fraction
with the 26% ratio, goes to the polymerization, where the polymer gets a structure that is
saturated and the monomers become functional (He et al., 2022). The rest of the fraction
(excluding styrene) goes to the waste-to-energy plant to be incinerated, and the substitution

of heat and electricity have been applied based on the Finland’s electricity grid.

The LCA modelling of the polymerization unit process is modelled based on the data from
the literature (Laitinen et al., 2021), therefore in the GaBi modelling, the number used for
the electricity demand of polymerization of one kilogram of plastic is 2.1 MJ, and the number
for steam demand is 1.2 MJ per kilogram. To supply the steam demand, the process steam

from natural gas from GaBi database used.

After the polymerization phase, the fraction sent to the extrusion phase to be extruded.

Afterwards, the extruded strands sent to the injection moulding stage. To model the extrusion
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unit process and the injection moulding unit process, the GaBi database used. And the
product substitution applied. In terms of the plastic product substitution ratio for material
recovery by pyrolysis, the ratio is considered as 100% due to the high purity of generated
product via pyrolysis. The unit processes used in LCA modelling of the Scenario 1V

(Chemical recycling - Pyrolysis) have been showed in table 7.
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Table 7. Background database used to conduct LCA modelling of the Scenario IV (Chemical recycling -

Pyrolysis).

Process name in GaBi

Purpose in the studied
system

Reference

Fl: Pyrolysis

Fl: Gas and char (solid)
combustion

EU-28: Waste incineration of
plastics (unspecified) fraction in
municipal solid waste (MSW)

FI: Filtration (Pretreatment)
Fl: Chemical distillation

Fl: Thermal energy from natural
gas ts

Fl: Polymerization

Fl: Process steam from natural
gasts

GLO: Plastic extrusion profile
(unspecific)

EU-28: Lubricants at refinery

Fl: Thermal energy from natural
gas

GLO: Compressed air 7 bar (high
power consumption)

DE: Plasticinjection moulding
part (unspecific)

EU-28: Tap water from surface
water

EU-28: Extruded polystyrene
(XPS) (EN15804 A1-A3)

FI: Plastics (unspecified) in
waste incineration plant

Fl: Electricity grid mix
(production mix) ts

FI: District heating in Finland
Fl: Electricity grid mix
(production mix) ts

Materials decompose and break
down via the high temperature

To generate energy source for
the operation of the pyrolysis
process via incineration of the
gas yield and the char (solid
residue) yield of the pyrolysis of
WEEE plastic fraction

Incineration of the char and gas

To eliminate the aqueous phase
and solids

To separate the crude oil
components

To supply the thermal energy
needed for the chemical
distillation unit process

To make a structure of polymer
To supply the steam needed for
the polymerization unit process
Extrusion of the crushed WEEE
plastic fraction

To supply the input of the
extrusion unit process

To supply the input of the
extrusion unit process

To supply the input of the
extrusion unit process

Injecting of molten WEEE plastic
fraction into a mould

To supply the input of the
injection moulding unit process
The substitution of the plastic
product

Incineration of the WEEE plastic
farction impurities

Supply of the energy for the
processes that need the
electricity

Substitution of heat

Substitution of electrcicty

Jeswani et al. 2021

Jeswani et al. 2021

Sphera database

Riegeretal., 2021

Khan M. H., 2021

Sphera database

Khan M. H., 2021

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Sphera database

Khan M. H., 2021

Sphera database
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4.4 Sensitivity analysis parameters

In this study, the sensitivity analysis is executed to identify the effect of the different product
substitution ratio on the environmental results.

To conduct the sensitivity analysis, three different product substitution ratios were
considered for the material recovery of WEEE plastic via mechanical recycling.
Consequently, sensitivity analysis was applied for the scenario Il (composite) and scenario
Il (granules), with the product substitution ratios of 30%, 50% and 70%. These product

substitution ratios are relative to the base line that is 100%.

As it was already mentioned in the previous chapter, the sensitivity analysis is not applying
for the chemical recycling (pyrolysis) due to the high purity of the generated product, thus
the product substitution ratio remains at 100% for scenario V.

5 RESULTS AND DISCUSSION

In this chapter, the results from this LCA study are discussed and compared for scenario I,
I1, 111, and V. This technique applied broadly in the life cycle assessment studies because of

its strength and the uncertainty is low in this technique (Abdulkareem et al., 2021).

Figure 10 gives information about the comparison of the WEEE plastic recycling in four
different scenarios. As can be seen from figure 10, the highest GWP is incineration (scenario
I) with 1530 kg CO: eq./ tonne of WEEE plastics, and the second highest GWP is pyrolysis
(scenario 1V) with 297 kg CO- eq./ tonne of WEEE plastics. And composite (scenario 1)
and granules (scenario I11) with -1260 kg CO> eq./ tonne of WEEE plastics and -940 kg CO-
eq./ tonne of WEEE plastics respectively, have the negative impact on GWP. These negative

values show the saving regarding the environmental loads.

So based on the results, it can be considered that the best way for WEEE plastic recycling is
by far the mechanical recycling. Therefore, regarding the GWP and the environmental
impacts, the WEEE plastic treatment via scenario Il stands in the first place, and the second
place is for the WEEE plastic treatment via scenario Il. In terms of the GWP, the third and

fourth places are for chemical recycling (pyrolysis) and incineration.
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Figure 4. The comparison of the WEEE plastic recycling in four different scenarios

Figure 11 shows the results for scenario | (Incineration). As it has been shown, there are four
main fractions for WEEE plastic (metal and trash free) that are ABS, PC, PP, and PS. As it
has already been mentioned, in terms of the metal and trash free WEEE plastics, the share
of the ABS is 51%, and this figure for PP, PS, and PC is 15%, 17%, and 16% respectively.
The net emission from scenario | is around 1530 kg CO: eq./tonne WEEE plastic. The
biggest contributor to the global warming potential is the ABS plastic since it forms more
than half of the whole metal and trash free WEEE plastic fraction, and its incineration
produces around 1080 kg CO- eq./tonne WEEE plastic.
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Figure 11. The results for the treatment of WEEE plastic via scenario | (Incineration)

As it can be seen from figure 11, around 443 kg CO: eq./tonne WEEE plastic generates via
the incineration of PC, and this figure for the incineration of PP and PS is around 470, and
574 kg CO- eq./tonne WEEE plastic respectively.

The results for scenario Il (composite) , scenario 111 (granules), and scenario 1V (pyrolysis)
have been shown on figure 12, 13 and 14 respectively. As it can be seen, bromine rich plastic
incineration, washing and drying, wastewater treatment and XRF are common between
scenario 11, 111, and 1V. And the incineration of bromine rich plastics produces 498 kg CO>
eq./tonne WEEE plastic that the electricity substitution (with -61 kg CO2 eq./tonne WEEE
plastic) and heat substitution (with -146 kg CO eg./tonne WEEE plastic) have been applied
as well. Washing and drying and wastewater treatment processes stand for around 82.3 and
0.007 kg CO: eq./tonne WEEE plastic respectively. And the contribution of XRF to the
global warming potential is around 21.7 kg CO- eg./tonne WEEE plastic.

So, it can be considered that the biggest contributor to the global warming potential for
scenario 11, 111, and IV is the incineration of the bromine rich plastic (200 kg of the whole
WEEE fraction), and also it needs to be considered that the substitution of the material makes

greater contribution to the total result.
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Figure 12 gives the data about scenario 1l (composite), and its net emission is -1260 kg CO>
eq./tonne WEEE plastic Thus, this way of treatment saves 1260 kg CO: eq./tonne WEEE
plastic regarding the environmental load. And after bromine rich plastic incineration,
extrusion stands for the second biggest contributor of GWP with around 136 kg CO:
eq./tonne WEEE plastic.

In terms of the product substitution, it is the biggest contributor that makes the net emission
of the scenario Il as a negative value. The amount of the contributor is around -1810 kg CO>

eq./tonne WEEE plastic.
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Figure 5. The results for the treatment of WEEE plastic via scenario Il (composite)

The results for scenario 111 (granules) have been shown on figure 13.

The net emission for scenario 111 is a negative value ( -940 kg CO> eq./tonne WEEE plastic)
that shows the saving in the environmental impacts. And as it can be seen, after the bromine
rich plastic incineration, injection moulding has the biggest impact on GWP with the
production of around 267 kg CO- eq./tonne WEEE plastic in total for ABS, PS and PP-PC.
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As it has been shown in figure 13, the biggest contributor that makes the net emission of the
scenario 1l as a negative value, is the product substation. The figures for this contributor
that shows the saving to the environmental load, are -897 kg CO: eq./tonne WEEE plastic
for ABS, -574 kg CO: eq./tonne WEEE plastic for PP-PC (mixed plastic), and -304 kg CO:
eq./tonne WEEE plastic for PS.
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Figure 13. The results for the treatment of WEEE plastic via scenario 111 (granules)

Chemical recycling of WEEE plastic through pyrolysis (scenario 1V), produces 297 kg CO>
eq./tonne WEEE plastic in total. The same as scenario 11 and I11, the incineration of bromine
rich plastics has the highest impact on GWP in pyrolysis treatment as well (shown in figure
14). As it has been shown in figure 14, after the incineration of bromine rich plastic, there

the chemical distillation and filtration processes that are the biggest contributor to the GWP.

As it has already mentioned, in this study, the energy produced via the incineration of the
char and gas, is considered as the energy source to supply the energy needed for the pyrolysis

process. Thus, they can be considered as the green fuel for the pyrolysis. The total heat
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needed for the pyrolysis was calculated as 8960 MJ/tonne WEEE plastic (Jeswani et al.,
2021). However, in this study, the produced heat via the incineration of the pyrolysis gas
and char was 17500 MJ/tonne WEEE plastic. So, there was excess heat (8540 MJ/tonne
WEEE plastic). To conduct its LCA modelling, the excess heat was substituted. And this
heat substitution is the reason that the amount of CO2 emissions produced via pyrolysis
process is negative (around -224 kg CO: eq./tonne WEEE plastic). And this figure for the
pyrolysis unit process itself is around 94.5 kg CO: eq./tonne WEEE plastic.

In terms of the chemical distillation process, the biggest contributor to the GWP is the
incineration of the polymers excluding styrene (with around 305 kg CO- eq./tonne WEEE
plastic). As already mentioned in the previous chapter, the reason is that through applying
the chemical distillation process, attaining the styrene with a purity that is high is possible,
therefore this makes the material recovery of plastics that are styrene based reasonable and
achievable. And the biggest share is for styrene (26.63 percent), and the rest of the polymer
fraction sent to the waste-to-energy. The second biggest contributor in chemical distillation
phase is the chemical distillation unit process itself that through electricity and thermal

energy (natural gas) consumption, generates around 27.5 kg CO2 eq./tonne WEEE plastic.

In terms of the filtration phase, the biggest contributor to the GWP is the incineration since
the removed materials through the filtration process (solids and the loss) go to the

incineration and produces around 109.5 kg CO- eq./tonne WEEE plastic.
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Figure 6. The results for the treatment of WEEE plastic via scenario 1V (pyrolysis)

5.1 SENSIVITITY ANALYSIS

From the contribution analysis of the WEEE treatment via mechanical recycling I and II,
product substitution was recognized to be the main contributor to the results. Thus, in this
part the sensitivity analysis for the plastic substitution product in scenario Il (composite) and
scenario 11 (granules) was performed. The sensitivity analysis of the scenario Il and scenario

I11 can be seen in figure 15.

As it can be realized from figure 15, the results are sensitive to the different ratio of product
substitution. In terms of the sensitivity analysis of the scenario Il, the net emission of the
scenario Il with the product substitution 100% (base line) is -1260 kg CO- eq./tonne WEEE
plastic. And this figure for the substitution ratio of 70%, 50% and 30% are -739 kg CO>
eq./tonne WEEE plastic, -351 kg CO- eg./tonne WEEE plastic, and 11.1 kg CO> eq./tonne
WEEE plastic respectively.

Therefore, the more the substitution product reduces, the less saving in the environmental
load. In other words, when the product substitution applies with lower percent, the more

CO2 emission generates.
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Figure 7. The sensitivity analysis of the scenario Il (composite) and scenario I11 (granules)

In terms of the sensitivity analysis of the scenario I11, when the base line (product substitution
100%) applies, the net emission is -940 kg CO eq./tonne WEEE plastic. And through
applying the substitution product of 70%, 50%, and 30%, this figure changed to -407, -52,
303 kg CO; eq./tonne WEEE plastic respectively.

Therefore, in scenario 111, the same as the sensitivity analysis of the scenario I, when the
product substitution applies with lower percent, the GWP increases.

To conclude, in terms of the WEEE plastic recycling via mechanical methods (composite
and granules), the higher ratio of product substitution is better for the environment due to

the saving in the environmental load.

6 CONCLUSION

Treatment of the WEEE plastic via a proper and sustainable way not only is important from
the environment and human health point of perspective, but also from the circular economy
perspective. In this study to reach this goal, the environmental impacts of four different

treatment scenarios have been compared via life cycle assessment (LCA) method. The
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results from this LCA study, help the Finnish WEEE industry to take the lead in the recycling
of the plastics from WEEE stream, and to creates new business opportunities related to
WEEE plastic treatment.

Based on the results obtained from this study, material recovery through mechanical
recycling is the best method for the treatment of WEEE plastic recycling when compared to
incineration (Scenario 1) with the climate impact of 1530 kg CO- eq./tonne WEEE plastic.
In this study two different methods of the mechanical treatment studied. These two
mechanical recycling are the composite (scenario Il), and granules (scenario Il1). The net
emission for composite and granules, are negative with -1260 and -940 kg CO: eq./tonne

WEEE plastic respectively.

Thus, WEEE plastic recycling through mechanical treatment is the best option regarding the
global warming potential. However, the quality and purity of the final product is not clear
and this is the same for the product substitution ratio. Hence the reason that makes the net

emission minus in the mechanical recycling is product substitution.

Regarding mechanical recycling, comparison of this study with other studies is not as easy
as it seems. And this is due to the wide range of the system boundaries and also the plastic
types are varied. However, the results of this study for the mechanical recycling is in line
with the results of a study on the mechanical recycling on the small household appliances
that is -788 kg CO> eg./tonne (Biganzoli et al., 2015).

WEEE plastic treatment via scenario IV (pyrolysis) stands as the third option regarding
GWP. And the net emission for this treatment way is 297 kg CO: eq./tonne WEEE plastic.
The reason that the net emission of the pyrolysis is not so high is that the heat substitution
applied for the gas and char combustion. Around one half of the heat energy produced via
gas and char combustion used for the heat energy needed in the pyrolysis process. And for

the other half of the heat energy (the excess energy), the heat substitution applied.
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In terms of the results from pyrolysis, they are parallel with the results of the literature (Khan
et al., 2019). In that study pyrolysis (with considering the energy substitution) generates 290
kg CO2 eq./ tonne.

The WEEE plastic recycling via pyrolysis seems promising because the net emission is not
so high and also the final product is pure. Thus, WEEE plastic treatment via pyrolysis brings
the opportunity of reducing the CO> emissions, and the opportunity to produce the high
purity product.

In terms of the waste-to-energy, this method is the worst option for the WEEE plastic. This
is due to the 1530 kg CO> eq./tonne WEEE plastic that is generated via the incineration. and
the main is reason that there is no recycling, and all the input material goes to the

incineration.

Due to the toxicity of BFRs they need be recognized and eliminated from the treatment cycle.
The XRF technology is a great help to identify these hazardous substances.

In this study after applying the XRF technology on 1 tonne of WEEE plastic, 20% (200 kg)
of the fraction has been recognized as the bromine rich plastics. Thus these 200 kilograms
of bromine rich plastic cannot be entered to the recycling loop, and they sent to the waste-
to-energy plant. And this explains the role impact of bromine rich plastic incineration on the

results.

The interesting point about this study is that, in the scenarios Il to 1V, the biggest contributor
to the GWP, belongs to the incineration of the bromine rich plastics, however, the

substitutions of products in the mechanical recycling are higher.

In this study, the sensitivity analysis conducted in comparison with the effect of the different
product substitution on the GWP for the mechanical recycling of the WEEE plastics. Since
the high purity of the generated product via chemical recycling (pyrolysis) the sensitivity did
not apply, therefore, the product substitution of the chemical recycling is remains at 100%.
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The sensitivity analysis of WEEE plastic recycling by scenario Il and scenario 111 (composite
and granules) shows that the ratio of product substitution has a direct effect on the
environment. Through applying the higher ratio of the product substitution, the generation
of the CO2 emissions reduces, thus the environmental performance improves. However, as
mentioned earlier, the quality of the produced material via mechanical recycling of the
WEEE plastic, and the suitable substitution ratio for it, are not clear yet.

7 SUMMARY

To reach the circular economy, managing the WEEE stream in a sustainable way is a must,
and this plays an significant role in the treatment of the huge amount of valuable resources
and materials (Liu et al., 2022). WEEE stream recycling plays an important role to provide
valuable resources and move forward to circular economy, not only for metals, but also for
plastics (Meester et al., 2019). Thus, considering the plastic recycling from WEEE stream is
vital, particularly in terms of the defined treatment rates via the European WEEE Directive
(Waéger and Hischier, 2015). The WEEE plastic streams carries out hazardous elements like
BFRs and it is important to recognize the BFRs among the different polymers (Stubbings et
al., 2021).

The harmful elements of the EEE need careful consideration in WEEE management. And
there is the lack of adequate WEEE recycling causes losing the valuable material sources.
Therefore, the goal of the WEEE directive is moving towards the generating and using in a
sustainable way, firstly, via WEEE decrease, and secondly, by material recovery, recycling
and reusage. This results in the possibility of using the suitable secondary raw materials
(European Commission, 2003).

To reach the goals of the Sustainable Development Agenda, there is the need to gain more
data related to the WEEE. Therefore, this aids to the goals of the Sustainable Development
related to the environmental and health, as well as the growth of the employment rate and
economic. That this improves the rate of the employment and entrepreneurship, and through
treatment of the WEEE(Baldé et al., 2017; Mcmahon et al., 2021).
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In the year 2016, around 44.7 Mt WEEE has been generated globally. Nevertheless, only
about 20 percent of this huge amount sent to the collection and recycling process (Baldé et
al., 2017). And it has been estimated that by the year 2030 the produced WEEE will be

reached around 47.7 million metric tons (Statista, 2022).

The WEEE steam includes a wide variety of materials, including copper, iron, aluminium,
valuable metal (gold, palladium, silver), and plastics (Bacher et al., 2017). And in general,
around 30% of the WEEE is plastics (Kousaiti et al., 2020). Since this is focused on small
household appliances, based on the gathered data from ARVI research program (Malin,
Tuominen, and Kuusakoski Oy, 2021), the composition of mixed WEEE plastics from small
household appliances are 48% black plastics, 15% ABS, 15% PS, 10% PP, 5% PC/ABS, 2%

inorganic, and 5% other polymers.

Regarding the environmental impact and boosting the circular economy, making the right
decision about the right technology to recycle the WEEE plastics is vital (Rene et al., 2021;
Schwarz et al., 2021). Nowadays the possible methods to recycle the WEEE plastic recycling
are mechanical, and chemical recycling. Also, the other way is incineration (waste-to-

energy) (Marino et al., 2021).

Mechanical recycling is the technique that is mostly used for the material recovery of the
plastic waste stream, and it is in several steps that are sorting, washing, drying, crushing and

shredding, granulating and moulding (Ragaert et al., 2017).

Regarding the chemical recycling, pyrolysis has been considered that is the material recovery
of WEEE plastic recycling via the thermal energy (Marino et al., 2021).

Since the WEEE stream is growing with a high speed, carrying out studies and research to
find out creative and innovative ways to tackle this problem is crucial. The importance of
WEEE recycling is growing. So, during the recent years, several studies related to the life
cycle assessment of plastic recycling have been conducted. But they usually did not reach

the same conclusion (Jeswani et al., 2021).
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The vision of this study is to support industry section related to the plastic recycling located
in Finland. And also helps Finland to be a leader in plastic recycling industry and transform
the problems into new commercial opportunities. Thus, the goal of this study is to quantify
and compare the environmental impacts of the WEEE plastic recycling via four different
WEEE plastic treatments. These four treatment methods are scenario | (incineration),
scenario Il (composite), scenario Il (granules), and scenario IV (pyrolysis). In the LCA

modelling of this study, there are four main plastic fractions that are ABS, PP, PS, and PC.

Based on the results obtained from this study, material recovery through mechanical
recycling is the best technique for the treatment of WEEE plastic recycling. The mechanical
treatment technique considered in this study are composite and granules. Additionally,
regarding the mechanical recycling, composite is better than granules.

In terms of the chemical recycling, WEEE plastic treatment via pyrolysis stands as the third
option. And regarding the incineration, waste-to-energy, this treatment way is the worst

option when it comes to the WEEE plastic recycling.

In this study, the sensitivity analysis applied for the comparison of the effect of the different
product substitution on the GWP for the mechanical recycling of the WEEE plastics. And
the sensitivity analysis illustrates that the ratio of product substitution has a direct effect on
the environment. Through applying the higher ratio of the product substitution, the

generation of the CO2 emissions reduces, thus the environmental performance improves.
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